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Abstract—A new simulation logic and thermodynamic equilibrium analysis algorithm combined with a new model
simplification technique was developed to simulate the solvent extraction process for purifying rare earth metals from
chloride solution with 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (PC88A) as a solvent. The proposed model
simplification method significantly reduces the number of the nonlinear equilibrium equations to be simultaneously
solved to overcome the initial guess problem and obtain numerically stable convergence pattern in solving the equi-
librium analysis problem and performing the rigorous simulation of the extraction process. A new equilibrium analysis
algorithm on the basis of the simplified nonlinear equilibrium equations is also proposed to estimate the equilibrium
concentrations by solving the rigorous first principle extraction model. Finally, a solvent extraction simulator is de-
veloped to estimate all the concentrations of all the stages of the solvent extraction process by solving the equilibrium
analysis problem at each stage in a sequential way. The proposed simulator doe not suffer from the initial guess problem
and shows very robust convergence pattern without any numerical problems.
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INTRODUCTION

Rare earths are extremely important materials with applications
in metallurgy, electronics, nuclear energy, superconductors, hydro-
gen storage, optics etc. [1]. The separation of rare earths is one of
the most difficult challenges because the properties of rare earths
are very similar. Several processes such as solvent extraction, frac-
tional precipitation, fractional crystallization and ion exchange can be
used to separate rare earth metals. Among them, the solvent extrac-
tion process has been recognized as one of the most efficient ones
in industry. Acidic organophosphrous solvents such as di-(2-ethyl-
hexyl)phosphoric acid (D2EHPA) and 2-ethylhexyl phosphonic acid
mono-2-ethylhexyl ester (PC88A) for the industrial extraction process
have been widely used. PC88A provides higher loading capacity
and higher separation factor compared to D2EHPA.

Many researchers have focused on developing non-rigorous math-
ematical models for the rare earth extraction [2-9]. The non-rigorous
mathematical models have various forms of power law, exponen-
tial form, artificial neural network and time-series. The models are
obtained by fitting the model parameters to experimental equilib-
rium data. Though these simple models or black-box models have
remarkable advantages in terms of simplicity and convenient appli-
cation, they have inherent limitations in describing the behavior out-
side the range of experimental data. A rigorous first principle model
approach has been also developed for the rare earth equilibrium analy-
sis [10-14]. Though the rigorous equilibrium models successfully
provide a good agreement with experimental equilibrium data, it is
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difficult for the rigorous approach to completely solve the initial guess
problem of the repetitive root-finding method such as the Newton-
Raphson method and obtain a numerically stable convergence pat-
tern. Also, there is no systematic study on the simulation of the solvent
rare earth extraction process on the basis of rigorous complex forma-
tion reaction equations and material balance equations.

We propose a new robust simulation logic and thermodynamic
equilibrium analysis algorithm to rigorously simulate the solvent
extraction process for purifying rare earth metals from chloride solu-
tion with the PC88A. The number of the nonlinear equilibrium equa-
tions to be simultaneously solved is significantly reduced by the
proposed model simplification technique to overcome the initial
guess problem and obtain numerically stable convergence in solv-
ing the nonlinear equations, which is crucial to making the rigorous
first principle simulation to be successful. Also, a new thermody-
namic equilibrium analysis algorithm combined with the proposed
model simplification technique is developed to estimate the equi-
librium concentrations without any numerical problems. Finally, a
solvent extraction simulator is proposed to estimate all the concen-
trations of all the stages of the solvent extraction process by solving
the equilibrium analysis problem at each stage in a sequential way.
The proposed simulator doe not suffer from the initial guess problem
and shows very stable convergence pattern without any numerical
problems.

MODELING AND SIMULATION OF SOLVENT
EXTRACTION PROCESS

The solvent extraction process considered in this research is to
separate the two components of the light rare earth metal and the
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Fig. 1. Schematic diagram of the solvent extraction process for
purifying rare earth metals.

heavy rare earth metal in chloride solution with PC88A as a sol-
vent. A schematic diagram of the two component solvent extrac-
tion process is shown in Fig. 1. It consists of the extraction part, the
scrubbing part and stripping part. The scrubbing input and the strip-
ping input stream are hydrochloric acid solution. The feed stream
is chloride solution containing the rare earth metals to be separated.
The extraction part is to load the rare earth metals in the aqueous
phase to the organic phase and the scrubbing part is to unload the
light rare earth metal in the organic phase to the aqueous phase to
increase the purity of the output streams. The stripping part is to
recover the heavy rare earth metal from the organic phase in the
form of the aqueous solution by completely unloading it.

In this section, a new model simplification technique is devel-
oped to reduce the number of nonlinear equilibrium equations to
be simultaneously solved to overcome the initial guess problem and
obtain numerically stable convergence pattern in solving nonlinear
equilibrium equations. Next, a new equilibrium analysis algorithm
is developed to solve the thermodynamic equilibrium problem, fol-
lowed by a solvent extraction simulator to estimate all the concen-
trations of all the stages of the solvent extraction process.

1. Equilibrium Equations

Table 1 shows the typical complex formation reactions in the aque-
ous phase or between the two immiscible phases for the two com-
ponents rare earth equilibrium process. The equilibrium equations
corresponding to the reactions in Table 1 are as follows:

K, =[H'][OH] )

_ [RE1(OH)*]
? [REI*J[OH T

RE1C/
Krei1= Q Kret

[REI*[CTT

Table 1. Complex formation reactions in the two components rare
earth equilibrium process

Reactions Equilibrium constant
H,O=H"+OH" K,
REI’'+CIr=REICF Ker,
REI’'+OH =RE1(OH)* Keer 2
RE1’"+20H =RE1(OH), Kres
RE1’"+30H =RE1(OH)] Kreis
REI*'+ arpH,A,=RE],, ma3H KRE] HaAs
RE2*'+CI=RE2C[* Kz
RE2*'+OH =RE2(OH)* Kie. 2
RE2*+20H =RE2(OH), Kies
RE2*"+30H =RE2(OH)] K4
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[RET" 1[H,A,],,
KREI,HIA: — KREI,HZAI( ] +ﬂ1,REll + . +ﬂ]\"/,,REIIN//) (3)
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where RE1 and RE2 represent the light rare earth element and the
heavy rare earth element, respectively. The subscript “org” means
the organic phase. H,A, denotes the PC88A dimer. [e] represents
the molarity concentration in mol/L. K’s are the equilibrium con-
stants. RE1,,, 5., and RE2,,., ,,,,, are the complexes formed through
the reaction between the PC88A and the rare earth element. I repre-
sents the total ion strength of the aqueous phase to incorporate the
non-ideal behavior of the electrolyte solution. In this research, only
H, OH", RE1*, RE2**, RE1CI*, RE2CI** are considered to calcu-
late the total ionic strength of I because the amounts of the other
ions are usually negligible. Some of the equilibrium constants and
stoichiometric coefficients can be determined by thermodynamic
database. The other equilibrium constants and £'s should be deter-
mined by fitting them to experimental equilibrium data.

The following material balance equations for the overall equilib-
rium concentrations can be easily derived:

[H, A1 = [HoAs], + Gt [RET g 141+ @in[RE2 0 1141 (6)

org™
[RE1]”=[RE1’"]+[RE1C/*']+[RE1(OH)*]
+[RE1(OH);]+[RE1(OH)3] + [RE1 org, i lRou (7

[RE2]" =[RE2*"]+[RE2C/**]+[RE2(OH)™]
+[RE2(OH);]+[RE2(OH)3] + [RE2,,., naJRou (8

[c]” =[CI1+[RE1CI]+[RE2C] ©)

where R, =0, g/ Uiguens 1 the ratio of the organic volumetric flow-
1ate (U, g,» corresponding to the organic volume in the case of batch-
type experiment) to the aqueous volumetric flowrate (U, COITE-
sponding to the aqueous volume in the case of batch-type experi-
ment). [H,A,].,, denotes the overall concentration of the PC88A
dimer in the organic phase. [RE1]”, [RE2]” and [CI]"” are the overall
concentrations of the light rare earth element, the heavy rare earth
element and the chloride element in the aqueous phase. Egs. (7)-
(8) are derived with the assumption that all RE1 and RE2 in the
organic phase are moved to the aqueous phase before the equilib-
rium state is established. The assumption is valid because the equi-
librium concentrations are independent of the reaction path. All [e]”
concentrations are invariant for the complex formation reactions.
Also, the aqueous phase should be electronically neutral. Then,
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the following charge balance equation is derived.

[H']+3[RE1I’"]+2[RE1C/]+2[RE1(OH)™]
+[RE1(OH)}]+3[RE2*]+2[RE2CI]
+2[RE2(OH)* "]+ [RE2(OH)}]=[C/ ]+[OH ] 10)

The total number of the equilibrium concentrations ([RE1*], [RE1CI*],
[RE1(OH)"], [RE1(OH)], [REL(OH)], [REL,, ], [RE2"],
[RE2CF'], [RE2(OH)”], [RE2(OH),], [RE2(OH);], [RE2,, s..],
[H'], [OH], [CI'], [H,A,]) of the first principle equilibrium model
is 16. It is the same with the number of the equilibrium equations
from Eq. (1) to Eq. (10). So, all the equilibrium concentrations can
be estimated by solving the nonlinear equilibrium equations simul-
taneously. But, solving 16 the nonlinear equations simultaneously
tends to result in serious numerical problems. It is difficult to guess
such a large number of the initial estimates before solving the nonlin-
ear equations using a nonlinear equation solver like the Newton-
Raphson method. A wrong initial guess may result in poor conver-
gence or divergence problem in solving the nonlinear equations. Also,
solving all the nonlinear equations simultaneously increases the pos-
sibility of numerical divergence. To solve these numerical problems,
a model simplification technique needs to be developed to signifi-
cantly reduce the number of the nonlinear equations to be solved
simultaneously.
2. Proposed Model Simplification Technique

A model simplification method is proposed and developed in
this section to overcome the initial guess problem and poor con-
vergence problem in solving the nonlinear equilibrium equations.
First, replace [CI] of the first equations of Eq. (2) and Eq. (4) by
[CI'] obtained from Eg. (9). Then, the following equation is obtained.

- —1
[RE1C12+] _ 1+KRE1,1[RE13+] KREl,l[RE13+]
[RE2CI'] | | Kgp [RE2™]  14Kpp [RE2V]

Kger i [RETIICH

) 1
| Kpp, [RE2VI[CI)

Second, replace [RE1(OH)"], [RE1(OH);], [RE1(OH);], [RE2
(OH)”"], [RE2(OH), ], [RE2(OH);] of Eq. (7) and Eq. (8) by [RE1
(OHY"], [RE1(OH),], [RE1(OH);) and [RE2(OH)], [RE2(OH),],
[RE2(OH)] obtained from the second, third, fourth equations of
Eq. (2) and Eq. (4). Then, the following equations are obtained:

[RElorg,HzAz] —
L [REzorg,HzA:]
[ , 2 3 |
[REN” [REVT | KusoKy | KensKy +KR51,4KWJ
Rou Rou L [H1 [H+]2 [HJr]3
2+
_[REICIT]
R()/A (12)
g (0 KemoK,  KemsKe  KeouK,
[RE2]” [RE27] 14 2rE22B | BrmsSw  Brealy
Rou Rou [HT [1{']2 [I-IJ']3
_ [RE2CF]
L Rou ]

October, 2013

Third, replace [H,A,],, of Eq. (3) and Eq. (5) by [H,A,],, obtained
from Eq. (6) to derive the following equation:

F\([RE1’],[RE2"])=

3
[RE 1 urg,HzA;] [H+]

w s
[H,Ay]" — agp [REL org,HzAN]J
- aREz[REzorg,mA:]

[RE1’]-

KREl,HgAz[
3 =0 (13)
[RE2,., 5., ]J[H']

v (222
% [[HZAZJ —aREI[RElmg,HZAJj
RE2,H.A,
— Orp2 [REzr)rg,HzAz]

Fourth, replace [REICI*], [RE1(OH)"], [RE1(OH);, [RE2CI*],
[RE2(OH)*"], [RE2(OH),], [OH'] of Eq. (10) by [RE1CI], [RE1
(OHY”], [RE1(OH),, [RE2CI], [RE2(OHY], [RE2(OH);], [OH ]
obtained from Eq. (2), Eq. (4) and Eq. (1) to derive the following
equation:

[RE2’]-

Fz([H*])E([H*] -rcn” - EI%]) +3([RE1C/]+[RE2CI 1)

2
+ {[RE13+][3 FPASTELSTN KREl,sKw]

[H] HT
2
+ [RE23*][3 LI KRE“KW] } =0 (14)
[H] T

Now, we are ready to solve the nonlinear equilibrium analysis prob-

[H2A]", [C1)", [RE1]", [RE2]",
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SEF |Ez2R
Caleulate [RETorg, n2n2] & [RE20rg i200] | | 2 5 2 |7 S 2
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Fig. 2. Algorithm to solve the thermodynamic equilibrium analy-
sis problem.
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lem with the reduced number of the equations. Only three of the
nonlinear equations of Eq. (13) and Eq. (14) combined with Eq. (11)
and Eq. (12) can be solved by a repetitive nonlinear equation solver
{0 estimate [RE1, ], [RET"], [REICP, [RE2,, ,,,], [RE2"],
[RE2CI*], [H'] when the equilibrium constants, £ @, s and
[HA,]% [RE1]", [RE2]” and [CI]" are given. All the other concen-
trations can be directly estimated by Eq. (6), Eq. (9), Eq. (1), Eq.
(2) and Eq. (4) in the analytic way. See the next section for details.
3. Proposed Algorithm for Thermodynamic Equilibrium Anal-
ysis

The proposed algorithm to estimate all the equilibrium concen-
trations for the solvent extraction process with the PC88A is shown
in Fig. 2. ||¢||, and ||*||, represent the 2-norm and 1-norm, respectively.
The outer loop is to update the equilibrium concentration of [H'] using
the bisection root-finding method to solve the nonlinear equation
of Eq. (14). The boundary of [H'] for the bisection method can be
clearly determined because the range of the pH value is known. For
example, the default setting, [H'],,,=10™"" corresponding to pH=0.1
and [H'],.,=10">° corresponding to pH=5.0 can cover most extrac-
tion cases. The inner loop is to update [RE1*"] and [RE2*] to solve
the nonlinear equation of Eq. (13) using the Newton-Raphson root-
finding method. Extensive simulation confirmed that the default
initial guess of [REI*"]=[RE1]"/10 and [RE2*]=[RE2]"/10 can
be applied to most extraction cases. As a result, the user does not
need to determine any initial values additionally.
4. Proposed Algorithm to Simulate Solvent Extraction Process

The proposed algorithm to estimate all the equilibrium concen-

Default initial concentrations
for all the stages

Update the output of the 1st
stage by solving the 1st stage
equilibrium analysis problem

Update the output of the 2nd
stage by solving the 2nd stage
equilibrium analysis problem

Update the output of the i th
stage by solving the i th stage
equilibrium analysis problem

Update the output of the N th
stage by solving the N th stage
equilibrium analysis problem

Update the output of the N-1th
stage by solving the N-1th stage
equilibrium analysis problem

Update the output of the i th
stage by solving the j th stage
equilibrium analysis problem

No
Update the output of the Ist All the Yes | Result
stage by solving the 1st stage » concentrations are »
equilibrium analysis problem converged?

Fig. 3. Algorithm for the simulation of the solvent extraction pro-
cess.

trations at all the stages of the solvent extraction process is shown
in Fig. 3. It sequentially solves the thermodynamic equilibrium anal-
ysis problem with considering the material balance equations at each
stage of the solvent extraction process until all the equilibrium con-
centrations converge.

To perform the thermodynamic equilibrium analysis at the i-th
stage, the overall concentration of [H,A,].., [RE1];", [RE2];" and
[C1]?" of the i-th stage should be known. The overall concentration
of [H,A,].,,, of the i-th stage is the same as that of the organic out-
put of the (i—1)-th stage because H,A, exists only in the organic
phase. Similarly, the overall concentration of [C1];" of the i-th stage
is the same as that of the aqueous output of the (i+1)-th stage be-
cause Cl exists only in the aqueous phase. The overall concentrations
of [RE1];” and [RE2];" should be the same as the total amounts
of the corresponding elements included in the aqueous output of
the (i+1)-th stage and in the organic phase output of the (i—1)-th
stage. That s, it is assumed that the elements of RE1 and RE2 in-
cluded in the organic phase move to the aqueous phase before the
thermodynamic equilibrium reaction is established. This assumption
is valid because the equilibrium is not affected by the reaction path.
Then, the material balance equations of the solvent extraction pro-
cess can be summarized as follows:

[[HA Ty (Moo AL,

=[[HAyL o [HALL | - [HyA]

org,0

w
org,1

v
org,N-1 ] ’

[HA, ], =LA, (15)

[eny [cny” - [cay1=Meny [cny - [cayl (16

[[ClNar [ClNy - [Cly-]

=[[Cllsy [Cllyas -+ [CON] (17
[[Cllyoy [Cllyy - [Cly ]

=[[Clly. [Clye -+ [ClY] (18)

[CZ]'[\I'T: ([Cl]_;:;d Uféed+ [CZ]'[\I’T+ 1 U.\'cmbbing)/( Ufeed + Uscrubbing)?
[CZ]'[\I'/: [Cl]iz‘/}"ubbing input> [CZ]'I\'V: [Cllg;ubbing input (l 9)

[[RE]] [REJ;" - [RE]y_1=[[RE], [RE]; ‘- [RE]y]

+ [[REorg,HlAl]() [REorg,H,AZ]l e [REorg,H,A,]Nﬁz]

19) .
organic (20)
Uﬁ:‘ed + Uscrubbing input

[[RE]y,; [RE]y,, - [RE]y_]
=[[REly,, [RE]y,, -

+[[REorg,HlA1]Nl [REorg,HzAz]N,H [REorg,HzAz]Ar'fz]

[RE]y]

{ Uorganic } (2 1)

Uscrubbing input

[[RE],; [RE]y,, - [RE]y,]
:[[RE]NZH [RE]NZ+2
+[[REorg,H1A1]NZ [REorg,HzAz]Nz+1 [REorg,HzAz]Nfz]
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{ - Uorganic } (22)

scrubbing input

1w
[RE] w_ [RE ]feed Ufeed+ [REorg,HlAz]N.—l Uorganic
N
Ufe edT U,

scrubbing input

23)

w [REorg, HIA,] N,—1 Uwgunic
scrubbing input
Usurubbing input

[RE]y =[RE] (24)
where [RE]=[[RE1];" [RE2]/]", [RE],=[[RE1], [RE2]]",
[RE,g 1,0 ], = [[RE1org 10, [RE2,,,g‘H:A:],]T and U Usrpping and
Uypping ar€ the volumetric flowrates of the feed, scrubbing and strip-
ping stream, respectively. N;, N,— N, and N—N, are the number of
stages of the extraction, scrubbing and stripping part as shown in
Fig. 1. [*1eis [*)rutting impurs [* Lariping s a0 [#] 1y, denote the overall
concentrations in the feed, scrubbing, stripping and organic input
stream, respectively. [RE1]; and [RE2]; denote the summation of
all the concentrations in the aqueous phase for the light and the heavy
rare earth element as follows:

[RE1]=[RET"]+[REICF]+[RE1(OH)"];

+[RE1(OH);)+[RE1(OH)], i=1,2, ---,N 25)
[RE2]=[RE2"]+[RE2CF]+[RE2(OH)"];
+[RE2(OH),]J+{RE2(OH);], i=1,2, --,N (26)

Once the overall concentrations at the i-th stage are obtained by Eqs.
(15)-(26), all the equilibrium concentrations at the i-th stage can be
estimated by the proposed equilibrium equation solver.

The initial concentrations for the 0-th iteration of the proposed
simulator are determined as follows: All the initial aqueous overall
concentrations of the scrubbing part are determined to be the same
as those of the scrubbing input stream. And, all the initial aqueous
overall concentrations of the extraction part are set by the summa-
tion of the overall concentrations of the feed stream and the scrub-
bing input stream. Then, the initial overall concentrations for the 0-
th iteration are summarized as follows:

w w w
[C l]z = ( [C Z]_/éed U_/éed + [C l]scrubbing input ch'rubbing)/

(Ufeed+ Usurltbbing)’ izla 2’ T NI (27)

w
scrubbing input>

[cn’=rcn i=N+1, N;+2, -+, N, 28)

1w
scrubbing input>

[cn’=rcn i=N,+1,N,+2, -, N 9)

[RE] = [REIf0uUsea/ (Ve Vscrupping)s =1, 2, -+, N, (30)

crubbing
where [RE]!=[[RE1]" [RE2]/]" and [RE];.,=[[RE1]%.,
[RE2]L..1'.
5. Estimating the Overall Chloride Concentration in the Feed
Stream

Note that [H,A, ], [Cl] s, [RE1]y., and [RE2]y.., in the feed
stream should be known before starting the solvent extraction pro-
cess simulation. Usually, pH, [RE1];..,, [RE2];., in the feed stream
of the solvent extraction process are measurable. But, it is nearly
impossible to measure or guess the overall concentration of [C1].,
in the feed stream with acceptable accuracy because there are unmea-
surable uncertainties in preparing the feed stream in the form of the
chloride solution. So, [Cl]y., in the feed stream should be estimated
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by solving the equilibrium equations in the aqueous phase before
starting the solvent extraction process simulation.

The feed has only the aqueous phase (no organic phase exists).
Then, the equilibrium equations in the feed stream can be expressed
as follows:

K,=[H][OH] (€2))
[RE1C/*]
[REI[CIT
[RE1(OH)}]
KRE1,3 = ““‘“‘““‘;‘““““““ja
[REI**][OH]

_ [REI(OH)™]
[REIJ[OH]
_ [REI(OH)3]
REl,4—“““‘“““§‘;““““‘“““_“§7
[REI**][OH]

RE1,17
(32

[RE2C/*]
[RE2*[CIT
[RE2(OH),]
S e T—T
[RE2*][OH]

_ [RE2(0H)™]
[RE2*J[OH]
_ [RE2(OH)3]
RE24= 3
[RE2**][OH]

RE2,1~

(33)

[RE1]j,,=[RE1I"]+[RE1CF]+[RE1(OH)™]
+[RE1(OH)}]+[RE1(OH)] (34)

[RE2];.,,=[RE2™]+[RE2CF']+[RE2(OH)™']
+[RE2(OH)}]+ [RE2(OH)] (35)

[Cl1eq=[CI 1+ [RE1ICF']+ [RE2C] (36)

[H']+3[RE1’]+2[REICI]+2[RE1(OH)™]
+3[RE2™1+2[RE2CI ]+ 2[RE2(OH) ]
+[RE2(OH)}]=[CI ]+[OH] 37

Egs. (31)4(37) should be solved to estimate [ C1]y.., in the feed stream
for the given measurements of pH (equivalently, [H']), [RE1]/.,
[RE2];.., and the equilibrium constants.

These equations can be simplified as follows:

First, replace [REICI®], [REI1(OH)*], [RE1(OH)],
[RE2CI*], [RE2(OH)™], [RE2(OH);] of Egs. (34)(35) by
[RE1ICI*], [REI1(OH)*], [RE1(OH);], [RE2CI*],
[RE2(OH)™],[RE2(OH),] obtained from Egs. (32)+(33) to derive
the following equations of Egs. (38)-(39).

Vi
[RE1™]= - [Ri” 9
1+KREL][CI_1]+ REZ,f w+ RE2;32 w+ RE2,43 w
[H'] [H'] [H']
w
[RE2= [RE2] i - )
1+K [Cfl] + KREZ,ZKW + KRE2,3KW + KRE2,4KW
RE2,1 2 3
[H'] [H] [H]

The following Eq. (40) is obtained from Egs. (32)-(33). Also, Eq.
(37) can be rewritten to Eq. (41).

[REICF 1=K, [REI][CL], [REIOH)" [=K gy o[RETIK,/[H],
[RE1(OH); 1=K, o[REITK/HT, [RE2CF 1=K o [RE2™][C],
[RE2(OH)" [=K s o[RE2" K, /[H],

[RE2(OH), 1=K e, s[RE2™JK/HT (40)

f([CI")=[H ]+3[RE1*]+2[RE1C/]+2[RE1(OHY*]
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Table 2. Equilibrium constants and stoichiometric coefficients

Table 3. Model parameters estimated from the experimental data

Parameters Data Parameters Estimates
K, 10" Kaet, org, 0.003161
K, 1 1072% Kze, org, Hods 0.013305
Ker 2 1001 B e ~0.446343
Ker 10" B 0.184405
KREI, 4 10
KREz, 1 107°%
KRE2, ) 1 06. 17 1
KRE2, 5 1 0 12.57
KRE2, 4 0 0.5
(27320 1.5
[273) 2.0 logD-Sm
f logD-Gd
g 0 pH
+[RE1(OH); ]+3[RE2* |+2[RE2C7'] g
+2[RE2(OHY* [+[RE2(OH); ] [CI ]-K,/[H']=0 1) 05
Note that [H'], [RE1].., and [RE2];.., are measurable. And, assume
that the equilibrium constants are known. Then, f{*) in Eq. (41) com- -1
bined with Egs. (38)-(40) is the function of [CI™"]. f{{CI-1])=0 can be
solved by the bisection method. Then, it is straightforward to esti-
mate the overall chloride concentration of [ C1]..,~[CI +[RE1CF'+ 13 1 0.5 0 0.5 |

[RE2CI*'] in the feed stream.
SIMULATION STUDY

The proposed equilibrium analysis solver and solvent extraction
process simulator for Sm-Gd-PC88A extraction case is demonstrated
to evaluate the proposed methods.

Table 2 shows the equilibrium constants of Sm and Gd in the
aqueous phase and the stoichiometric coefficients [10]. The equi-
librium constants for the reactions between the aqueous phase and
the organic phase (Kgz 4, and Kpp 11,4,) and the model parameters
(B.rm and B, i) to incorporate non-ideal behavior are estimated
by solving the following optimization problem with the Levenberg-
Marquardt method to fit the experimental equilibrium data. For de-
tailed experimental equilibrium data, refer to [10].

Ny .
. measured estimated\ 2
min Z {(IOgDREl,i - lOgDREl,i )
Kt K, B rrs B i=1

measured

+ (logDgp,;

measured

where Dy and D« are the i-th measurement and the i-th
estimate of the proposed method for the distribution coefficient of
the light rare earth. Diar®’ and D are the i-th measurement
and the i-th estimate of the proposed method for the distribution
coefficient of the heavy rare earth. N,,, is the number of the meas-
urements.

Table 3 shows the estimates obtained by solving the nonlinear
optimization problem of Eq. (42) and Fig. 4 compares the distribu-
tion coefficients and pH values estimated by the proposed equilib-
rium model with the experimental equilibrium data. For all the cases,
the default settings are used for the boundary of the bisection method
and the initial guess of the Newton-Raphson method. Fig. 5 shows
the typical convergence pattern of the objective function (|[F,([H]);,
the absolute value of F,([H']) of Eq. (14)) of the bisection method

estimated\2
~logDj i)} “2)

Measured

Fig. 4. Comparison of the experimental equilibrium data with the
estimates by the proposed equilibrium analysis method.
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0.04
0.02"

1 5 9 13 17 20

Iteration
Fig. 5. Typical convergence pattern of the bisection method in the
proposed equilibrium analysis algorithm with respect to it-
eration.

in the proposed equilibrium analysis algorithm. It confirms that the
proposed method provides stable convergence and does not suffer
any numerical problems because the proposed method needs only
two initial guesses rather than 16 initial guesses; moreover, the default
setting for two the initial guesses can cover most solvent extraction
cases.

The two component solvent extraction process with the equilib-
rium constants in Table 2, the estimated model parameters in Table
3 and the design variables in Table 4 is simulated to estimate all the

Korean J. Chem. Eng.(Vol. 30, No. 10)
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Table 4. Variables for the simulation of the solvent extraction process

Variables Description Data
N, The number of the extraction stage 10 Stages
N,—N, The number of the scrubbing stage 10 Stages
N-N, The number of the stripping stage 5 Stages
Oprganic Volumetric flowrate of the organic stream 70 cc/min
Upeea Volumetric flowrate of the feed stream 50 cc/min
Oscrubbing Volumetric flowrate of the scrubbing stream 20 cc/min
Outripping Volumetric flowrate of the stripping stream 30 cc/min
[H,A,], Molarity of H,A, in the organic stream 0.5M
[RE1].. Molarity of RE1 in the feed stream 0.05M
[RE2].. Molarity of RE2 in the feed stream 0.05M
[Clfeea Molarity of HCl in the feed stream 0.1M
[C 1 erubbing inpur Molarity of HCl in the scrubbing input stream 0.5M
[C O tripping input Molarity of HCl in the stripping input stream 20M
15 0.09
_ Gd
0.9 . . sm,, 0.08
0.8 S 4 Gd,, 0.07
07 ' S 0.06
g 06 B
£ £ 0.05
£ o0s =
z = 0.04
= 04
0.03
0.3
02 0.02
0.1 0.01
0 0 2 @ <
| 5 9 13 17 20 21 22 23 24 25

Stage

Fig. 6. Mole fractions of Sm in the aqueous phase and Gd in the
organic phase of the extraction/scrubbing part simulated

by the proposed method.
1
0.9
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0.3
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O ———————————————4
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Fig. 7. Typical convergence pattern in the proposed solvent extrac-
tion simulator with respect to iteration.

October, 2013

Stage

Fig. 8. Molarity of Gd in the aqueous phase of the stripping part
simulated by the proposed method.

equilibrium concentrations at all the stages of the solvent extrac-
tion process. Fig. 6 shows the simulation results, the mole fraction
of Sm and Gd at each stage in the extraction and scrubbing part.
As expected, high purity-heavy rare earth and high purity-light rare
earth are obtained in the output streams of the extraction part and
the scrubbing part, respectively. Fig. 7 shows the typical convergence
pattern with respect to the iteration in the proposed solvent extrac-
tion simulator. The default setting for the boundary of the bisection
method and the initial guess of the Newton-Raphson method are
used in solving all the equilibrium analysis problems at all the stages.
It successfully obtains the estimates without any numerical problems
for all the cases. Consider the concentration of Gd in the aqueous
phase in the stripping part in Fig. 8. Most of Gd in the organic phase
is unloaded and moved to the aqueous phase by the strong hydro-
chloric acid as expected.

CONCLUSIONS

A new model simplification technique, equilibrium analysis algo-
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rithm and simulation logic for the solvent rare earth extraction pro-
cess are proposed. The proposed simulator solves the equilibrium
analysis problem at all the stages of the solvent extraction process
in a sequential way until the estimates converge. It shows remarkably
stable convergence pattern and does not suffer from any numerical
problems in calculating all the equilibrium concentrations at all the
stages due to the model simplification and the enhanced equilib-
rium analysis solver. The proposed model simplification technique
can significantly reduce the number of the nonlinear equations to
be simultaneously solved. A new equilibrium analysis solver com-
bined with the model simplification method uses only two initial
guesses rather than sixteen initial guesses, resulting in extremely
stable convergence. The default settings for the initial boundary of
the bisection method and the initial guess for the Newton-Raphson
method in the equilibrium analysis solver can cover most solvent
extraction cases. Simulation results demonstrate that the proposed
approaches can provide very stable convergence without any numer-
ical problems.
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