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Vapor Pressure of (Potassium Hydroxide + Ammonia + Water)

Solutions

G. Cacciola,*! G. Restuccia,’ and Yu. Aristov?

National Council of Research, Institute of Transformation and Storage of Energy, S. Lucia sopra Contesse,
98126 Messina, Italy, and Boreskov Institute of Catalysis, Prospekt Lavrentieva 5, Novosibirsk 630090, Russia

Experimental results on equilibrium pressure over KOH + NHs + H3O solutions are reported. The
temperature was varied between —6 and +30 °C, while the molalities of NH; and KOH were varied in
the range 1-12 and 1—10 molkg~!, respectively. An analytical equation of the equilibrium pressure as
a function of temperature and concentrations was obtained. The partial molar enthalpy of solution of
ammonia in the KOH + H;0 mixtures and the Henry coefficients for ammonia were also calculated. For
the ternary mixture the Setschenow relation was considered and validated in the range of measured

concentrations.

Introduction

Thermally driven heat pumps or cooling systems were
proposed from the beginning of this century, and in
particular the ammonia plus water refrigeration system
was developed. Afterward, systems based on ternary
mixtures were also suggested but not developed because
of the subsequent wide use of vapor compression systems.
In recent years, research activity on absorption systems
has increased and some old proposals have been reviewed.
Among these, a demixing—resorption machine utilizing
potassium hydroxide + ammonia + water seems to have
good characteristics. Aquecus KOH + NH; solutions
represent an interesting alternative to the traditional
vapor—liquid pairs such as ammonia + water and water
+ lithium bromide that are commonly used in absorption
heat pumps and refrigeration systems (I, 2). In fact, with
the ternary system which uses KOH + NH; + H;0 the total
pressure in the demixing—resorption machine can be
lowered with respect to the absorption system in which only
water and ammonia are used. The engineering design of
these systems requires accurate data on the thermody-
namic properties of potassium hydroxide + ammonia +
water mixtures over a wide range of conditions. However,
published results (3—8) cover a limited range of concentra-
tions, usually at molalities less than 3 molkg~! of solvent
for both KOH and NHj and temperature ranges higher
than 20 °C. The aim of the present paper is to extend the
measurements on the vapor pressure over aqueous KOH
+ NH; solutions to temperatures as low as —6 °C and
higher concentrations of both KOH and NHj, to m = 10—
12 molkg1.

Experimental Section

The experimental arrangement shown in Figure 1 was
used to measure the vapor—liquid equilibrium curves for
KOH + NH; + H;O0 mixtures.

All experiments were performed in the stainless steel
container (R), where the temperature was kept constant
in the range —6 to +30 °C by the thermocryostat (T) with
an accuracy of +0.02 °C. Before the start of each series of
experiments, the container was evacuated by the pump (P),
and then a fixed volume of KOH + H,0 solution of known
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Figure 1. Scheme of the experimental setup: R, container; T,
thermocryostat; V, vacuum gauge; P, pump; D, recorder; S, mixer;
B, burette.

concentration was inserted by means of the burette (B).
Once the constant temperature and pressure had been
established, they were compared with the equilibrium data
presented in ref 9 to verify the validity of the method.
Subsequently, a measured volume of NH4OH solution of
known concentration was added and the total pressure and
the temperature were recorded. After equilibrium was
reached, the temperature was changed. The measure-
ments were performed in the temperature range ¢ = —6 to
+30 °C.

The total pressure over the solution was measured by
an absolute pressure vacuum gauge (V) that is composed
of a sensor head, where the pressure to be measured acts
directly on a fine membrane, and a control unit (Membra-
novac MV 110S2). The accuracy of the instrument was
within 0.05 kPa. The temperature of the mixture was
measured by three J-type thermocouples placed at three
different levels to verify the homogeneity of the tempera-
ture distribution that appeared to be within 0.3 °C.

Commercially available potassium hydroxide (Rudi Point),
ammonium hydroxide (Baker grade), and distilled water
were used for the mixture preparation. The molalities of
NH;3 (m1) and KOH (m3) were varied in the range m; =
1—-12 molkg~! and m; = 1—10 mol’kg™!. The accuracy of
the ammonia and potassium hydroxide concentration was
calculated by taking into consideration all of the measure-
ment errors involved in the solution preparation. From
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Table 1. Vapor Pressure p at Temperature ¢ for KOH + NH; + Hz0

my/molkg™! 1 1 1 1 1 1 1
mo/molkg™! 1 1 1 1 1 5 5
t/°C -3.8 3.2 11.7 20.6 30.1 -36 3.2
p/kPa 132 18 3.1 493 8 1.76 2.7
my/molkg~! 5 5 5 5 5 5 5
my/molkg™! 1 1 1 1 1 5 5
t/°C -2.5 4,7 129 214 301 -44 3.5
p/kPa 376 58 911 144 221 9.35 15.3
my/molkg~! 10.7 10.7 10.7 10.7 10.7 10.7 10.7
mo/molkg™! 1 1 1 1 1 5 5
t/°C -2.4 44 125 21.2 30 -3.1 3.9
p/kPa 8.55 13 199 309 46 186 28
my/molkg~! 12 12 12 12 12 12 12
mgy/molkg~! 1 1 1 1 1 5 5
t/°C —4.6 4.7 127 209 288 -0.8 121
p/kPa 9.5 15 21.6 31.2 46 24.7 475
,00C t
’ 1
|
i |
4 |
100
‘} |
) | !
o |
= ) §
a [
0—
[
| |
|
1 - E -
3 3.3 3.5 37 38

1000/T (<
Figure 2. Plot of log(p) vs 1000/T at various molalities of
ammonia solutions {m; = 1 (dotted lines); m; = 6 (solid lines); m;
= 12 (dashed lines)] and various molalities of potassium hydroxide
solutions [mo = 1 (0O); mg = 5 (A); mg = 10 (0)]: comparison of the
model results (lines) with the experimental data (O, a, ¢).

this analysis the calculated error in m; and ms was less
than 4%.

Results and Discussion

Experimental results of all measured values are reported
in Table 1. The equilibrium pressure p over the KOH +
NH; + HO mixtures increases as the temperature ¢ and
the concentrations of ammonia and potassium hydroxide
increase.

At fixed molalities mi and mg, the pressure was fit to
the relation

log(p/kPa) = A + B/(T/K) 1)

where the slope B and the intersection A are functions of
m; and my, the deviation of the original experimental data
from eq 1 being rather small. The plots log p vs 1000/T
for various molalities as parameters are presented in
Figure 2 for the range ¢t = —6 to +30 °C. From these plots,
the coefficients A and B may be determined as functions
of m; and mo.

To find an analytical equation describing the decimal
logarithm of the total pressure at different T, m,, and ma,
the following expression was used:

log(p/kPa) = A, + Aym; + A;m 2+ A;m ® +
[B, + B,m, + Bym,® + Bym,*VT (2)
The coefficients A; and B; in turn are the polynomial

functions of mgy (in mol’kg=1). The best fit of eq 2 to the
experimental data at all temperatures and concentrations

1 1 1 1 1 1 1 1

5 5 5 10 10 10 10 10
12 21 30 —4.2 2.9 11.9 20.8 30.2

4.64 791 1242 4.96 6.93 10.96 16.35 24.24

5 5 5 5 5 5 5 5

5 5 5 10 10 10 10 10
12.2 21 30 -5.4 2.7 11.7 21.1 30.1
24.6 372 5558 185 285 43.01 64.06 91.67
10.7 10.7 10.7 10.7 10.7 10.7 10.7 10.7

5 5 5 10 10 10 10 10
12.4 21.3 30 —4.7 3.1 11.9 21 29.7
42.8 643 94.02 292 46.2 6946 103.7 1514
12 12 12 12 12 12 12 12

5 5 5 10 10 10 10 10
20.9 29.1 —5.6 2.9 11.6 20.7 294
704 101 33.11 499 75 110.3 1616

125
)

P (kPa)
\\

S

S

9 - S _
j - g - R

v, (ol g

Figure 3. Total pressure over KOH + NH; + H20 solutions as a
function of potassium hydroxide concentration at ¢+ = 21 °C and
various molalities of ammonia solutions [m; = 1 (O); m1 = 5 (A);
my = 10.7 (0); m; = 12 (O)]: comparison of the model results (—)
with the experimental data (O, &, ¢, Q).

was reached for
Ay(my) = 7.23837 + 0.346158m, — 0.036028m22 (3a)
A,(m,) = —0.581795 + 0.154016m, — 0.0131801m22
(3b)

Ay(m,) = 0.169752 ~ 0.0509724m,, + 0.00432377m,*
(3¢)

Ag(m,) = —0.0102889 + 0.0030956m,, —
0.000256778m,? (3d)

and

By(my) = ~1930.41 — 113.928m, + 12.8484m,? (4a)
B,(m,) = 162.25 — 19.3016m,, + 1.995652m,> (4b)
By(m,) = —43.7237 + 11.2036m, — 0.9996743m,2 (4c)

By(m,) = 2.699365 — 0.74904m, + 0.063813m,> (4d)

The straight lines in Figure 2 and the curves in Figure 3
were calculated according to eqs 2—4; in the same figures
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Figure 4. Total pressure over KOH + NHj3 + H20 solutions as a
function of potassium hydroxide and ammonia concentrations at

t=0°C.
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Table 2. Total Pressure over KOH + NH; + H;0
Solutions [Experimentally Measured by Sorina (3)
Piexp) and Calculated p(cay by the Proposed Model] at
Different Molalities of Ammonia (m;) and Potassium

Hydroxide (mg)

my/molkg™  mg/molkg? t’C piexp/kPa  pra/kPa
0.867 0.946 20.8 4.7 4.87
28.5 7.1 6.80
1.03 0.946 21.4 49 5.14
28.1 7.7 7.17
1.244 0.946 20.6 56 5.10
28.4 7.9 7.49
1.021 3.15 21.1 6.2 6.33
30.3 9.7 10.31
1.288 3.15 21.4 71 7.10
31.1 11.4 11.78

the experimental points are also shown to compare the
model and experimental data graphically. The relative
difference between experimental pj.xp and calculated pjca
data can be expressed by the formula

(pi(exp) - pi{cal))j
S|———| In ®)

n p ilexp)

D=

which gives a value of D = 0.02, indicating a good accuracy
of the model. In Figure 4 the behavior of the total pressure
as a function of the two concentrations m; and mg, at ¢t =
0 °C, is shown in a three-dimensional plot.

To our knowledge most of the results presented in the
literature for the KOH + NH;3 + H:0 solution are related
to the range of higher temperatures and lower concentra-
tions. The experimental data available for the comparison
in the literature are presented in Table 2 together with
the pressures calculated with our model under the condi-
tions described in ref 3. The agreement between the two
sets of data appears to be rather good despite the experi-
ments in ref 3 being conducted some 30 years ago. Thus,
we can conclude that the suggested model describes well
all experimental data obtained within the range ¢ = —6 to
+30 °C, m; = 1-12 molkg™!, and ms = 1-10 molkg~1.

Another useful parameter for the design of the demix-
ing—resorption machine is the partial molar enthalpy of
ammonia solution in the KOH + H30 mixtures. In this
case the ammonia partial pressure (png,) must be known.
Pnus can be easily calculated using the total pressure
(measured or calculated according to eqs 2—4) and the
partial pressure of the water vapor (pu,0). In fact, if the
lowering effect on the water vapor pressure due to am-
monia is assumed to be negligible compared to the same
effect due to potassium hydroxide (6, 9—12], pu,0 can be
considered equal to the total pressure over KOH + H,0
solution and calculated by the following equation (9):
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Figure 5. Ammonia partial pressure as a function of the ammonia
mole fraction y; in the liquid phase at 0 (dashed lines) and 25 °C
(solid lines) for different mole fractions of KOH: y2 = 0 (O); y2 =
0.0174 (©); y2 = 0.08 (&); y2 = 0.15 (O).
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Figure 6. In(K;) vs 10%T at different mole fractions of KOH: yo
= 0.0174 (¢); x2 = 0.08 (a); yz = 0.15 (O).

log(py,o/kPa) = 2.0 — 0.01508m, — 0.0016788m,” +

2.25887 x 10 °m,’ + (1.0 — 0.0012062m., +
5.6024 x 10 *m,? — 7.8228 x 10 °m,’)(35.4462 —
3343.93/(T/K) — 10.9 log(T/K) + 0.0041645(T/K) (6)

Figure 5 shows the isotherms of ammonia solution at
different concentrations of the potassium hydroxide. The
curves at KOH mole fraction y3 = 0.0174 are close to the
appropriate curves for two-component NH; + H,O solutions
(12). With higher KOH concentrations, the range within
which the ammonia pressure obeys the Henry law becomes
larger (Figure 5). This likely indicates that the potassium
hydroxide decreases the ability of ammonia to interact with
the solvent (water). The Henry coefficients for ammonia
K, were calculated from the linear part of the isotherms.
The plots of In(K;) vs 1000/T gave straight lines (Figure
6). This allows estimation of the partial molar enthalpy
of ammonia solution at infinite dilution in the KOH + H;0
mixture as —29.3, —30.1, and —30.1 kdJ'mol™! for y; =
0.0174, 0.08, and 0.15, respectively, with a deviation of
about +1.3 kJmol~!. These values are in reasonably good
agreement with those presented in the literature (3).
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Figure 7. In(X)) as a function of KOH mole fraction y2 (eq 7) at
different temperatures: ¢ = 0 °C (Q); ¢ = 20 °C (a); t = 25 °C (0).

For ternary mixtures the Setschenow relation is consid-
ered to be valid in the range of low concentrations (13). In
our case it can be formulated as

In Ki(p,T.xy) = In K,(p,T%5=0) + ay, (7

where K;(p,T,x2) is the Henry coefficient of NH; at KOH
mole fraction y;. Figure 7 shows that the KOH + NH; +
H,0 solutions follow the relation 7 in the y; range 0.017—
0.15 with coefficient @ = 14.4 £ 0.1, close to the value 13.4
=+ 2.3 obtained from the elaboration of the literature data
(3).

Conclusions
The total pressure over the KOH + NH; + H,0 solutions
was measured at ¢ = —10 to +30 °C and molalities m; =

1-12 molkg™! and mg = 1—10 mol’kg~! for ammonia and

potassium hydroxide, respectively. The analytical equation
describing the total pressure over the mixtures at different
T, m,, and my; was obtained with a good fit to the
experimental data. The Henry coefficients for NH; were
calculated in the range 0—25 °C, which allowed estimation
of the partial molar enthalpy of solution of ammonia in the
KOH + H;0 mixtures as 29.7 = 1.3 kd'mol~1. At the
considered conditions the system was shown to obey the
Setschnow equation.
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