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Volatility of Ammonium Chloride over Aqueous Solutions to High

Temperatures

Donald A. Palmer® and John M. Simonson

Chemistry Division, Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, Tennessee 37831-6110

The partitioning of ammonium chloride from aqueous solutions to the vapor phase was measured from 120
to 350 °C. The experiments were performed in a platinum-lined autoclave from which samples of the liquid
and vapor phases were withdrawn for analysis by ion chromatography, and acidimetric titration. The liquid-
phase pH was maintained either with an excess of hydrochloric acid or by excess ammonia in the ammonium
chloride solutions. The molal thermodynamic partitioning constants for NH,C] were calculated from the
observed liquid- and vapor-phase concentrations, taking into account the known partitioning coefficients of
HCIl and NH3, as well as the known mean stoichiometric activity coefficients of the ionic species in the liquid
phase. The partitioning constants for NH(Cl, NHj3,and HCl are represented as simple functions of temperature
and water density. Some discussion is given of the relevance of these results to modeling the transport of
chloride in power plants using ammonia to control the pH of the water/steam cycle.

Introduction

The results of monitoring () the chemical carryover of
chloride in the water/steam cycles of power plants have been
correlated with the expected ammonium chloride volatility
in those plants using all-volatile treatment (AVT). It was
found (1, 2) that chloride levels observed in the high-
temperature steam are significantly higher than predicted
on the basis of solute volatility ratios, commonly referred to
as ray diagrams (3). Thus, a quantitative assessment of the
total vapor-phase chloride concentration in equilibrium with
ammonium chloride solutions is essential tothe interpretation
and prediction of power-plant operations based on AVT.

The equilibria involved in the liquid-phase aqueous chem-
istry of ammonium chloride are summarized as follows:

NH,*(aq) = NH,(aq) + H*(aq) 1)
NH,(aq) + H,0 = NH,*(aq) + OH (aq) (2)
NH,*(aq) + Cl-(aq) = NH,Cl(aq) ®)
H*(aq) + Cl (aq) = HCl(aq) 4)

Equations 1 and 2 are related through the ionization of water
4):
H,0 = H"(aq) + OH (aq) (5)

The solutes are assumed to partition to the vapor phase as
neutral species, such that the partitioning equilibria are
represented by

NHy(aq) = NHy(vap) (6)
HCl(aq) = HCl(vap) )]
NH,Cl(aq) = NH,Cl(vap) ®

The thermodynamic properties at high temperatures of the
reactions needed tointerpret the chemistry of the ammonium
chloride system are known from previous studies. Conduc-
tance (5) and electromotive force (emf) (6) studies provided
the thermodynamic equilibrium constants for reactions 1 and
2. Ammonium chloride activity coefficients are available from
Theissen and Simonson (7). Models for the activity coeffi-
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cients of HCl(aq) based on experimental results at high
temperatures were reported by Holmes et al. (8) and Simonson
et al. (9). The partitioning of ammonia between liquid and
vapor phases, eq 6, was studied to high temperatures (10, 11).
The volatility of aqueous HCl was measured recently by
Simonson and Palmer (12) from 50 to 350 °C using an
apparatus similar to that used in the present study.

The overall reactions are combinations of eq 3 with eq 8
and eq 4 with eq 7:

NH,*(aq) + Cl"(aq) = NH,Cl(vap) 9)

H*(aq) + Cl(aq) = HCl(vap) (10)

Reactions 9 and 10 are responsible for the transport of chloride
ion from aqueous ammonium chloride solutions. Therefore,
their relative importance in the observed partitioning of
chloride from aqueous ammonium chloridesolutions depends
on the magnitudes of the individual thermodynamic parti-
tioning coefficients for reactions 9 and 10 and on the pH of
the aqueous solution. As the partitioning constants for
hydrochloric acid are also known (12), only the thermody-
namics of reaction 9 are needed for a complete description
of the partitioning of chloride from aqueous ammonium
chloride solutions at high temperatures.

Two sets of experimental conditions were investigated in
the presentstudy. The pH of the solution was buffered either
by a mixture of ammonium chloride and ammonia or by an
excess of hydrochloric acid. Partitioning coefficients for
NH,Cl were calculated from the observed excess chloride and
nitrogen levels in both sets of experiments. The pH of the
liquid was determined by titration of the free ammonia in the
case of the ammonia/ammonium buffered experiments and
by titration of the free protons in the acidic solutions; the pH
at experimental temperatures was then calculated directly
from the known ionization properties of ammonia (5, 6) and
water (4). In those condensed vapor samples where the
concentration of HCI was sufficiently high, the acidity was
also measured directly by acidimetric titration. Note that in
the present study, pH is defined as the negative logarithm of
the hydrogen ion molality.

Experimental Section

Equipment. The basic equipment was described previ-
ously (12), although significant modifications were made
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subsequently. A brief description of the modified apparatus
is given here.

The platinum liner was contained in a stainless steel
pressure vessel (ca. 900 ¢cm? internal volume) seated in a
Marshall tube furnace (0.1 °C). In contrast to the earlier
design (12), the liquid phase inside the liner was linked to a
Teflon bag inside a water-filled, room-temperature autoclave
open to the annular space around the platinum liner. Mass
transfer between the two autoclaves served to equalize the
pressure across the platinum liner. Pressures in both the
annular space and liner were monitored with two pressure
transducers. Two concentric platinum tubes gold-welded to
the top of the liner passed through a compression fitting in
the pressure vessel. The inner tube extended to the bottom
of the liner and was used to sample the liquid phase, whereas
vapor-phase samples were drawn through the annular space
between the two tubes. Both liquid- and vapor-phase sample
tubes (1/32-in. 0.d.) extended out of the furnace, through
water-cooled condensers, and were finally connected to PEEK
(Upchurch Scientific) valves. A 1/8-in. platinum thermal well,
which passed through a second compression fitting in the
high-temperature autoclave, extended to near the bottom of
the liner and was sealed to the liner by a gold weld. It
contained a (0.06-in. o.d.) calibrated four-lead PRTD to
monitor the temperature of the liquid phase within the liner.
An additional heater was wrapped around the sample tubes
where they exited the autoclave. This heater maintained the
temperature slightly above that of the liquid phase in the
liner, to prevent condensation and refluxing of vapor-phase
samples in the sample tube.

Liquid-phase samples were collected directly in disposable
syringes. Condensed vapor-phase samples were obtained at
ambient temperature and the prevailing experimental pres-
sure by using a third pressure vessel equipped with a
collapsible Teflon bag. Water was withdrawn from this vessel
with a positive-displacement pump at controlled rates, which
were varied from 0.5 to 2.0 cm%h-! as a test for equilibrium.
The mass of the partially water-filled Teflon bag was measured
before and after sampling to determine the amount of
condensed vapor collected.

The appropriate solution was purged with helium for at
least 2 h to remove dissolved oxygen prior to injection into
the platinum liner. Although these solutions were spiked
with potassium chloride, no K* ion was detected in any of the
vapor-phase cation analyses, indicating minimal aerosol
carryover. Samples of the liquid phase were obtained
immediately before and after a given vapor-phase sample
was taken, and the average of the two analyses was assumed
to be the liquid-phase composition corresponding to that
vapor-phase sample. The concentrations of solutes in the
liquid phase increased during a given sampling sequence due
to preferential loss of water to the vapor phase. The observed
molalities of the solutes in both phases are listed in Tables
I and II.

Analytical Methods. The total ammonia and chloride
concentrations in the liquid- and vapor-phase samples were
measured by conventional ion chromatography, with the
exception of those vapor-phase samples containing levels of
total ammonia <105 mol-kg-!, where the concentration
method was used.

The acidities of the liquid samples were determined at 25
°C by titration using weight burets containing a standardized
sodium hydroxide solution. The titration end points were
corrected for the conversion of ammonium ion to ammonia
at this pH. Inthose cases where the free proton or ammonia
concentrations in the condensed vapor samples exceeded a
minimum level of ca. 0.01 mol-kg™?, acidimetric titrations were
performed to confirm the ion-chromatographic analyses.

Results and Discussion

Calculation of the values of the partitioning constant K3
for NH,Cl was based on the equilibrium equations

_ m,(NHy)v,(NHy) a1

m[(NH3)71(NH3)

m, (HChv,(HC))
2= y = " - (12)

ml(H )ml(Cl )y (H )’71(01 )
_ m,(NH,Cl)y,(NH,CD) 13
" my(NH,H)my(Cl)y(NH, )y, (CI)

K, = Ky _ m(H")yH")m(NHy)v,(NHy) 4

" Kg m(NH, )y, (NH,")

The subscripts 1 and vare used to refer to species in the liquid
and vapor phases, respectively. The equilibrium constants
K,, K;, K3, Ky, Kp, and K, correspond to the equilibria in eqs
6,10,9, 1, 2,and 5, respectively. It is assumed that all species
in the vapor phase are completely associated (un-ionized).
This assumption is supported from calculations based on the
known relationships of ionization constants on the solvent
density (13, 14). For example, taking the published equations
for NaCl (15) and HCI (16) and the densities of water liquid
and vapor (17) at 350 °C (o; = 0.5747 g-cm-3, p, = 0.1135
g-cm), the increase in the association constant for NaCl in
the vapor phase compared to the liquid phase is 6.5 log units
with a corresponding increase of 9.8 log units for HCl. These
large differences in association constants in the two phases
are consistent with the assumption of complete association
of solute species in the vapor phase. It is further assumed
that, at the relatively low solute molalities considered here,
all uncharged species have unit activity coefficients.
Partitioning of ammonia at low molalities as represented
by eq 6 has been reported to high temperatures by Jones (10)
and Edwards et al. (11). These values may be represented
accurately as a simple function (eq 15) of temperature and

log K, = ~0.056 + 458.71/(T/K) + 1.3267 log(p/ (g-cm™3))

(15)

the density of the water in the liquid phase (o}, g-cm-3) (23)
as illustrated in Figure 1. It should be noted that the
constraint of log K; = 0 at the solvent critical condition was
applied in determining the constants of eq 15.

Values of Ky were calculated from the international
formulation for water substance ionization of Marshall and
Franck (4) and from the equation for ammonia ionization
given by Thiessen and Simonson (7):

¢ d
H _+ H_ |
(T/K)®  (T/K)?
fH 8u )
ey + 7z + ———— ) log(p,/ (g:em™)) (18)
( H T/K (T/K)2 g(pl g (
where ayg = 1.847, by = -5233.8, cy = 9.3765 X 105, dy =
~1.0825 X 108, ey = 11.767, fy = -9488.8, and gy = 8.5641 X
108,
Simonson and Palmer (12) expressed K as a function of
temperature and solvent density on the basis of their

experimental results from 50 to 350 °C as well as existing
literature values to 110 °C (I8, 19):

log K, = -13.4944 - 934.466/(T/K) -
11.0029 log(p/ (g-em™)) + 5.4847 log(T/K) (17)

log K, is shown in Figure 2 as a function of reciprocal

log Ky; = by +
Og H—GH+T/K
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Table I. Liquid- and Vapor-Phase Compositions and Calculated Partitioning Constants K; for NH(C] (Measurements in

Excess HCI)
liquid phase (averaged values) vapor phase K,
mcy/ (mol-kg?) myw,/(molkg?) mu/(molkg?) v+(HC) v+(NHCD mo/(molkg?) mn/(molkg?!) mu/(molkg?!) asCl as NH,
t=120°C
2,184 0.899 1.285 0.684 0.545 0.0812 3.02 x 10-7 0.041 -3.56 X 107
2.227 0.916 1.310 0.687 0.545 0.0423 3.84 x 108 -0.030 5.7 X 10-¢
2.302 0.944 1.358 0.693 0.545 0.0748 3.39 x 107 0.015 -2.4 x 107
2.374 0.968 1.406 0.699 0.547 0.0773 2,22 X 10-7 0.0096 -3.9x 107
2.484 1.025 1.459 0.706 0.547 0.0959 1.98 X 10-7 0.024 —4.0 X 107
2.677 1.060 1.517 0.714 0.549 0.0926 1.70 x 10-7 0.0071 -3.7% 107
2.706 1.114 1.591 0.726 0.550 0.0928 2,71 X 10-7 -0.0071 -2.3%x 107
2.892 1.213 1.679 0.740 0.552 0.116 2.11 x 1011 5.3 X 104 —4.6 x 107
3.076 1.290 1.786 0.757 0.556 0.125 2.31 X 107 -0.011 -1.9%x 107
3.276 1.362 1.913 0.776 0.559 0.145 1.26 X 108 -0.015 8.4 X107
t=150°C
1.146 0.769 0.280 0.559 0.495 0.005 57 3.08 x 10 -0.0356 1.1 X 104
1.160 0.782 0.286 0.559 0.494 0.005 39 2.55 x 10~ -0.038 8.8 x 108
1.200 0.804 0.294 0.569 0.492 0.006 33 9.70 X 108 -0.036 1.5 X 108
1.253 0.839 0.303 0.558 0.489 0.007 63 1.31 x 108 -0.032 2.8 X 105
1.289 0.874 0.312 0.557 0.487 0.0145 2.47 X 103 -0.0069 7.0 X 108
1.323 0.908 0.322 0.557 0.486 0.008 49 -0.032
1.374 0.949 0.333 0.557 0.483 0.008 67 -0.034
1.422 1.004 0.345 0.556 0.482 0.0105 -0.030
0.992 1.016 0.034 0.544 0.495 0.006 47 6.59 X 10-% 0.021 -29x 108
1.018 1.0561 0.036 0.543 0.493 0.001 40 8.90 X 105 24x10° 6.56%x10°
1.032 1.085 0.036 0.541 0.492 0.001 50 1.11 X 104 27x104 14x104
1.041 1.132 0.037 0.540 0.492 0.001 55 1.02 X 104 31x104 9.6x10°
1.087 1.177 0.038 0.5638 0.488 0.001 79 1.23 X 104 73xX104 16x104
1.146 1.223 0.039 0.537 0.484 0.001 73 1.12 X 104 87x10°% 12x10+4
1.175 1.209 0.041 0.538 0.483 0.002 73 6.04 X 104 0.0028 0.0017
1.221 1.249 0.042 0.538 0.480 0.002 32 5.15 X 104 0.0011 0.0013
1.258 1.284 0.043 0.5637 0.478 0.002 33 2.58 X 104 76X104 52x104
1.284 1.319 0.044 0.5637 0.477 0.002 10 1.84 X 104 -1.1x10+4 3.0x10+4
1.324 1.367 0.046 0.536 0.474 0.002 53 2.65 X 104 6.7X104 49x10+4
1.373 1.428 0.047 0.534 0.472 0.002 37 1.36 X 104 -14XxX10+ 1.6x10+4
1.421 1.479 0.049 0.534 0.470 0.002 66 1.44 X 104 15x104 1.6x104
1.464 1.526 0.050 0.533 0.468 0.002 69 1.01 X 10+ ~1.2x10+ 6.7%x103%
1.540 1.596 0.053 0.533 0.465 0.003 02 1.71 x 104 1.56x10° 20Xx104
1.379 1.405 0.047 0.536 0.472 0.002 74 4.00 X 10+ 80x10+4 81x10+4
1.425 1.497 0.048 0.533 0.469 0.002 56 1.12 X 104 ~5.0 X106 9.0 X 10
1.479 1.558 0.050 0.532 0.467 0.00279 1.30 x 10+ 1.1x104 1.2x10+*
1.538 1.623 0.052 0.532 0.465 0.003 03 9.13 X 10-% 1.5x104 3.9x10°
1.631 1.685 0.054 0.533 0.461 0.003 28 1.06 X 104 3.0x10¢ 6.5x%x10°
1.756 1.750 0.057 0.536 0.457 0.003 54 1.156 x 104 -3.3x104 179x10°%
1.844 1.813 0.060 0.537 0.453 0.003 98 5.65 X 10-8 -3.1x104 -1.1 x 105
1.931 1.913 0.064 0.537 0.450 0.004 69 9.48 X 10-8 58X 10°% 4.6x10°%
2.072 2.050 0.068 0.539 0.446 0.005 47 9.38 X 10-8 1.8x 104 4.0x10°
2.277 2.251 0.073 0.542 0.442 0.005 72 7.00 X 10-8 -78x104 1.0x103
2.514 2.508 0.080 0.545 0.437 0.007 49 9.85 x 10-8 -3.5x104 3.5x10°%
t =200°C
1.013 1.003 0.0325 0.453 0.423 0.004 66 1.56 X 104 -0.0038 -8.2 X 104
1.048 1.012 0.0336 0.452 0.420 0.005 97 4.67 X 104 0.0016 9.4 X 10+
1.091 1.065 0.0348 0.449 0.416 0.006 24 3.23 x 104 0.0011 1.4 X 104
1.149 1.140 0.0360 0.446 0.412 0.006 76 4.11 X 104 0.0013 5.0 X 10+
1.200 1.178 0.0372 0.444 0.408 0.007 30 2.00 X 104 0.0016 —4.4 X104
1.248 1.218 0.0386 0.442 0.405 0.007 84 4,15 X 104 0.0018 4.8 %10+
1.312 1.273 0.0404 0.439 0.402 0.008 82 7.79 X 104 0.0029 0.0019
1.382 1.335 0.0423 0.437 0.398 0.009 40 6.54 X 104 0.0022 0.0013
1477 1.409 0.0442 0.434 0.392 0.009 73 3.64 X 104 9.8 x10°% 23x104
1.621 1.523 0.0470 0.431 0.385 0.0113 5.09 x 104 29X104 65x10+4
1.773 1.650 0.0494 0.428 0.379 0.013 4 4,00 X 10+ 0.0019 2.7 X 104
1.149 1.146 0.0264 0.445 0.412 0.004 72 1.06 x 104 -1.0 X 10+ -0.0014
1.184 1.168 0.0270 0.444 0.410 0.005 35 7.90 X 104 0.0017 0.0016
1.211 1.188 0.0277 0.443 0.408 0.005 58 8.87 x 10+ 0.0017 0.0020
1.259 1.218 0.0284 0.441 0.405 0.005 44 8.60 X 10-¢ ~1.6 X 104 -0.0016
1.309 1.287 0.0293 0.438 0.401 0.006 70 0.00103 0.0034 0.0024
1.355 1.371 0.0303 0.436 0.398 0.006 92 6.35 X 104 0.0027 7.4 %104
1.416 1.435 0.0313 0.433 0.395 0.006 46 5.30 X 108 -3.3x 10+ -0.0012
1.510 1.505 0.0325 0.431 0.390 0.007 23 8.18 x 10-8 9.9 X 10-* -0.0011
1.606 1.577 0.0338 0.429 0.385 0.008 53 7.14 X 104 0.0018 8.0 X 10+
1.656 1.652 0.0351 0.427 0.383 0.009 42 0.001 25 0.0027 0.0021
1.347 1.306 0.0281 0.438 0.399 0.005 20 -0.0019
1.396 1.340 0.0289 0.436 0.396 0.006 43 9.88 X 10+ 0.0013 0.0019
1.417 1.378 0.0298 0.435 0.395 0.006 24 4.59 x 104 -2.1x104 1.0x10+4
1.451 1.407 0.0307 0.434 0.393 0.006 77 8.34 X 104 44X104 68x104
1.495 1.454 0.0314 0.433 0.391 0.007 17 7.02 X 104 81xX10+ 8.6x 104
1.5667 1.523 0.0319 0.430 0.388 0.007 35 5.08 x 10+ 25xX104 2.1x 104
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Table I (Continued)

liquid phase (averaged values) vapor phase K;
mcy/ (mol-kg-t) mnmu/(molkg-l) mu/(molkg!) v+(HCI) v+(NH(Cl) mcy/(molkg?) my/(mol-kgl) my/(molkg?) as Cl as NH,
t=200°C
1.612 1.587 0.0331 0.429 0.385 0.008 11 7.03 X 104 99 X104 17.3x104
1.663 1.641 0.0343 0.428 0.382 0.008 46 5.88 X 104 6.1 X104 4.0Xx10+4
1,726 1.693 0.0355 0.426 0.380 0.008 02 5.64 X 104 56X 104 34Xx104
t =250°C
1.401 1.398 0.0282 0.318 0.309 0.0201 471 X 104 -1.1 X 104 -0.0057
1.436 1.451 0.0286 0.316 0.306 0.0231 0.003 28 0.013 0.0091
1.481 1.497 0.0290 0.314 0.304 0.0231 0.002 48 0.0088 0.0046
1,555 1.541 0.0294 0.311 0.300 0.0240 0.002 42 0.0083 0.0040
1,615 1.591 0.0297 0.309 0.297 0.0251 0.002 40 0.0096 0.0036
1.672 1.645 0.0299 0.306 0.294 0.0259 0.002 62 0.0099 0.0042
1,753 1.719 0.0302 0.303 0.280 0.0256 0.002 28 0.0046 0.0024
1.829 1.799 0.0304 0.301 0.287 0.0266 0.002 99 0.0050 0.0047
1.933 1.911 0.0305 0.297 0.282 0.0282 0.002 80 0.0072 0.0036
t=300°C
0.711 0.687 0.0218 0.230 0.265 0.0385 0.004 16 0.12 0.034
0.731 0.713 0.0211 0.228 0.262 0.0387 0.004 34 0.14 0.033
0.760 0.765 0.0206 0.224 0.258 0.0348 0.004 61 0.14 0.030
0.791 0.801 0.0201 0.221 0.264 0.0383 0.004 91 0.14 0.028
0.828 0.841 0.0195 0.217 0.2560 0.0383 0.005 87 0.15 0.042
0.891 0.889 0.0188 0.210 0.243 0.0375 0.005 62 0.14 0.024
0.968 0.941 0.0181 0.204 0.235 0.0376 0.006 39 0.15 0.029
1.051 1.006 0.0173 0.197 0.227 0.0363 0.006 61 0.13 0.019
1.124 1.104 0.0164 0.192 0.222 0.0375 0.007 81 0.16 0.023
t=2325°C
0.0860 0.0842 0.0116 0.351 0.445 0.0410 0.0276 0.0146 12 17
0.0956 0.0864 0.0116 0.353 0.446 0.0527 0.040 2 0.0150 19 24
0.0968 0.0881 0.0114 0.361 0.444 0.0358 0.0209 0.0165 8.6 12
0.0990 0.0895 0.0113 0.348 0.441 0.0433 0.029 5 0.0164 13 17
0.1011 0.0915 0.0112 0.346 0.439 0.0402 0.023 2 0.0168 11 13
0.1028 0.0931 0.0111 0.343 0.436 0.0416 0.026 4 0.0163 11 14
0.1040 0.0948 0.0110 0.342 0.435 0.0463 0.031 8 0.0155 14 17
0.1056 0.0972 0.0109 0.340 0.433 0.0458 0.0312 0.0154 13 16
0.1585 0.1334 0.0231 0.286 0.379 0.244 0.007 31 0.0385 76 2.4
0.1679 0.1448 0.0218 0.280 0.372 0.0521 0.008 99 0.0344 2.0 2.3
0.1746 0.1515 0.0211 0.276 0.368 0.0618 0.009 25 0.0320 5.4 2.5
0.1969 0.1764 0.0199 0.263 0.354 0.0709 0.0102 0.0300 1.2 2.2
0.2421 0.2225 0.0185 0.242 0.330 0.116 0.0129 0.0237 16 2.2
0.2935 0.2760 0.0202 0.221 0.307 0.0573 0.007 55 0.0274 1.7 0.72
0.3320 0.1509 0.0273 0.202 0.293 0.0330 0.0110 0.0313 -2.9 1.2
t=350°C
0.0732 0.0687 0.006 19 0.189 0.386 0.0424 0.0333 0.009 13 38 39
0.0749 0.0733 0.005 97 0.188 0.382 0.0340 0.0233 0.0107 24 22
0.0774 0.0761 0.005 54 0.185 0.378 0.0355 0.0254 0.0101 26 23
0.0804 0.0791 0.005 35 0.182 0.374 0.0363 0.0276 0.008 74 26 23
0.0825 0.0812 0.005 19 0.180 0.370 0.0442 0.0363 0.007 88 34 31
0.0851 0.0847 0.005 01 0.177 0.367 0.0478 0.0405 0.007 32 38 34
0,0881 0.0874 0.004 90 0.174 0.362 0.0554 0.0500 0.005 37 42 40
0.09056 0.0876 0.004 69 0.171 0.359 0.0811 0.0730 0.008 11 69 63
0.1081 0.0956 0.0138 0.156 0.333 0.105 0.0939 0.0136 62 79
0.1091 0.0977 0.0136 0.155 0.332 0.0680 0.0525 0.016 7 29 42
0.1107 0.1003 0.0127 0.154 0.331 0.0788 0.0685 0.0141 39 54
0.1135 0.1038 0.0125 0.153 0.328 0.0808 0.0678 0.0145 40 51
0.1166 0.1069 0.0123 0.150 0.324 0.0813 0.0686 0.014 4 39 49
0.1170 0.1094 0.0124 0.150 0.324 0.0863 0.0738 0.0135 41 52
0.1204 0.1132 0.0122 0.148 0.321 0.0618 0.0463 0.0178 23 30
0.1248 0.1156 0.0115 0.146 0.317 0.0880 0.0764 0.0131 41 49
0.1261 0.1149 00113 0.145 0.316 0.0920 0.0797 0.0126 44 51
0.0558 0.0496 0.006 45 0.213 0.420 0.0660 0.0478 0.006 80 81 89
0.0550 0.0495 0.006 16 0.215 0.422 0.0553 0.0490 0.006 21 84 94
0.0552 0.0498 0.005 74 0.216 0.422 0.0559 0.0498 0.006 10 85 94
0.0549 0.0498 0.005 48 0.216 0.423 0.0555 0.0472 0.0056 80 86 88
0.0549 0.0501 0.005 15 0.216 0.424 0.0449 0.0400 0.005 80 66 73
0.0561 0.0513 0.004 78 0.214 0.421 0.0254 0.0190 0.008 24 27 28
0.0661 0.0524 0.003 96 0.215 0.422 0.0265 0.0216 0.006 66 32 30
0.0574 0.0558 0.002 44 0.214 0.421 0.0418 0.0411 0.002 45 68 55
0.0614 0.0603 0.001 56 0.207 0.413 0.0242 0.0230 0.002 37 33 8.0
temperature in kelvin. mean-ionic activity coefficients v, can be substituted for the
As mentioned previously, the activity coefficients shown liquid-phase activity coefficients using the definitions

in eqs 11-14 for the uncharged solute species NHg, HCI, and
NH,CI are assumed to equal unity in both liquid and vapor ) . _
phases at all experimental conditions. The stoichiometric v+ (HCD) = v, (H")v,(CI") (18)
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Table II. Liquid- and Vapor-Phase Compositions and Calculated Partitioning Constants K; for NH,C] (Measurements in

Buffered NH; + NH,* Solutions)

liquid phase (averaged values) vapor phase K;
mcy/(molkg!)  my/(molkgl) myus/(molkg?) v:(HCD) ~yo(NH(CD) mc/(molkg?) mn/(molkg?) as Cl as NHy
t=200°C
1.082 1.195 0.1125 0.448 0.416 4,70 X 10~ 0.288 0.0024 -2.4
1.121 1.233 0.1115 0.446 0.413 1.46 X 104 0.267 6.8 X 104 -2.3
1.160 1.247 0.0870 0.444 0.411 6.76 X 10-5 0.234 2.9 % 104 -1.6
1.170 1.263 0.0930 0.444 0.410 0.196 -1.8
1.179 1.293 0.1140 0.443 0.409 0.156 -2.7
1.230 1.335 0.10556 0.441 0.406 2.13x 105 0.133 7.6 X 10 -24
1.291 1.377 0.0855 0.438 0.402 4.24 X 105 0.0943 1.5 X 10 -1.9
1.357 1.421 0.0640 0.436 0.398 1.65 x 10-8 0.0875 3.8 x 105 ~1.2
t=250°C
0.8265 1.304 0.4627 0.360 0.356 2,43 1.8
0.8520 1.246 0.4216 0.358 0.354 2.23 1.8
0.8756 1.238 0.4000 0.355 0.351 2,06 0.96
0.9030 1.221 0.3624 0.353 0.348 1.88 11
0.9302 1.227 0.3236 0.350 0.345 2.32 X 10-5 1.67 1.2 X 104 0.80
0.9519 1.237 0.2874 0.348 0.343 2.84 X 10-5 1.50 1.5 x 104 0.81
0.9814 1.224 0.2568 0.345 0.340 5.38 X 10-5 1.35 3.6 x 10+ 0.80
1.0085 1.238 0.2277 0.343 0.337 3.38 x 105 1.20 1.5 X 10+ 0.70
1.0396 1.279 0.1995 0.341 0.334 2.87 X 10-5 1.05 7.2% 108 0.57
t=2300°C
0.7101 1.127 0.4067 0.230 0.265 0.0713 1.43 2.1 -0.36
0.7397 1.119 0.3861 0.226 0.261 0.0538 1.37 1.5 0.71
0.7643 1.119 0.3568 0.223 0.258 0.0482 1.28 1.3 0.31
0.7989 1.107 0.3269 0.219 0.254 0.0441 1.17 1.1 0.41
0.8470 1.108 0.2981 0.214 0.248 0.0401 1.09 0.94 0.90
0.8934 1.118 0.2688 0.209 0.243 0.0374 0.986 0.82 0.76
0.9347 1.141 0.2405 0.206 0.239 0.0338 0.882 0.69 0.63
0.9871 1.176 0.2152 0.202 0.234 0.0301 0.807 0.59 0.88
1.0635 1.215 0.1915 0.196 0.227 0.0269 0.722 0.48 0.80
t/°C = 350 250 150 50 o] t/°C = 350 250 150 50 o]
[ B — T T T T —TT T T T
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Figure 1. Liquid-vapor partitioning constant K; for NH3: 1000 K/T

0, ®, v,ref 10; v, ref 11. Solid curve calculated from eq 15.

v 2(NH,CD) = v,(NH,")v,(CI) 19

Stoichiometric mean-ionic activity coefficients for hydro-
chloric acid have been determined from temperature inte-
gration of dilution enthalpy results to 375 °C coupled with
measured values of activity coefficients at low temperatures.
Holmes et al. (8) reported three models for the excess
thermodynamic properties of HCl as functions of temperature,
pressure, and molality which are applicable over selected
ranges of experimental conditions. Activity and osmotic

Figure 2. Liquid-vapor partitioning constant K, for HCL:
@, ref 12; v, ref 18; A, ref 19. Smooth curve calculated from
eq 17.

coefficients for HCI used in this work were taken from model
I of Holmes et al. (8), which is a straightforward application
of the Pitzer ion-interaction model for electrolyte thermo-
dynamics (20) applicable from 0 < m/(mol-kg-1) £7,0<t/°C
< 250, and p, < p/bar < 400, where p, is the saturation vapor
pressure for water. At higher temperatures, excess thermo-
dynamic properties were calculated from the AI model of
Simonson et al. (9). This treatment, also based on the Pitzer
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Figure 3. Activity and osmotic coefficients for HCl(aq) at the saturation vapor pressure. Values through 250 °C calculated
from the equations of ref 8; values at higher temperatures from the equations of ref 9.

ion-interaction model, includes an explicit accounting for the
ion association of HCl at high temperatures in the liquid
phase through an extrapolation of the ion-pairing constants
determined by Frantz and Marshall (16) from electrical
conductance measurements at supercritical conditions. Ac-
tivity coefficients calculated from this treatment are valid to
375 °C at pressures from saturation to 400 bar and at HC]
molalities ranging up to 2 mol-kg-1. Theseactivity coefficients
at 250 °C are in agreement within experimental error with
those from model I of Holmes et al. (8); thus, there is no
inconsistency in calculating excess thermodynamic properties
using different treatments in different temperature ranges.
Although the AI model of Simonson et al. (9) recognizes
explicitly the formation of ion pairs in HClin the liquid phase,
activity coefficients reported in that work are given as
stoichiometric quantities. Activity and osmotic coefficients
for HCl(aq) at saturation vapor pressure are shown as
functions of molality at various temperatures in Figure 3.

Enthalpies of dilution for NH,Cl at molalities to 6 mol-kg-!
have been reported to 250 °C and at pressures to 350 bar by
Thiessen and Simonson (7). Equations for activity and
osmotic coefficients obtained by temperature integration of
thedilution enthalpies with appropriate integration constants
were also given (7). This representation for excess thermo-
dynamic properties to 250 °C has been used to calculate values
of activity and osmotic coefficients of NH,Cl(aq) at the
molalities of interestin thisstudy. It wasnecessaryto estimate
these coefficients at temperatures above 250 °C. Plots of
In{y+(NH,Cl)/v+(NaCl)} and ¢(NH,C]) - ¢(NaCl) against
temperature from 100 to 250 °C and at molalities ranging
from 0.1 to 2 mol-kg-! were found to be approximately linear
over this temperature range, and were extrapolated linearly
from 250 to 350 °C. Activity and osmotic coefficients for
NH,Cl(aq) were then calculated using these extrapolated
differences and the corresponding quantities for NaCl(aq)
from Pitzer, Peiper, and Busey (21) to 300 °C, and from Busey,
Holmes, and Mesmer (22) at higher temperatures. This
procedure introduces an uncertainty in the activity and
osmotic coefficients for NH,Cl(aq) which is difficult to

estimate. Simonson (23) has noted that enthalpies of dilution
of NH,Cl(aq) at temperatures above 300 °C show a molality
dependence which is not very different from that expected
for a strong electrolyte at these temperatures due to a partial
cancellation of the thermal effects of ammonium ion hy-
drolysis and ion-pair formation; thus, strong chemical effects
on the stoichiometric activity coefficients of NH,Cl(aq) are
not expected. The difference between the extrapolated
v:(NH,Cl) and v+ (NaCl) from Busey et al. (22) at 350 °C and
1 mol-kg! is about 15%. Assuming that the present esti-
mation method gives a better value for v.(NH,Cl) than the
model-substance approximation of vs(NH,Cl) ~ v, (NaCl),
the uncertainty in the estimated activity coefficients should
be on the order of a few percent. The estimated values of the
activity coefficients v:(NH,Cl) and osmotic coefficients
o(NH,C)) at 300, 325, and 350 °C were fitted isothermally for
the purpose of interpolation using the ion-interaction treat-
ment of Pitzer with the additional ionic strength dependence
in the second virial coefficient (3@ term) (24) included to
represent approximately the effects of ion association on the
stoichiometric excess thermodynamic properties. Activity
and osmotic coefficients for NH,Cl(aq) at temperatures to
350 °C and molalities to 2 mol-kg-! calculated by the methods
described above are shown in Figure 4.

The activity and osmotic coefficients for NH,Cl and HCI
described above refer to stoichiometrically pure solutions. It
is assumed here that the addition of ammonia has no effect
on the activity or osmotic coefficients of ionic solutes (HCl
or NH,C]) at the relatively low molalities of ammonia used
inthiswork. Theion-interaction model is readily generalized
to mixed electrolyte solutions. The stoichiometric mean-
ionic activity coefficient of one component, MX, of a common-
ion mixed electrolyte of 1-1 charge type may be written within
the framework of the treatment as (25)

In v, (MX) = In v, *MX) + y[¢*(NX) - ¢*(MX)] +
mwa,N +(2- y)‘PM,N_x/Z] (20)
where y is a cation molality fraction defined as y = myx/
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Figure 4. Activity and osmotic coefficients for NH,Cl(aq) at the saturation vapor pressure. Values through 250 °C calculated
from the equations of ref 7; values at higher temperatures estimated from NaCl values of refs 21 and 22 as described in the

text.

(mux + mnx) and m is the total stoichiometric molality of
solute in the mixture. Those marked with an asterisk are the
pure-electrolyte quantities at the molality of the mixture,
and the parameters fyx and ymnx are mixture parameters
describing the interactions between two cations, and between
two cations and one anion, respectively. The activity coef-
ficient for component NX is described by an expression
corresponding to eq 20 with the component indices (MX and
NX) exchanged. The mixing parameters 6y and Yy nx are
not available at all temperatures of interest, and have been
set equal to zero in calculating activity coefficients for these
mixtures. Noting that these quantities are multiplied by the
total stoichiometric molality of the mixed solution, this
approximation should be reasonably good in cases where the
total molality is not large, i.e., for the measurements at high
temperatures. At the lower temperatures considered here it
is expected that the values of the mixing parameters will be
relatively small, and that errors on the order of a few percent
in the activity coefficient may be introduced by neglecting
these terms. The working equation for calculating activity
coefficients of one component of a mixture reduces to

In y,(MX) = In v,*MX) + y[¢*(NX) - ¢*(MX)] (21)

Values of the partitioning constant K3 for NH,Cl were
obtained from the experimental results listed in Tables I and
II by difference methods. Expected levels of total nitrogen
and total chloride in the vapor-phase samples were calculated
from the known partitioning constants for NH; and HCI as
given by egs 11 and 12 and the parameters of eqs 15 and 17,
using the stoichiometric activity coefficient of HClappropriate
for the mixture. Molalities of NH,Cl in the vapor-phase
samples were assumed to be equal to the difference between
the observed chloride molality and that calculated from HCI
partitioning, and equivalently by the difference between the
observed total nitrogen molality and that calculated from
NH;partitioning. These differences are often asmall fraction
of the total solute (either nitrogen or chloride) observed in
the vapor-phase samples, leading tolarge overall uncertainties

in the partitioning constants, particularly atlow temperatures.
For experiments conducted in excess acid (Table I) the low
levels expected for ammonia should result in higher precision
of the values of K3 determined on the basis of the nitrogen
analyses. Conversely, for runs over higher pH buffered
solutions (Table II) the levels of chloride observed in the
vapor phase should provide a more precise measure of
ammonium chloride partitioning. Due to analytical diffi-
culties in determining chloride molalities in vapor-phase
samples in the presence of excess ammonia, and a somewhat
larger uncertainty in ammonia analyses as compared with
chloride determinations, in practice the values of Kj deter-
mined on either basis include comparable uncertainties. In
the most unfavorable cases, e.g., the measurements at 120 °C
detailed in Table I, values of K; calculated on one basis gave
physically-unreal negative values due to an excess of calculated
over observed solute molalities in the vapor-phase samples.

A test of the applicability of the activity coefficients used
in these calculations is provided by examining the series of
measurements in a given experiment. Liquid-phase solute
molalities tended toincrease during each seriesdue to removal
of water from the liquid phase. If the molality dependence
of the activity coefficients were significantly in error, the
calculated values of K; would be expected to show a trend
with the sample number (changing liquid-phase molality)
within a given experiment. As shown in Figure 5 for the
example case of K; calculated from excess chloride molality
in the vapor-phase samples at 300 °C [Table I], the decrease
in y:2for NH,Cl compensates for the increasing liquid-phase
molalities of ammonium and chloride, resulting in nearly
constant calculated values of K3. Thus, the values of K;
discussed subsequently were obtained from averaging the
values obtained by both difference methods for the multiple
measurements of a given experiment.

The first vapor-phase sample in each series differed
significantly from the remaining samples, so these were not
used in calculating the average values of K;. The values of
log K;and their associated uncertainties (3 times the standard
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Figure 5. Measured and calculated quantities for experi-
ments in excess HCl at 300 °C (Table I) illustrating the
contributions of various terms to log K calculated from excess
vapor-phase nitrogen: O, log m(Cl); @, 2 log Y(NH,C]) - 1;
v, log m(NHs) + 2.5; ¥, log K3(N) - 1.

Table III. Average Values and Uncertainties of log K;
t/°C  exptINr*  log K3[Cl]? 3¢ log K3[N]¢ 3¢

126 Al -6.34 1.13
150 A2 -4.72 0.88
160 A3 -3.55 0.57 -3.92 0.27
150 Ad -8.64 0.75 -3.40 0.59
150 A5 -4.29 0.50
200 A6 -2.82 0.41 -3.23 0.61
200 AT -2.82 0.55 -3.19 0.90
200 A8 -8.22 0.50 -3.18 0.54
2560 A9 -2.09 0.29 -2.35 0.36
300 Al0 -0.86 0.08 -1.54 0.22
326 All 111 0.23 1.20 0.23
326 Al2 0.69 0.66 0.26 0.31
350 Al3 157 0.33 1.63 0.33
360 Al4 157 0.19 1.67 0.17
360 Alb 1.78 0.34 L7 0.41
200 Al6 -3.60 0.57

2560 Al7 -3.96 0.60 -0.03 0.33
300 Al8 -0.04 0.31 -0.23 0.39

¢ Experimental results in Table I. ¢ Calculated on the basis of excess
chloride in vapor-phase samples. ¢ Calculated on the basis of excess
nitrogen in vapor-phase samples.

error of the mean) are presented in Table III. The tabulated
uncertainty in the averaged values of log K3 has been taken
to be & log K3 = log(K; + 3¢) — log K3. The averaged
experimental values of log K are plotted against reciprocal
temperature in kelvin in Figure 6. The solid lines in this
figure are smoothed values calculated from two different
fitting equations:

log K, = -1.875 — 1248.65/(T/K) - 23.401 log(p/ (g-cm™))
(22)
log K, = -16.063 + 15203.4/(T/K) - 9.3301 log(o,/,)

(23

It is clear from inspection of Figure 6 that either eq 22 or 23
provides an equally good representation of the experimental
results. The difference between the two fitting equations

t/°C = 350 300 250 200 150 100
T 1 T T T T

81 5 2.0 2.5
1000 K/T

Figure 6. Liquid-vapor partitioning constant K for NH,-
Cl: O, excess chloride basis, excess acid measurements; ©,
excess nitrogen basis, excess acid measurements; ®, excess
chloride basis, buffered measurements; @, excess nitrogen
basis, buffered measurements. Curve a calculated from eq
22; curve b calculated from eq 23.

t/°C = 375 250 150 100 50 0
L S N T T T

log K

1000 K/T
Figure 7. Comparison of liquid-vapor partitioning constants
for NH3, HC], and NH,Cl.

lies in the extrapolation to temperatures lower than those at
which values of K3 could be determined experimentally. The
two functions give extrapolated values which differ by about
3 log units at 25 °C.

The three liquid—vapor partitioning constants K, K;, and
K; for NH;, HCl, and NH,CI are plotted against reciprocal
temperature in kelvin in Figure 7 where curves generated
from eqs 15, 17, and 22 are shown as solid lines; all three
curves are shown extrapolated to the solvent critical tem-
perature (374 °C) (26). The curve representing the parti-
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tioning constant of the neutral molecule NHj extrapolates to
log K; = 0 at t = t,; indeed, this criterion was adopted as a
fitting condition in determining the parameters of eq 15. The
two expressions describing the partitioning constants for HC1
and NH,CI clearly do not extrapolate to log K; = log K; =
O at t = t,. This is due to the fact that the basis adopted for
the representation of partitioning coefficients is the equi-
librium between stoichiometric total solutes in the liquid
phase and associated molecular solutes in the vapor phase.
This basis, which is thermodynamically rigorous within the
assumption that the neutral molecules in the vapor phase
have unit activity coefficients, has been adopted in order to
make use of the available stoichiometric liquid-phase activity
coefficients for HCland NH,Cl. This representation has the
additional advantage of removing the requirement of esti-
mating liquid-phase association constants for these solutes
under conditions where these constants are small and hence
ambiguous. On a stoichiometric basis, the partitioning
constants K; and Kj extrapolate to the values of the liquid-
phase ion association constant at the critical temperature.
For example, for the case of HCI, the association equilibrium
constant for eq 4 is given by

K = my(HC])
® mHNMC)y,HCD

(24)

such that

K. = m (HCI)
27 my(HY)m(Cl)y, *HCl)  my(HCD

where K, is the real partitioning coefficient for HCl as defined
by eq 7. Thus, it is of interest to compare the extrapolated
partitioning constants of electrolytes at the critical temper-
ature with the corresponding results obtained from extrap-
olation of higher temperature electrical conductance mea-
surements (14, 15). For HC], eq 17 extrapolates to log K, =
5.89 at t., as compared with an extrapolated value for the
association constant of HCI (eq 4) of log K,(HCI) = 6.27 (15).
This level of agreement is very good considering the relatively
long extrapolations in temperature and density required for
both the conductance and partitioning results. For NH,C],
eqs 22 and 23 extrapolate to comparable values of log K3 =
7.71 and 7.43, respectively, at t,. These values seem somewhat
larger than might be expected for log K,(NH,Cl) (eq 3) on
the basis of reduced charge density on the ammonium ion as
compared with hydrogen or sodium ion. The value of log
K,(NaCl) =3.78at t.is calculated from fitting the conductance
data of Quist and Marshall (14) to the form of eq 22. However,
this value is at least qualitatively comparable to those for the
other electrolytes studied, and a possible added contribution
to the stability of the NH,Cl ion pair from hydrogen bonding
cannot be ruled out. Given the limited precision of the
partitioning constants for NH,Cl, the relatively long extrap-
olation (more than 5 log units) of egs 22 and 23 from 350 °C
to t., the uncertainty in activity coefficients of HCl and
NH,Cl in mixtures at high temperatures, and the lack of a
sound theoretical basis for prediction of association constants
of NH,Cl at the solvent critical conditions, there is no reason
to assume that the partitioning constants calculated from
these experiments are unreasonable on the basis of this
extrapolation to the solvent critical conditions.

my(HCl)
= K, =KX, (25)

Application to Power Plant Operating Conditions

Forthe particular question of transport of chloride in steam
generators using AVT to control pH, it is important to note
that thisstudy shows that under high-temperature conditions
the relative magnitudes of the partitioning constants of
NH,Cl, NH;, and HCl (given in Table IV at selected

Table IV. Equilibrium Constants Relevant to Partitioning
Calculations

t log K, log K log K3 log Ky log Kw
350 0.36 2.98 1.76 -4.30 -12.30
300 0.55 1.62 —0.63 -4.70 -11.41
275 0.62 1.14 -1.35 -4.93 -11.25
195 0.84 -0.18 -3.08 -5.85 -11.31
150 0.98 -0.88 -3.99 —6.51 ~11.64
100 1.15 -1.69 -5.22 -1.40 -12.26

temperatures) are such that at low ammonium ion molalities
the major source of chloride in the vapor phase is the
partitioning of HCI from the liquid. At 350 °C the hydrogen
ion molality in pure water, taken from the representation of
the ion product of Marshall and Franck (4), is about 7 X 10-7
mol-kg-!, while the difference between the values of log K;
and log K3 is about 1.25. Thus, for a given chloride molality,
a stoichiometric ammonium molality of about 1.2 X 10
mol-kg!, corresponding to about 0.2 ppm ammonium, is
required to partition chloride to the vapor phase equally as
HCI and NH,Cl. Clearly under the usual AVT conditions
with ammonium ion levels of tens of parts per billion and
high-temperature pH values near neutral, transport of
chlorideion to the vapor phase as HCl will dominate transport
as NH,Cl. Itcanbeseenfrom inspection of Figure 7 that this
situation is even more prevalent at lower temperatures,
because the difference between log K; and log K; increases
with decreasing temperature.

The primary contribution of HCI partitioning to the
chloride content in the vapor phase does not imply that the
subsequent deposition of chloride in the early condensate in
the water/steam cycle will be as HCl. Under equilibrium
conditions, and assuming no dry deposition of solutes from
superheated steam or reaction of the solutes in steam with
solid phases or metal surfaces, the primary vector for
enhancement of chloride in the early condensate is the steep
decrease in the partitioning constant for NH,Cl with de-
creasing temperature. The product of chloride and ammo-
nium molalities in the condensate will increase by approx-
imately 1 order of magnitude as compared with the
corresponding molality product in the boiling liquid phase
for each log unit decrease in K; resulting from the decrease
in temperature between boiling and condensation.

Approximate calculations based on the partitioning coef-
ficients discussed here were carried out to simulate field
monitoring analytical studies (I, 2) at a number of utilities
(27). Although more experimental and detailed monitoring
data are needed for a rigorous comparison of such results,
including detailed charge-balance considerations in both
phases within the power plant water/steam cycle, correlations
of this kind provide the opportunity for a better understanding
and subsequent control of the water chemistry in power plants.

Summary

The partitioning coefficient of ammonium chloride between
aqueous liquid and vapor phases has been measured exper-
imentally for the first time. These measurements were
conducted from 120 to 350 °C by analyzing samples of both
phases. The volatilities of HCl, NH;, and NH,C1 were
considered in the analyses and data reduction, with the
volatilities of HCIl and/or NH; exceeding that of NH,Cl in all
experiments. Available, experimentally-determined activity
coefficients for all the ionicspecies involved allowed consistent
and reasonable extrapolation of the partitioning coefficients
measured at relatively high concentrations in the laboratory
to dilute conditions encountered in power-generating cycles.
A simple three-term equation describes the temperature
dependence of the logarithm of the partitioning constant of
NH,Cl over the measured temperature range. Knowledge of
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the partitioning constants for HCl, NH;, and NH,C], as well
as of the hydrolysis constant for NHj; as functions of
temperature permits calculation of the speciation between
these species and their ionized forms during transport via the
steam phase from boiler water to formation of early con-
densate. Under the conditions simulated in speciation
calculations, the dominant chloride species in the steam phase
is HCl, and although the dominant cation (ignoring as yet
unknown effects of other cations such as Na*) in the early
condensate is NH,*, this solution is considerably more acidic
than the boiler water. The ray diagram as presently used is
unsuitable either for predicting the levels of solutes expected
in steam or for assigning the compound primarily responsible
for liquid-vapor partitioning, because the dependence of the
partitioning on liquid-phase concentrations of both cations
and anions is not recognized.
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