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Context of the study

« Selectivity variations have been described experimentally:

=> Bonner, Argersinger, Helfferich, Soldatov, Hogfeldt, Shallcross, Hall...

« Some models have been proposed to take into account this
phenomenon:

=> Three Parameter Model, Soldatov model, Wilson, Regular solid solution,
Surface complexation, multisite sorption

 Few attempts have been made to include selectivity variation in a
reactive transport code

« Objective : to model a deep bed column of lon Exchange Resin at
equilibrium taking into account selectivity variation
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1. Theoretical background

- Different formalisms

- Selectivity coefficient and thermodynamic
constant

- Three Parameter Model
2. Equilibrium study : Ni and Cs selectivity

3. Modelling variable selectivity coefficient : impact on the

lon retention
&
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Different formalisms

Gaines-Thomas convention Bonner study’: Vanselow convention

Resin / solution
exchange reaction

nH++An+ = An++n H+ ]/nAI’H-_'_F = 1/nAn++H+

4
1 Bonner O.D., Smith L.L., 1957: “A selectivity scale for some divalent cations on Dowex 507, The Journal of Physical Chemistry, 61, pp.326-329.



Different formalisms

Gaines-Thomas convention

Resin / solution
exchange reaction

!

Thermodynamic
equilibrium constant

J—
~

nH"+A"™ = A" +nH" 1/n

5
1 Bonner O.D., Smith L.L., 1957: “A selectivity scale for some divalent cations on Dowex 507,

Bonner study’: Vanselow convention

A" AHT = g A HY
—\Un
A (aA) i
HKg =— Un
ay x(a,)

The Journal of Physical Chemistry, 61, pp.326-329.



Different formalisms

Gaines-Thomas convention Bonner study’: Vanselow convention

Resin / solution M+ it — .
exchange reaction Yn AT +HT = yn AT+ H

! .

NH + A" = A" 4+nH"

. a . ><(aH+ )n Thermodynamic AK, = (aA s
H Ker = ; equilibrium constant 2 x(a. V"
a, x(a,
(aH+ ) X a-An+ 1

Activity of sorbed ions

— - — = = C,
- - S ZC a-:X-Xj/- X. = ! —
a=FE xv E = ! I I : !

! ! ! I EC / \ j cou;er—ions Cj

Equivalent fraction Molar fraction

6
1 Bonner O.D., Smith L.L., 1957: “A selectivity scale for some divalent cations on Dowex 507, The Journal of Physical Chemistry, 61, pp.326-329.



Different formalisms

Gaines-Thomas convention Bonner study’: Vanselow convention

Resin / solution M+ it — N
exchange reaction Yn AT +HT = yn AT+ H

! .

NH + A" = A" 4+nH"

. a . ><(aH+ )n Thermodynamic AK, = (aA s
H Ker = ; equilibrium constant 2 x(a. V"
a, x(a,
(aH+ ) X a-An+ 1

Activity of sorbed ions

— - — = = C,
- - S ZC a-:X-XQ/- X. = ! —
a=FE xv E = ! I I : !
! ! ! I EC / \ j cou;er—ions Cj

Equivalent fraction Molar fraction
— n —\I/n
E, (2, ) 1l (xA) x(a,)
AKa — A H C . AKa _
H NGT n orrected selectivity — Kg="— 7
E.. -a,. coefficient Xy ><("J‘A)

7
1 Bonner O.D., Smith L.L., 1957: “A selectivity scale for some divalent cations on Dowex 507, The Journal of Physical Chemistry, 61, pp.326-329.



Relation between selectivity coefficient and

thermodynamic constant — H*/Ni?* exchange

Gaines-Thomas convention Bonner study: Vanselow convention
2H++Ni2+‘__\ Ni2++2H+ ]/2Ni2++H+ = 1/2Ni2++H+
_ —\12
2
Nigca _ Eyi-(ay) Corrected selectivity Nipa _ (XNi) x(a, )
HTW6T =2 coefficient H™NB = T— 12
E, -a, Xy x(ay;)

HKEr = ( HiKg)z X2<1+XNi)
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Relation between selectivity coefficient and

thermodynamic constant — H*/Ni?* exchange

Gaines-Thomas convention Bonner study: Vanselow convention
2H++Ni2+‘__\ Ni2++2H+ ]/2Ni2++H+ N 1/2Ni2++H+
_ —\1/2
2
Nipea _ Ey '(aH ) Corrected selectivity Niga _ (XNi) x(aH )
HTeT =2 coefficient He = 7= 72
E, -a, Xy x(ay;)

HKEr = ( HiKg)z X2<1+XNi)

1

\i 1 R p— Thermodynamic _ 1 _ L
In J'Ker = (2, —ZNi)+j|n 1 K& dEy  equilibrium constant  In J'Kg :jln VKEdE,,
0 0

calculation’
Ni _ Ni
log 4 Kgr =2xlog | Kg 24 ?::
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Coupling an equilibrium model with a reactive

transport code : Three Parameter Model?

 Numerically easy to introduce in a reactive transport code
 The model should be adapted to CHESS? formalism
« Easy to linearize for numerical calculation techniques to be used

 Model that describes well the experimental data
* Multisite approach: no good fit for a monovalent / divalent exchange

 The Three Parameter Model (TPM) provides an easy-to-fit and an easy-
to-use model : sorbed ion activities are incorporated in a lumped
parameter

log (1K) =X, log (1K (1)) + (1= X, ) 10g ('K (740 )+ BX, (1%, )

7 &
1 Hogfeldt E., Soldatov V.S., 1979: “On the properties of solid and liquid ion exchangers — VI1”, Journal of Inorganic and Nuclear Chemistry, 41, pp.575-577.

2Van der Lee J., 1998 : Thermodynamic and mathematical concepts of CHESS, Technical report LHM/RD/98/39, Ecole Nationale Supérieure des Mines de
Paris, Centre de Géosciences, France.



1. Theoretical background

1. Equilibrium study : Ni and Cs selectivity

- Experimental protocol
- Imprecision analysis

- Selectivity variation plots

3. Modelling variable selectivity coefficient : impact on the
lon retention
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Nickel chloride exchange: batch procedure

* n mL of a mother solutionat C__,,..= 1400 ppm,; £ 3% are mixed with UP
water in a V = 50 mL gauged vial : C, =70 to 630 ppm,,

* m=0.509,,.q4%0.059 of IRN 97H (Rohm&Haas) are poured in the beaker
« Stirring for 3 hours with a magnetic stirrer

 pH (* 0.05) is measured at 25 °C

* C,, = Ni* equilibrium concentration measured by ICP-AES/MS ( 2- 10%)
+ EC = Exchange capacity = 2.5 £ 0.15 meq/9, ;g

b‘-.
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Experimental uncertainties analysis

iy E. -(a, )2 H-Ni exchange on IRN 97H
H 6T = — 2,0
EH “ay;
c 1,5.."911‘
AV ter /'  _C A . Y
4 v ( " dilution CeQJ %, . .
E = 2 1,0 ¢
| EC —_—
0,5
0,0 T T T T
0,0 0,2 0,4 = 0,6 0,8 1,0
B
« Large variation of selectivity coefficient
« Saturation < 80% because of acidification
Za b‘-o
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Experimental uncertainties analysis

E_ ( )2 H-Ni exchange on IRN 97H (C, + 2-10 %)
NiKa — Ni H 20
H 'NGT —2 ’
EH “ay;
1,5 a - - -
C h ~ x x * -
_uy ( o dilution‘ceqj v -
E = S
! EC
0,5
0,0 T T T T
0,0 0,2 04 06 0,8 1,0
By
« Large variation of selectivity coefficient
« Saturation < 80% because of acidification
« Experimental uncertainties: strong impact of pH, EC and C
14 09 July 2008 - IEX'08 Cambridge
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Experimental uncertainties analysis

Eyi-(ay) H-Ni exchange on IRN 97H (Crothor 3 %)
Niga _ Ni H 20
HNeT —T—
E, -ay
e
1,5 x Wy e
- = A _A_ -
Z. -V - Cmother ... —C = o
— dilution ea . .
EI - o -
EC
0,5 -
0,0 ‘ ‘ | |
0,0 0,2 04 ____ 06 0,8 1.0
By

« Large variation of selectivity coefficient

« Saturation < 80% because of acidification

« Experimental uncertainties: strong impact of pH, EC and C

=
mother N

MINES PARIS eDF
15 09 July 2008 - IEX'08 Cambridge Frédéric Gressier - EDF R&D / Geosciences Center, School of Mines of Paris Pari<Tech



Experimental uncertainties analysis

2 H-Ni exchange on IRN 97H (CE £ 6 % / pH * 0,05)
Ni a Ey '(aH ) 2,0
H NGT E—z a
H 9Ni _
15 - ; by 4 A0 I {_E- -
AV C th _C -+ - E B
4 v ( " dilution CeQJ . t R
i = EC = -
0,5 1
0,0 ‘ : : :
0,0 0,2 04 06 0,8 1,0
=
« Large variation of selectivity coefficient
« Saturation < 80% because of acidification
- Experimental uncertainties: strong impact of pH, EC and C_ .., “
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Experimental uncertainties analysis

. Eu-(a, )2 H-Ni exchange on IRN 97H
Ker =— 2,0
EH -ay;
_— s
154 " A ¢ [y
Croth ~ " i i I ;
4 ‘V'( " erolilution‘ceqj . |t ' -
= o 1,01 ° s
EC 2
0,5
0,0 ‘ ‘ ‘ ‘
0,0 0,2 0,4 e 0,6 0,8 1,0
ENi
Large variation of selectivity coefficient
Saturation < 80% because of acidification
Pollution problems for the 2 first points (fixed by acidification)
Experimental uncertainties: strong impact of pH, EC and C_ .., “
Y
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Nickel selectivity coefficient variations

50 mL, [NiCl,] = 70 to 630 ppm
IRN97H mass = 0.5 9,4

H-Ni exchange on IRN 97H (EC £ 6 % / pH % 0,05)

2,0
log K& (Ex>0) | 1.52
log /K& (E4>1) | 0.92
B 0.96

log /'Ky 105% DVB 0.95

A
|Og H KGT,Bonner 8% DVB 1 1 9

0,5 Iog HAKGT,Bonner 16%DVBl 1 22
0,0 T T T T
0,0 0,2 04 0,6 0,8 1,0
ERyi
24 b‘-o
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Cesium selectivity coefficient variations

50 mL, [CsCI] = 160 to 2900 ppm,
IRN97H mass = 0.5 g,,,miq

H-Cs Exchange on IRN 97H (EC * 6 %/ pH * 0,05)

1,5 —
log K&, (EA N 0) 1.06
log /K& (Ex—1) | -0.33
B 0.63

log /'K 105%DvE 0.47

logK®

A
|Og H KGT,Bonner 8% DVB 051

A
Iog H KGT,Bonner 16% DVB 067

-0,5 \ \ \ T
0,0 0,2 04 — 0,6 0,8 1,0

Ece o
Importance of extrapolation AN
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1. Theoretical background

2. Equilibrium study : Ni and Cs selectivity

1.Modelling variable selectivity coefficient
: Impact on the ion retention

- Model developments

- Impact of selectivity variations on the retention
In a deep bed experiment
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Model developments

— Based on modified TPM (Gaines-Thomas formalism)

log ( 1K&r ) = Exlog( 1Ky (Eamt))+ (1—E_A) log (K ey (Ea0)) + Ber E_A(l—E_A)

— Correction factor 7/' to account for non idealities in the resin phase
incorporated in the chemical speciation code CHESS

logy =(10g }K; —a) ~bE, ~CE,
a=log :KgT(E_A_)O) ,b=Bs —log |—|AK2T(E_A_>O)+|09 |-|AK?;T(E_A_>1) , C=—By;

— Linearization of the mass action law to calculate equivalent
fractions
24 & =2

logE, =log F’ﬁKGnIogaH +nlogE,, +loga,
)
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Impact of logK? variation on batch sorption

- Simulations of a batch saturation experiment :

*  0.50mig N 50 mL
« Initial concentration of Cs* ranging from 0 to 0.1 mol/L

l - T T T T
08 b % e |
| % 000 =
=
E e Eyy variable logK® s i
- E. variable logK" ——
3 E(,:E[ constant logKZ we wmimnin
$ E, constant logK™ ++=eeee:
E 04 Cs g -
g
L
0.2 F -
0 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1

total Cs™ (molal) (ZW ~‘~
> Significant impact of selectivity variations on site occupancy é‘D‘F



Reactive transport coupling code at equilibrium

* Including the model to the reactive transport code HYTEC"
 This allows to simulate a column experiment.

« HYTEC solves the transport equation while calculating equilibrium
chemistry in each node for each step, by finite volumes.

« Assumption of an homogeneous flow through the deep bed (1D
calculation).

 Equilibrium model: we have not considered any kinetics in the

system. w% . w% . oc, I
ot ot OX |
a — CHESS (Ci | Cj ) u = filter velocity (m/s)
——feo e [e e [eo[Oo O[O O oo o O O[O O[O oo o —>
24 b‘-o
"Van der Lee J. et al, 2003 : "Module-oriented modeling of reactive transport with HYTEC”, Computers & > B Y
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Impact of logK? variation of cesium on sorption

(film)

* Test case:

« Columnlength =1 cm
« ECRrnoy =2.6€eq/l

¢ Cgyq = 3.6 104 mol/L
* Flowrate =4.5 mL/h

b‘-b
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Impact of logK? variation of cesium on sorption

(breakthrough curve)

C/C,

ant 1 Ka ......... .
‘fﬁfﬁfﬁ;‘f; 12%@ T Column length=1 cm
0.8 F 1 EC=26eqL
: Ccsc=3.6 10* mol/L
06 F 1 Flow rate=4.5 mL/n
0.4 | -
0.2 k i
0 [ y [ Al“.’ [ 1
0 1000 2000 3000 4000 5000 6000 7000
volume (mL)
« Significant impact on cesium retention 2 S
. . . el
s ¢ Compressive front turns dispersive MINES AR @D
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Impact of logK? variation of nickel on sorption

(breakthrough curve)

1 F T T T
f 3 Column length=1 cm
constant [ogK® seressess
variable logK® === | : EC=2.6 eq/L
0.8 F -
Cuicz=1.8 10* mol/L
=3.6 10 eq/L
0.6 -
5 Flow rate=4.5 mL/h
< Cyie=102 moliL
04 -
0.2 -
0 1 1 J l':: 1 [ | 1
0 1000 2000 3000 4000 5000 6000 7000

volume (mL)

* Nickel leaches earlier when K2 varies

* Electroselectivity: nickel is well retained

*® + Potential impact on nickel retention

Za b‘-o
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Conclusions

« Selectivity coefficients can vary of 1 order of magnitude.

We propose a model for divalent/monovalent exchange with non-
ideality correction.

« We applied a reactive transport code to simulate ion retention in
deep bed columns at equilibrium.

=) We showed that selectivity variations should be accounted for
when modelling ion exchange resins.

WHAT’S NEXT ?
« To compare model with experimental results

 We should refine the non-ideality model: regular solid solutions
are considered.

 This model will be better suited to deal with multicomponent
exchange.

o« We will incorporate kinetics and impact of flow rate in HYTEC.



Structure of the resin studied : IRN 97H (Rohm&Haas)

—CH—CH;—CH-

soa_ H+ <

—EH—CHZ— H-
80,-H;: SO, H'

DiVinylBenzene

Functional groups:

polystyrene skeleton cross-linked with

Sulfonic acids for a strong acidic cation exchanger

Water retention | Crosslinkage

lon exchange capacity

Beads diameter

R&H 45 - 49 % 10 % 2.25 eq/L, 525+ 25 uym
Exp 93 % / 2.16 eq/L, — 2.6 meq/g / P
R
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Regular solid solutions

Calculation of activity coefficients inside the resin phase
Binary exchange — —\2
nary exenang RT In7, =W, (1-x )

Multicomponent exchange

n o
RT Iny, = Zwﬁ (1 xl) ZZWiijixj+Zzwlﬁx,xj(l—2-x1) Zzzw,ﬁixlx

>1 i>1 j>i i>1 j>i i>L j>i k>

« Large knowledge in soil science (mineralogy)
 Model developped for solid solution where exchange are
largely homovalent
24 b‘-o
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WILSON model

v" Calculation of activity coefficients inside the resin phase

|n7i=1—|n(i§,x,j)—z K

j=1 k=1 v .
j=1

m

* Independent of experimental conditions

* Many binary interaction parameters }; not widely known

Za b‘-o
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SOLDATOV model

v Explicit variation of the selectivity coefficient according to a

polynomial which degree is a function of cross-linking
K =cste

(1-x)
K = y(2,0)(1-X) +2y@ D (L-x)x+y(0,2)%
K =y(3,0)(1-x) +3y2.1)(L-x) x+3y(L2)(L-x)x +y(0,3)x
K = y(4,0)(1-x) +4yR.D(1-x) x+6y(2.2)(L-x) X +4y(L3)(1-x)X +y(0,4)x

« Parameters are determined from the resin geometry, not
function of experimental conditions

* Not developed for 2:1 exchange

- Extrapolation to multicomponent exchange 2 S
A
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MELIS model

v' Surface complexation model (Nernst) + distribution of exchange
sites (each site has its own sorption constant)

4 () ) 3}
- K (p1p2)1/2 KJ = : o N
_ = = 2L :
A

« Surface complexation model can always be applied (even if it
is far away from reality)

* Not adapted to 2:1 exchange

- Extrapolation to multicomponent exchange

Za b‘-o
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lon exchange capacity determination (EC)

v 0.5 g of regenerated resin — + — ¥ 4
v 100 mL of 0.025M NaOH __ Ho+Na &= Na ' +H
v 2 hours stirring H™ + OH" —= H,0
v" 50 mL are titrated for remaining OH-
Exchange capacity (eq/g) Exchange capacity (eq/L)
Experimental 2.6 £ 0.15 meq/g 2.16 £ 0.1 eq/L
Supplier, minimum \ 2.00 eq/L
Supplier, found \ 2.25 eq/L

v Differences originate from

v" Contact time (15 min vs 2 hours)
v Sorption on HCI during regeneration
v Sorption of NaOH during exchange I~

o
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Nickel chloride exchange: batch procedure

* n mL of a mother solutionat C__,,..= 1400 ppm,; £ 3% are mixed with UP

water in a V = 50 mL gauged vial : C, =70 to 630 ppm,,
* m=0.509,,.q4%0.059 of IRN 97H (Rohm&Haas) are poured in the beaker
« Stirring for 3 hours with a magnetic stirrer
 pH (% 0.05) is measured at 25 °C
* C,q = Ni* equilibrium concentration measured by ICP-AES/MS (£ 2- 10%)
- EC = Exchange capacity = 2.5 £ 0.15 medq/g,,,miq

* Hypothesis : Equilibrium concentration (C,,) << initial concentration (C,)
log {Kgr = Iog(z'lutionJJr Iog®+ Iog g
—2Iog( 2'Iutionj_IO

e —

05114 4, $Crmotrer 2\ tion o
- +0.041x 2 Lt
Cmother Hution
1+0.3288x3 X i

34 NB : For the ionic strength calculation, pH = H* concentration




