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Abstract

The recovery of nitric acid from the spent nitric solution containing salt were predicted by
means of thermodynamic vapor-liquid equilibrium model and material balance in the
evaporation system. A newly constructed thermodynamic model, which combined the
Pitzer-Debye-Huckel electrolyte model and the modified UNIQUAC model, was used to
obtained the equlibrium of HxO-HNO3;-NaNOs; system. The obtained equilibrium model
parameters were applied to the evaporation system, and the theoretical recovery predictions
were well agreed with the experimental values up to the first azeotrope point.
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HNO;(1) + H,0(1) <> H30 " (aq) + NO; (aq),
M;(NO3),(s) — M;""
H,0(g) < H,0(),

HNO;(g) < HNOy(D),

(aq) + z;NOj3 (aq),

o714 z = charge number of the cation M; ©]t}.
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(degree of dissociation) a& &3} th;
a = Cuo/Ch, (5)
Aol =g olgato] fololqel 2t Are] BREe AW ey 2k
Xy = (x%— ax})/DEN, (6)
xp = xA(1—a)/DEN, (7
X o+ = Xaa/DEN, ®)
XNo; = (X(z)\a’+ Zzixg,i)/DEN, 9)
Xyt = Xe¢i/DEN, (10)
o]714 DEN = 14 2iz;x0,. (11)
x = mole fraction at chemical equilibrium,
X = apparent mole fraction.
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AN p, = G +RTIn(xy7.), (ro—1 as x,—1), (13)



“p — G?\ +RTln(xA7A), (’)’A_’]. as XA_>]_), (14)
#; = G+ RTIn(x;y), (7,—1 as xy,—1), (15)
G = standard Gibbs energy [J/mol],
V¥ = activity coefficient,

A2} o = symmetric (v —> 1 as x — 1),
* = ynsymmetric (Y — 1 as xy — 1),
w = water, A = nitric acid, i = ions
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7’*}130+X H3O+7/*NO§X NOT K (16)
YAXAYwXw ’
o 7] 4 K = equilibrium constant ,
exp[ — (Gyo+ + Gro: —Ga — GL)/RT] (17
= MiK, , (18)

M. = molecular weight of water = 0.01802 kg/mol
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HNO,(1) = H"(aq) + NO; (aq). (19)
In K = 157.18 - 3,045.2/T - 23.632 In(T/K). (20)
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(1 —a) (x% — ax%) 7a 7o K — a/(a/xOA + leixgyi) Yo' Ynor = 0. (21)
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o] isofugacity criterion[5]oll 2|38} F & ¥},

vaP = x,7aP, (22)
yVVP = X w yVVP fVat7 (23)

1714 P = total pressure [mmHg],

PA™ = vapor pressure of nitric acid [mmHg],
P = vapor pressure of water [mmHg].

o ¥ o]l A i AL SHo Ao et Y v|HF Yo dig RAS AN 71
Wy Bdo] A=Y A Ao R s EA o digh xdo] Bastrt. o3 AUt
Ao EAstE daE S diste] A wx WL AA xgHoZ HEI F e S5E
Al B2 dA7tA] AAE AA Fok BV g @ aRxAARGS Ao A
A4 Fgde FFEmAFTE xds= WHol FEd ATEHI AY6]. o] 7] e A =
Pitzer-Debye-Huckel =2 (o]s} PDH =2)[7]7 UNIQUACV[S]S ZAgsle] A+ ZdS

vll}\(_;l o]’ }\)\E}_s

1) UNlIversal QUAsi-Chemical theory



In vg = In v&"°" + In vg", (24)
Invi' = In v 4 I ™ (25)
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o714 A+ B = solvent molecule, i = ions.

—
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o™ = () Al [T (i e+ T | (26)

o714 j = any species,
Ms = molecular weight of the solvent S [g/mol],

Ao — 1 ( 27TNAd )1 2 e2 3/2
= 311,000 ( dreye kBT)
= Debye- Hu kel param%ter [(kg/mol)l/ ]
= 140 X 10 d"/(e,T)”” for water, oy
NA = Avogadro’s number = §022 % 10% [mol 1],
d = density of solvent [g/cm’], .
e = electron charge = 480321 % 101 [esul,
€ = permittivity in vacuum = 1/(4m) [esu /(erg cm)],
€ = dielectric constant of solvent [dimensionless]
= 7845 + 33,347.84 (1/T - 1/298.15) for water,
T = temperature [K], 1
ks = Boltzmann constant = 1.3805 % 10 '° [erg/K],

I, = lZXiZi,
245
= jonic strength of component i (in mole fraction scale),
xi = mole fraction scale of component i,

= charge number of ion 1,
“Closest approach” parameter (=14.9).
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UNI __ Og . O _ _ 0;tp;
Inys® = In 5 +1 o + qB[ 1 ln(zlﬁjz’jg) Z}m ], (27)
* @i @i H'z‘i' o
S +qi[1—1n<zlejrﬁ>— T, | (28)
A7IA In vy = }n (r./r\) + 1 - /)™ + all- In T -Ti, (29)

o = xn”/rxir = Aixi/ 205X,

ai = relative van der Waals surface area of speaes 1= Aw/2. 5><10
ri = relative van der Waals volume of species i = V/15.17,

Vw = van der Waals volume [cm’/mol],

Ay = van der Waals area [cm’/moll],

Tji = Boltzmann factor = exp(-aj/T),
ai = Wi — Wi = interaction energy parameter [K],
B = water and nitric acid, 1 = ion.
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d(x?
% = vpCpzi— vpCpyj, (30)
d
(\QECB) = vpCr— vpCy, (31)

o714 Vi = volume of concentrate [/],
vr = volumetric flow rate of feed solution [//hr],
vp = volumetric flow rate of condenate [//hr],
C = molar concentration [mol/],
z = mole fraction in feed solution,
y = mole fraction in vapor phase,
1 = water, nitric acid and salts,
Cs, Cp, Cr = molar concentration of concentrate, condensate and feed solution,
respectively [mol/]
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Yw = K\ w Xw, (32)
va = K\ A XA, (33)

o] 714 w = water, A = nitric acid, K, = v P* /P o]t}. H3AF Ko d3 18 = &%
Al viE o oA Fiad SeEAs 224 (260~ (28)¢] A&Hr)t.  dglxo] H3y dE o
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dt = [(Zi_X? - ”e(Yi_x?)]/é ; (34)
x0) = z, (35)
ViCsg ViCoh o

0:17]}\‘] E = VFCF y e — VFCF ]E]'

31 ey 3 vjqgd e v A
ZlAg g sfeu el Agke] ok UNIQUAC -3 2 Wz g2y, =3 A4k
<71skel e AntoinedlrE E¥OlAM ol Zzt Table 13 2] WERWATH4,9,10].
HO-HNOsAl ¢t H20-HNOs-NaNOsAl ol 71d g A5E& 2l +338ke], Downhill
Simplex minimization[11]9] o3 th&-¢] H4 S Haststo] HerEE AFAs A

Fas = or 3 (1= PE/PE)? + 1= 3y —vi)?], (36)

v



o] 7] N = number of data points, Ny = number of volatile species ©]t}.
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Table 1. UNIQUAC volume (r) and surface area (q) parameters.

parameters
. r q
species
H->0O 0.920 1.400
HNO3 1.640 1.600
H;0' 0.920 1.400
NO3 1.123 1.081
Na' 0.143 0.273

Table 2. Antoine coefficients of water and nitric acid.

Coefficients log P [mmHg] = A - B/T[T]+C)
Materials A B C
Water 8.038 1,714.134 232.310
Nitric acid 7.441 1,386.970 220.550

Table 3. UNIQUAC interaction parameters (u;)

H>0 HNO;3 H;0' NO; Na'
1 2 3 4 5
H-0 1 713.108 -11.945 -148.766 201.890 289.371
HNO; 2 287.709 239.001 -388.855 -47572 268.423
H;0' 3 231.891 479.899 2,500.000 374.161 2,500.000
NOs 4 98.596 504.411 20.218 2,500.000 379.046
Na' 5 282.210 -303.688 | 2,500.000 | -1,745.347 | 2,500.000




Table 4. Deviations of pressure and vapor—phase mole fraction of nitric acid in
water—nitric acid and water—nitric acid-sodium nitrate system at 760

mmHg.
1)
Salt P [mmHg] x of nitric acid P K10 .
NaNOs 760 0.0 ~ 0.3 0.01 0.0063
1) Root-Mean-Squared Deviation : V (4P/P)?/N, V 4y*/N
. NAaNOU}@
V [l/h] 0.25 o 6
Ve [/ D -
CD[m)l”] 0.20 o 18
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Fig. 1. Schematic material flow in Fig. 2. Experimental and calculated x'-y diagram of
evaporation process. nitric acid in water—nitric acid-sodium nitrate
system at 760 mmHg.
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Fig. 3. Molarity of nitric acid in the condensate Fig. 4. Molarity of nitric acid in the condensate

samples and the concentrate during the samples and the concentrate during the
evaporation of 35 M HNOs; + 0.5 mol% evaporation of 35 M HNO3; + 1 mol%

NaNOs; solution. NaNOs; solution.
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