Solids Deposition In Refinery Sour Water Systems
I. Introduction

Background In typical petroleum refinery processing units, such as hydrotreaters,
organic S, N and Cl are converted to H,S, NH3; and HCI respectively. In addition CO,
may also be present in the same effluent streams. As a result of downstream cooling and
vapor-liquid separation, these inorganic compounds generally wind up concentrated in
the aqueous liquid stream(s). These latter streams are then sent to a sour water stripper
where these potentially corrosive acid gases can be removed. If process temperatures
reach low enough levels, the acid gases can react, and salt or crystal deposition can occur.
Crystal formation will produce obvious plugging in the piping. This problem is of
particular concern in the overhead condenser tubes of a sour water stripper.

In the design of a sour water stripper we need to be sure that no solids can possibly form
in any part of the system. The most likely location for solids deposition would be in the
overhead condenser where the lowest temperatures and highest sour gas concentrations
prevail. In fact, the lowest possible temperatures would exist somewhere along the inner
wall of the condenser tubes.

As a safe rule of thumb, the condenser should be designed so that the tube-skin operating
temperature is at least 30 deg. F higher than the temperature at which crystallization
would take place. The key streams to check for crystal formation are the vapor off the
top tray entering the condenser and the overhead vapor product stream off the separator
drum.

Air condensers are generally used for sour water stripper service. If, due to seasonal
variations, the ambient air temperature drops to a low enough level, solids deposition will
occur. Insuch circumstances, it is customary to use a steam-heated coil to preheat the
inlet air.

When crystallization does occur, gas and solid phases will coexist closely in mutual
equilibrium with an aqueous phase. Any NH3, CO,, H,S or HCl that are tied up as
crystals are thus separated from the equilibrium liquid solution. In normal practice it is
customary to work with solid phase dissociation constants which are expressed in terms
of gas phase (sour gas component) partial pressures to determine if incipient crystal
formation will occur.

Generally all of the crystals formed result from the reaction of either H,S, CO, or HCI
with NHs. In the case of CO,/NHjs there are five possible crystals which can form. H,S
or HCI will only form one crystalline compound each with NH;3 for all practical purposes.
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Objective The prime objective of this paper is to provide a methodology to predict the
temperature at which crystallization will first occur given the gas phase composition and
total system pressure. No attempt is made, however, to predict or estimate the deposition
rate or extent of deposition of the crystals.

1994 Study In 1994 Yung-Mei Wu (1) of Mobil R & D Corp. published a calculation
method to estimate the conditions and extent of NH,Cl and NH4HS depositions in
refinery process streams containing NHs, HCI and H,S impurities. Her evaluation
covered some of the following areas:

1. Where or what temperature the salt starts to deposit

2. The kind of salt that deposits

3. The approximate amount of the depositions

4. If salt deposition is indicated (predicted), she then recommended several
preventive measures to eliminate or minimize and deposit-related damage.

Her work did not include solids deposition due to possible reactions of CO, (if present)
with NHs. A large portion of our paper is devoted to discussing all of the various crystals
that can form from the reaction of CO,/NHj3 and in predicting what the various
crystallization temperatures will be. The systems H,S/NH3 and HCI/NHj3 are also
included.

I1. Chemical Equilibrium

Gas Phase Reactions For a single phase gas reaction such as,

aA+bBl cC+dD @

the chemical reaction equilibrium constant K is related to the change in the standard state
Gibbs free energy via the relation,

AF° = —RT LnK ()

In turn, the equilibrium constant is related to the activities of the reacting species by
Equation 3,
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In addition, the activity of each of the participating species i is related to the fugacity by,
8=\ ©)

Here f/ is the fugacity of species i in the gas phase mixture at operating P and T. f is the
pure component standard state gas fugacity generally taken to be 1 atm abs at the
temperature T of the reaction. This means that the standard state is essentially that of an
ideal gas at 1 atm abs, and, therefore, f° is basically equal to a pressure of 1 atm.

Therefore a=f (5)
and Equation 3 now becomes,
o (1) (syeP) (dy0P) ©
(£ (1) (¢hyaP) (2 s p)

Here ¢ is the fugacity coefficient of species i in the gas phase reacting mixture and y; the
mole fraction of i in the same mixture. If, in addition, the total pressure P is at a low
enough level, the reacting mixture can be treated as an ideal gas mixture, and all of the
fugacity coefficients become unity (¢ = 1). For this special case,

« e PY (%P _ (pe) (Po)’ -

Here all of the pjvalues on the RHS of Equation 7 represent the component partial
pressures in the gas mixture and must be expressed in units of atmospheres.

Liquid or Solid Phase Reactions Now let us suppose that the reaction given in Equation
1 takes place entirely in either the liquid or solid phase. In either case, the activity of
reactant or product species is written as,

f/ yi x T
a=— =217 o]
B A f.° ®)
where y; and x; are the activity coefficient and mole fraction of species i in the liquid or
solid reacting mixture. f; is the pure component liquid or solid fugacity evaluated at the
same P and T as the mixture, and f;° is the standard state fugacity for the pure liquid or
solid at a reference pressure of 1 atm abs.
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Pressure has very little effect on the properties of liquids and essentially none on those of
solids. As a result f; can be replaced by f;°, and Equation 8 reduces to,

=7 X% 9)
and therefore Equation 3 now becomes,

c d c d
K:7C7E XCXE (10)
7/;78 Xf\XB

In addition, if the liquid or solid reacting solution is also ideal, then all of the y; = 1, and,

o=}

C
Xe X
a
X3 X

K =

(11)
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Gas-Solid Reactions Let us now consider a heterogeneous gas-solid reaction such as,

A(s) 1 bB(g) +cC(g) 12)

Here one mole of solid species A (decomposing) is in chemical equilibrium with b moles
of gas B and ¢ moles of gas C. For this reaction the standard state change in Gibbs free
energy AF° would be evaluated by considering components B and C to be in the standard
state as pure ideal gases at 1 atm and for solid A as a pure solid at 1 atm. For this choice
of standards states, the equilibrium constant becomes,

g () -
a VaXa

Furthermore, if the solid phase consists strictly of pure component A, and the vapor
mixture is an ideal gas, then,

fl=pg; fl=p. ;: a=r.x,=1  (14a,b,c)
and therefore, K =pspd with p,in atmospheres @5)

For the gas-solid phase reaction,

C(s)J A(s) +bB(9) (16)
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the appropriate expression for K would be,

b
%8 _p; pginam w7
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K =

only if no solid solutions (A + C) form, and the vapor phase is an ideal gas.

A specific or real example of a gas-solid equilibrium reaction is when CaCO3
decomposes to form CaO and CO; gas.

CaCO,(s)[l CaO(s) +CO,(9) 28)

If CaCOj3 and CaO are pure insoluble solids (aj = 1) and the CO, behaves nearly as an
ideal gas, then the equilibrium constant simply reduces to,

_ a‘CaO aC02

co, ~
’ Acaco,

K = Peo, 29)

The equilibrium constant in this case is independent of the amount of the pure solid
phases and is only a function of the equilibrium pressure of CO; (atm). The table below
lists the equilibrium pressures of CO, above CaCOj3 + CaO at several temperatures.

Dissociation Pressure of CaCO3; (See Ref. 2)

Temp., deg. C Pcoz, atm L0g10 Pco2

500 0.000096 -4.017
600 0.00242 -2.616
700 0.0292 -1.535
800 0.220 -0.658
897 1.000 0.

1000 3.871 0.588
1100 11.50 1.061
1200 28.68 1.458

Figure 1 shows a plot of Log pcoz (or Kco2) versus temperature. If the partial pressure of
CO;, lies above the equilibrium curve (pt. A), then at constant T the CO, partial pressure
will drop until it falls on the curve. In the process, some CaO will react with CO, and be
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converted back to CaCOs. On the other hand, if pcoz lies below the curve (pt. B), then
the reaction shifts to the right and CaCO3 will decompose to a certain extent to form CaO
and CO; until the value of pcoz, once again, falls on the equilibrium curve.

[llustration 1 Consider the gas-solid equilibrium reaction:
CuSO,e5H,0(s)J CuSO,(s) +5H,0(9)
At equilibrium at 25 deg. C we are asked to determine the partial pressure of water vapor

if Cu SO, 5 H,0 (s) is allowed to sit in a previously evacuated bell jar. Cu SO4 and Cu
SO, @ 5 H,0 form no solid solutions.

Data at 25 deg. C: A F’%, Cal/gmole
Cu SO (5) - 158,200
Cu SO, o 5 H,0 (s) - 449,300
H,0 (9) - 54,635

5

5
K — aCuSO4(s) a H,0(g)

In this case: = Piog) . atm

Acuso, s5H,0

This expression is valid only if no solid solutions form, and the water vapor behaves as
an ideal gas. The standard state Gibbs free energy change at 25 deg. C is:

AF°= AF?[CuSO, (s)] + 5AF°[H,0(g)] - AF°[CuSO, e5H,0(s)]

AF® = —158,200 — 5(54,635) — (—449,300) = +17,925Cal.
AF® = —RT LnK = — (1.987)(298.16) Ln K = 17,925
LnK = —30.2560

K =7.2439x10™ = p} o,
Pu,0¢g) = 0.00236 atm

The fact that the calculated pressure of the water vapor is very low gives great
justification to the ideal gas assumption.
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[11. Crystals From NH3/CO,

Kinds of Crystals The information and data compiled here for the various crystals
resulting from the reaction of NH3 and CO, were basically taken from References 3
through 10 and past consultations with Dr. John M. Lenoir, a former consultant with C F
Braun & Co ( now known as Kellogg/Brown & Root (KBR) of Houston, Texas).

Most of the time mixtures rich in ammonia tend to produce ammonium carbamate,
NH,COONHj4, and those systems rich in carbon dioxide tend to produce ammonium
bicarbonate, NH,HCOs. In actuality five kinds of crystals have been observed. Figure 2
shows a phase diagram based on the concentrations (molality) of total NH3 and CO; in
solution. It depicts the various regions where these crystals can occur.

Ammonium carbonate, (NH,), COs3, exists only at temperatures below 109 deg. F. The
sesquicarbonate, (NH;), CO3; e 2 NH; HCO3 @ H,O, occurs only below 91 deg. F. The

double salt, NH; HCO3; « NH, COONH,, can exist between 91 and 185 deg. F. Most of
the time we can expect either bicarbonate or carbamate to crystallize.

Since equilibrium between the salts and the gas phase must also exist, a second phase
diagram has been constructed using the partial pressures of ammonia and carbon dioxide.
The result is shown as Figure 3. Dr. John Lenoir stated that the accuracy of these phase
diagrams is only fair because the agreement between the various experimental results is
quantitatively poor. If the actual composition exists close to one of the lines of
demarcation between phases, some uncertainty exists as to the true identity of the
deposited crystal.

It is recommended that Figure 3 and not Figure 2 be used to determine the crystal type.
Figure 2 is valid for aqueous solutions involving only the components NH3 and CO,
without the presence of other solutes. If the effect of adding other acids, bases or neutral
salts such as NaCl on the sour gas partial pressures can be established, Figure 3 can be
used in a more general fashion to determine crystal identity.

All of the gas-solid reactions to be considered from this point on will be of the general
form of Equation 12 where a single salt or crystal is in equilibrium with two or more
gaseous species. Figure 4 portrays a general equilibrium constant-temperature diagram
for these cases. If conditions of partial pressure provide a value for K that lies above the
equilibrium curve, then a solid phase will be present. For example, if we calculate a
point condition (say Pt. A) that lies above the equilibrium curve, then under isothermal
conditions, solid A will crystallize or precipitate out until the partial pressure product
function decreases to the equilibrium curve. If the product function lies below the curve
(e.g. Pt. B), then it is not possible for a solid phase to be present. Any crystals present
would tend to sublime.
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Bicarbonate Crystals The dissociation reaction for ammonium bicarbonate crystals into
the gas phase is given by,

NH, HCO; (s) I NH;(g) + CO,(g) + H,0(9)  (20)

where the equilibrium dissociation constant, expressed in terms of component partial
pressures (Ibs per square inch, psia) is,

K1: Pn Pc Py » pSia3 (21)

Mellor (3) reports an expression for the standard state Gibbs free energy change for this
reaction dependent on temperature:

AF°=40,680 —115.16T (22)
where T isindeg. K and AF° is in Cal/Mole

Since the equilibrium liquid phase consists primarily of water, the value of pw is
generally quite close to the vapor pressure of pure water. Therefore it is common
practice to divide the equilibrium constant expression above by the vapor pressure of
water at the temperature of measurement. As a result, the equilibrium constant is
redefined simply as,

K| = py P, psia’ (23)

Figure 5 shows the product pypc dependent upon temperature up to 190 deg. F. The
figure is based on the accurate work of Hutchison (4) and Zernicke (5) from 77 to 176
deg. F. If pure NH4HCO;s crystals are inserted into a chamber without water present and
without previously existing gaseous ammonia and carbon dioxide present, an equilibrium
partial pressure of NH3 and CO, will develop in a 1:1 molal ratio. For example, if the
bicarbonate crystals exist at 152.7 deg. F, then from Figure 5 we read pypc = 100 psia®
and pn = pc = 10 psia. If the system is initially dry, the equilibrium adjustment takes
place very slowly. With moisture, the equilibrium is established almost immediately.

If we begin from the gas side, crystals of NH4;HCO3 can readily exist in equilibrium with
the gas mixture where NH3 and CO; do not exists in a 1:1 molal ratio. For the same
example as above, at 152.7 deg. F, a gas with pc = 100 psia and py = 1 psia would be in
equilibrium with solid bicarbonate crystals.
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Figure 5 thus allows us to determine the conditions for deposition of bicarbonate crystals
from a sour gas mixture. If, for a specified temperature, the product pnpc lies above the
curve shown in Figure 5, crystals of ammonium bicarbonate will precipitate from the gas.
If the crystals exist initially, and pnpc lies below the curve, the crystals will sublime.
Obviously, the tendency for crystals to form is highly increased by decreasing the
temperature.

Carbamate Crystals For ammonium carbamate the dissociation reaction for crystals into
the gas phase is,

NH,COONH, (s)J 2NH,(g) +CO,(g9) (24)
and the dissociation constant is given by,
K;= Py Pc. psia’ (25)
Figure 6 shows pn? pc dependent upon temperature based on measurements from
References 6 through 11 taken up to 212 deg. F. This curve has good validity up to 200
deg. F. Above 200 deg. F the exact value of this product is not so certain.
For pure carbamate crystals inserted into a container without ammonia or carbon dioxide

initially present, the equilibrium partial pressure of ammonia will be exactly twice that of
carbon dioxide.

Py = 2 Pc (26)

In terms of the total system pressure, P, we have,

2 P
P 3 Pc 3 ( )

and therefore Equation 25 becomes,

K, = [3 sz (5} _ 4 (28)
3 3 27

Based on experimental measurements Egan et. al. (8) correlated the total dissociation
pressure of solid ammonium carbamate over the temperature range 283 to 355 deg. K (50
to 180 deg. F). The result is Equation 29 below,
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Log,, P(mmHg) =11.1448 — 27419

; T indeg.K (29)

However, the above condition is a specialized case. To determine the conditions where
carbamate crystals will precipitate from a gas of any particular composition, we simply
determine if the product pn? pc lies above the curve presented in Figure 6. As an
example, for a gas with py = 50 psia and pc = 10 psia, Figure 3 clearly indicates that
carbamate crystals can potentially form. According the Figure 6, deposition of
ammonium carbamate crystals will occur at a temperature of 184 deg. F where,

P2 pe = (50)° (10) = 25,000 psia’

If the gas is perfectly dry, carbamate will not form, but even a trace of water will allow
rapid deposition.

As a final note here, it can be observed from Figure 3 that for ammonia partial pressures
generally exceeding 30 psia, the crystal to be expected is ammonium carbamate. Sour
water strippers generally operate at total pressures in 30 to 40 psia range. It is unlikely
that the partial pressure of ammonia could be high enough to promote carbamate
crystallization.

Double Salt When the relative concentrations of NH3 and CO2 lie in the double salt
range, the equilibrium decomposition reaction is,

%NH4HC03oNH2COONH4D gNH3(g)+COZ(g)+%HZO(g) (30)

On a water-free basis the equilibrium constant is expressed as,

3/2

Ky= pc py°, psia®” (31)

This product is shown dependent on temperature in Figure 7. Let us consider a vapor in
equilibrium with a sour water liquid at 180 deg. F where the acid gas partial pressures are
the following :

pn = 26.75 psia and pc = 40.59 psia
Upon checking Figure 3 we see that this combination of sour gas partial pressures lies in

the double salt region. Therefore, we must use Figure 7 to check for possible crystal
formation.



-11-
K, = (26.75)"* (40.59) = 5616 psia®"*

At 180 deg. F Figure 7 shows the solubility limit to be 4600. As a result, crystals of the
double salt will form in this case.

Carbonate Crystals For the carbonate region ((NH4), CO3) no specific equilibrium
product has been established for the reaction.

(NH,),CO,(s) 0 2NH;(g) + CO,(9) + H,0(9)  (32)

where K, = p: p., psia’ (33)

on a dry basis. If we simply assume the product pn? pc is the same as carbamate, then the
use of Figure 6 should give reasonably valid results. Also, as an approximation, Dr.
Lenoir has recommended that Figure 5 can be used to determine the deposition of the
rarely encountered sesquicarbonate.

Note of Caution In determining solubility or crystal deposition, we must absolutely start
with Figure 3 to determine the kind of crystal. For example, if we had first looked at
Figure 5 for py = 40 psia and pc = 10 psia, we would conclude that for py pc = 400 psia2,
crystals of bicarbonate would deposit at 168 deg. F from the gas stream. However, this is
not the case. In reality, Figure 3 shows the identity of any crystals formed to be the
carbamate. In this case, Figure 6 shows that deposition would occur at 178 deg. F where,

P P2 =(10)(40)"=16,000 psia’

In summary, for known partial pressures of NH3; and CO, we must look first at Figure 3
and determine the kind of crystal to be expected. Then we use either Figure 5, 6 or 7 to
determine if the equilibrium product constant is exceeded.

IV. Crystals From NH3/H,S

Crystal Types Basically only two kinds of crystals can result from the reaction of NH3
and H,S,

NH,HS(s)J NH,(g9) + H,S(9) (33a)

where Ks= py Ps, psia’ (34)
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and (NH,),S(s) 0 2NH,(g) + H,S(g) (35)

where Ke= p2 ps, psia’ (36)

For the normal operating temperature ranges of our sour water stripper overhead systems,
the hydrosulfide crystalline form, NH, HS, is a stable compound. Kirk-Othmer (12)
states that the ammonium sulfide, (NHg)2 S, is stable only at temperatures below — 18
deg. C (-0.4 deg. F). At higher temperatures it loses ammonia and changes to the
hydrosulfide.

Hydrosulfide Crystals For all practical purposes we need only concern ourselves with the
potential formation of ammonium hydrosulfide crystals (Eqns. 33 and 34). Figure 8
shows the equilibrium dissociation constant, pnps, as a function of temperature. It was
developed from the measurements and correlations of Kelley (13) and Mellor (14). In
fact, Kelley gives the following equation relating the standard state Gibbs free energy
change to the absolute temperature for Equation 33.

AF° = 21,650 — 68.13T (37)
with T indeg. K and AF°in Cal/gmole

If we start from the crystal side, with no initial NH3 or H,S present, equal partial
pressures of the sour gases will be established at equilibrium such that,

P
—p. = 38
Pu=ps = (38)

As a result, Equation 34 reduces to,
Ks =— (39)

Here P is the total system pressure. If we begin from the gas side, crystals of ammonium
hydrosulfide can coexist in equilibrium with the gas mixture where NH3 and H,S are not
necessarily present in an equimolar ratio.



13-

V. Crystals From NH3/HCI

Reaction Only one equilibrium reaction is pertinent involving NH; and HCI. This is,

NH,CI(s) ] NH,(g) + HCI(9) (40)

where K, = Py Pue» PSia’ (41)

and is very similar in nature to the dissociation of NH, HS. As a result, if we once again
start from the crystal side with no NH3 or HCI present, then equal partial pressures of
each acid gas will prevail at equilibrium.

P
Pn = Prar = ) and K; =— (42a,b)

If we start from the gas side, crystals of ammonium chloride can coexist in equilibrium
with the gas mixture with the molar ratio NHs/HCI = 1.

Charts Based on the work found in References 15 and 16, Figure 9 was developed. It
basically consists of a plot of the Logio (Pn Prci) Versus temperature up to about 500 deg.
F. InFigure 10 this data is also plotted as simply the product pn puci Versus temperature.
If we compare Figures 8 and 10 we readily see that the pressure product for NH4;HS
dissociation is orders of magnitude higher than that for NH,CI dissociation. Thus the
deposition tendency of NH4Cl is much greater than that for NH4HS.

VI. Sour Water Stripper Applications (Illustrations)

General Case In the most general case we would have to deal with the system NH3-H,S-
HCI-CO,-H,0. When crystallization is initiated, the CO,, H,S and HCI will each
compete for the NH3 present. A totally rigorous analysis which accounts for
simultaneous reaction equilibria is beyond the scope of this paper.

It is highly improbable that crystallization originating simultaneously from NH3/CO,,
NH3/HCI and NH3/H,S would occur at the very same temperature. In reality one or the
other would occur first.

A reasonable approach to this analysis would be to first check the identity and
precipitation temperature of any crystals originating from NH3/CO,. Then repeat this
exercise independently for NH3/H,S and NH3/HCI. For each calculation we would use
the full or total partial pressure of each sour gas component. The controlling case is
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obviously the one which produces crystals at the highest temperature.

The illustrations presented below show application of the check procedure for two typical
sour water stripper overhead condenser process streams. HCI is not present in any of the
streams.

[llustration 2 Figure 11 provides the material balance and operating pressures and
temperatures around the overhead network of a proposed sour water stripper design for a
Louisiana refinery. First let us calculate the solids deposition temperature of the
saturated vapor stream entering the overhead condenser tubes. No CO; is present;
therefore we need only to check for NH4HS solids deposition.

104.9 .
=| —— |(37) = 2.10 psia
; (1850.1j( ) P

187.8 .
=| ——|(37) =3.76 psia
N (1850.1j( ) P

Then Ky =(3.76)(2.10) = 7.89 psia’

From Figure 8 we determine that the crystals of the bisulfide will begin to form at 62 deg.
F for the condenser inlet vapor stream.

Next we check the vapor product stream (condenser outlet vapor) off the separator drum.
From the data provided in Figure 11 we calculate,

30.5 .
=| ——1|(32) =12.64 psia
Ps (77.2]( ) P

28.4 .
=| ——1|(32) =11.77

P (77.2j(3 ) Peta
and therefore K, =(11.77)(12.64) = 148.8 psia’

Figure 8 indicates that crystal deposition will be initiated at 106 deg. F. In order to
ensure that no crystals will form, we would recommend that the condenser be designed
such that the tube skin wall temperature is always above,

106 + 30 = 136 deg. F

[llustration 3 For the second illustration we have selected an overhead condenser system
involving NHs, H,S and H,O. Figure 12 gives the material balance and operating
conditions.
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First of all we check the condenser inlet vapor to see at what temperature solids
deposition would occur from either NH3/CO; or NH3/H,S.

206.67 .

= 28.1) = 2.90 psia
N (2000.91)( ) P
144.81 .

= 28.1) = 2.03 psia
¢ (2000.91]( ) P

Figure 3 immediately indicates that ammonium bicarbonate crystals could possibly form.
And Figure 5 indicates that for,

K, =(2.90)(2.03) = 5.89 psia’
these crystals would initially appear at 120 deg. F.

If we now check for NH4HS formation,

(12,90
S 2000.91

and Ky =(2.90)(0.181) = 0.525 psia’

](28.1) = 0.181 psia

For this value of the NH4HS (s) dissociation constant, Figure 8 shows that crystals would
form well below a temperature of 60 deg. F (off the chart).

Next we perform a similar check for the condenser exit vapor.

183.02 .
= 23.7) = 3.90 psia
N (1111.35j( ) P
140.0 .
= 23.7) = 2.99 psia
¢ (1111.35)( ) P

Once again Figure 3 indicates potential ammonium bicarbonate solid formation.
K{ =(3.90)(2.99) = 11.66 psia’

From Figure 5 we read a temperature of 128 deg. F at which these crystals would form.
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Finally we check for possible NH4HS solids formation at the condenser exit.

11.88 .
= 23.7) = 0.253
s (111135j( ) bsla
and Ks =(3.90)(0.253) = 0.99 psia’*

Once again Figure 8 indicates crystal formation at T << 60 deg. F.

From the above analysis, we determined that 128 deg. F is the highest temperature at
which crystals can possibly form at any point in the condenser. For safe operation, the
condenser should be designed for a tube skin wall temperature greater than,

128 + 30 = 158 deg. F
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f°
f/

AF°

K1

K,/

K>

Ks

Nomenclature
activity of component 1 in the single phase solution
Subscript referring to component or species i
Standard state fugacity of pure component i, atm
Fugacity of component i in a single phase mixture, atm

Standard state Gibbs free energy change of reaction,
Cal/mol

Chemical reaction equilibrium constant

Equilibrium dissociation constant for NH4;HCO3(s)
which includes water vapor, psia®

Equilibrium dissociation constant for NH4HCO3(s)
On a water-free (dry) basis, psia®

Equilibrium dissociation constant for NH,COONHjy(s)

psia’

Equilibrium dissociation constant for the double salt,

NH%/I?CO3-NH2COONH4 (s), on a water-free basis,
psia



Ka

Ks

K7

Pi

Pc

PHei

PN

Ps

Pw OF PH2o
R

T

Xi

Vi

Greek Letters:

Yi

-19-

Nomenclature Cont.-
Equilibrium dissociation constant for (NH4),COs(s),
on a water-free (dry) basis, psia
Equilibrium dissociation constant for NH;HS(s), psia®
Equilibrium dissociation constant for (NH4),S(s), psia®
Equilibrium dissociation constant for NH,CI(s), psia®
Total system pressure, psia
Partial pressure of component i, psia or atm
Partial pressure of CO2, psia
Partial pressure of HCI, psia
Partial pressure of NH3, psia
Partial pressure of H,S, psia
Partial pressure of H,0, psia
Ideal gas constant, 1.987 Cal/gmole-deg. K
operating or system temperature, deg. F

Mole fraction of component i in the liquid

Mole fraction of component i in the vapor

Activity coefficient of component i in the liquid or
solid phase
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a, Total CO2 added,jmoles/kg

Valld only ‘when NH3, C02, and-water
are. mlxed .together. . No: 9_131_1_e_r solutes

==

d, Total NH3 added,?moles/kg

a, .Total CO, added,?moles/kg
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CHECE AR SOLIOS PEPOSL T7ON FOR

OUERHEAD S YSTES? — SAMPLE FPROBLEST 2-
OF PrisSoo(NeEW) JTERS MANCAL

<corrP 11y
Torg P /T/H
i /£34.53 /t
NH 3 2066.67 0 77645
Hy,S /2.9¢ N 3 [§F.02-
C O, 144.8 [ o Hy 5 I
20690.9/ = 2/& co, 74,85
“23.77s18 | =
il TS
234°%F Flufof
28,/ Ps/A
COoMP /17
> & HL O PLa.08

N A5 2.3.6S
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<9 $Lg/f

289.56
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