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Abstract—Resins are used in nuclear power plants for water lon exchange resins are insoluble solid matenatich can

ultrapurification. Two approaches are considered this work:

column experiments and simulations. A softwareechlDPTIPUR
was developed, tested and used. The approach séslee one-
dimensional reactive transport in porous mediunmhvabnvective-
dispersive transport between particles and difeisransport within
the boundary layer around the particles. The tearishitation in the
boundary layer is characterized by the mass transbefficient

(MTC). The influences on MTC were measured expentalyy. The

variation of the inlet concentration does not iefiae the MTC; on
the contrary of the Darcy velocity which influencé&sis is consistent
with results obtained using the correlation of Dedi&Upadhyay.

With the MTC, knowing the number of exchange sitd the relative
affinity, OPTIPUR can simulate the column outletncentration
versus time. Then, the duration of use of resims lm predicted in
conditions of a binary exchange.

Keywords—ion exchange resin, mass transfer

modeling, OPTIPUR

|. INTRODUCTION

ultrapure water for nuclear power plants. Resihmswathe
removal of ionic impurities to subparts-per-milliofhereby in
nuclear power plants, resins contribute to guasptrsonnel
safety, to control feed system fouling, and to keegterials
performance. In order to improve removal efficieraythe
resins process and to limit the amount of wastehaweism of
resins has to be better understood and predicted.
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exchange their own ions with the ions from the sotufor a
stoichiometrically equivalent [1]. The behavior abn
exchange resins can be characterized by severampgars
like capacity, selectivity coefficient and mass nster
coefficient. Capacity is defined as the number wictional
groups within the resin,.e. the number of counter-ions in a
specified amount of the materials. Selectivity €io&ht gives
an assessment of resins relative affinity; it isey to quantify
ion exchange preference to an ion from another hat t
equilibrium. Selectivity coefficient has been thebgct of
many studies [2]. Kinetic in column, due to thensport
limiting step through the boundary layer of theimdseads, is
characterized by a Mass Transfer Coefficient (MT@):
estimates the initial leakage, as low as it issTgarameter will
be discussed in this work.

The MTC was measured in various conditions [3talh be
calculated using an empirical correlation. The drett
expression for ultrapure water application was #jgec by
Chowdiah, Foutch, and Lee [4].

coefficient,

) ] ) In order to simulate the behavior of ion exchanggns used
ON exchange resins (resins) are used in manufagturi

in the same conditions like in the ultrapurificatiof water
from nuclear power plants, Mines ParisTech develaps
dedicated code in collaboration with EDF[5]. Based a
reactive-transport approach, derived from HYTECdBgady
used to study the speciation in nuclear power plairtuits,
which allows having a common thermodynamic databtee
OPTIPUR software contains specific elements for efiod
resins in columns. More particularly, a common MiBQised
here in order to define transport across a Neiinst(tagnant
layer around particle layer) [7]. This approactsimplified in
comparison of the using the Nernst-Planck equatishigh
describe the fluxes across Nernst film in a fluidizbed of
resins [8], [9], but the model can still adequatedpresent an
entire breakthrough data curve of one species ftaminitial
leakage of this species.

Il. NUMERICAL SOLUTION METHODS

A. Transport in OPTIPUR

The resolution of advective/dispersive transpoi}, (& a
column with resins, is realized by OPTIPUR's tdoblis a
software for simulation, built from HYTEC in which
diffusion/dispersion coefficients are considerediejpendent of
the species [6], [10]: this assumption is valid &irongly
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advective cases, relevant for water purificationcudts in
nuclear power plants.

%EC _ div(D, grade - cU) @

ot
Equation (1) is solved for the column with a 1Ditén
volume approach. This equation is discreetizediahaby a
first-order upstream spatial scheme for advectiod by a
second order centered spatial scheme for disper§hmntime
discreetization is a one-step centered scheme [10].

B. Chemistry in OPTIPUR

The chemistry in OPTIPUR is based on chemical tipra

from CHESS [11]. The aqueous reaction and the iahange
reaction are considered at equilibrium. No chemldagtic is
taken into account, considering that the limitingepomenon
is the diffusion within the Nernst film. The restan is based
on the basis component formalism: chemically indepat
basis species are chosen, in such way that aldéhiwative
species, aqueous complexes or sorption sites, eanfressed
with these basis species. The chemical systemténaal from
the mass balance equations associated to each dpesies
(mass balance equation of total concentration) famh the

mass action law equations associated to each teedva

species.

C.Coupling of chemistry and transport

No:3, 2012

This representation is implemented in OPTIPUR, vath
separation of the water in the Nernst film, the evdietween
the particle of resin into which ions exchangeoibidden, and
the water at the interface with resin, which haleirt owns
concentrations (fig. 2). Chemical equilibrium isamed in the
different areas, which have their own porosity.

Resin
particle

Fig. 2 Schematic diagram of the particle of resid the Nernst Film
with the correspondent concentration

The flux of basis species between « interstitialewa area
and interface area, for a same height in the column
proportional to the difference of mobile speciesaamtration
between these two zones.

3 =kasli-5,)(c -c;) )
For the transport, it is then necessary to soledalowing
system of equations:

M:div(Ddcjgﬁd"l —qU)—k.as.(l—fb)-(C. _C'*)

- Base of the coupling between chemistry and transpo ot (3)

(5]

The coupling is based on a sequential iterativeralyn. At
the first iteration of a new time step, initial cition is given
specifying the concentration of free and sorbectisge The
transport modifies the total aqueous concentrafmneach
basis species locally at each discreetization nédehemical
resolution then calculates the new speciation,iqaatrly the
new concentration of sorbed total concentratioraxth basis
species: the evolution of the sorbed total is thead as a
chemical source term within the transport equatama new
iteration. The successive iterations take placé the system
converges. The convergence criterion is calculéi@sed on
the difference of total sorbed concentration of hedasis
species and for each node between two iterations.

«  With a diffusive term [5]

Nernst's model postulates that near the resin-vizgtenface,
there is a stagnant layer called Nernst film, whbeetransport
is only diffusive. The transport is then convectdispersive
between the particles of resin and diffusive in lernst film
(fig. 1).

Fig. 1 Schematic diagram of the fluidized bed sfrre

W =ka,(1-5,).(c - <)

In this model, MTC is the ratio of the diffusionafficient
to the boundary layer thickness; it has a veloditpension
and allows to characterize the limitation by massngfer
across Nernst film (2). The MTC is the same for thi
species.

I1l.  EXPERIMENTAL METHODS

A series of experiments were conducted in order to

characterize the behavior of the resins. We focua oationic
resin (table 1), used to eliminate corrosion presidike Fe,
Co, and Ni. Ni has been chosen because this elerseat
relevant radioactive contaminant. The influencegraninitial
leakage of the inlet concentration of nickel on dme hand,
and of the velocity on the other hand have beepnstigated.
Indeed, these parameters can vary in nuclear pglats
operations. Representative mixtures of nuclear pomant
shutdown were prepared. First of all, a nickel pemaiith a
high purity (99.9 %) was dissolved in a boric aswmlution
with bore concentration 2000 ppm. In order to mekprove
the dissolution, the flasks were put in a thermfanober at
323 K. After two weeks, the solution was filtered.

A certain quantity (6 g) of humid resins was pu&ih5 mm-
diameter column. After that, the resin
regenerated with chlorydric acid (1 mol')Land rinsed with
ultrapure water (18.2 K). Finally, the resin in the column
was compacted using a high flow rate injection. fibaght of
the fluidized bed was equal to 46 mm.

in column swa
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Finally, the initial solution with a known conceation
(table 2) was injected through a column with a Darelocity
similar to nuclear power plant velocity (table 3).

Two samples were collected at the column outledr&fto

minutes. Each sample was analyzed four times with
Inductively Coupled Plasma - Atomic Emission Spestopy
(ICP-AES) ICAP 6500 from Thermo Fisher. The expeim
was reproduced on many columns in the same conditibhe
experimental system used is schematized fig 3.
With the initial leakage measured at the beginnaigthe
experiment, it is possible to calculate the masmsfier
coefficient. In this intent, and to simplify theatrsport
equations, the concentration at the particle-filthe
accumulation in aqueous phase (both acceptablenatisms
at the early stage of injection) and the term dfudion-
dispersion are considered negligible.

TABLE |
PHYSICAL PROPERTIES OF THAMBERLITE IRN 97H
Parameter Cationic resin
Name AMBERLITE™ IRN97H
Capacity (meq.? of humid resin ~ 2.74 (+* form)

Medium diameter of particle (m1 0.5Z°
Density (g.1%) 80C?
Water retention (%) 45 — 49
% DVB 10°

3 given by manufacturer® obtained experimentally

TABLE Il
CONCENTRATIONS TESTED INTHESEEXPERIMENTS

Inlet concentrations (ppm) (Re = 15)

Nickel
3.8+2%
55+:%
89+2%

1352 %

TABLE Il
VELOCITY TESTED INTHESEEXPERIMENTS

Darcy velocities ([Ni] = 20 ppm)

Volumetric (mL.mirY)  Linear (m.&) Reynolds number
40+£5% 0.003 6
70+5% 0.007 10
120+ 5% 0.011 17
177 £ 2% 0.017 25

Fraction collector

Peristaltic
pump

Fig. 3 Schematic diagram of the experimental system

The transport equations can this be simplified kdaim,
which can be solved analytically:

(4)

After integration, the expression of mass transtefficient
obtained is:

il
0=—(-cU)-(-¢,)ka,.c
az( U)-(@1-gy)ka,c

Yised by Chowdiah and al.

1 U Clouila 5

=it 50 e ©

The model used in OPTIPUR leads to an expressiomass
transfer coefficient during an initial leakage damito the one
[4].
demonstrated [12] that the most appropriatedengbiric
correlation to estimate the mass transfer coefficie domain
of ultrapure water production is the following ritaship:

D s 0765 0365
k deS: XR9(|:(£bRe)0820+(£bRe)0386:|

This formula is particularly adapted for our expental
conditions, as its limit of validity depends mainbn a
Reynolds number with values between 0.03 and 4202D
Application of the equation (6) in a binary excharaf ions
with different mobility supposes to have a représtve
diffusion coefficient. In this study, without meane do
an a priori estimation, the diffusion coefficient is considére
as an adjutable parameter.

(6)

IV. EXPERIMENTAL RESULTS AND THEIRMODELING

A. Experiments and Modeling of Initial Leakage

Fig. 4 shows the influence of the inlet concentratbn the
mass transfer coefficient. The MTC is determinethgi¢5)
with an experimental uncertainty of + 10 %. The M$€&ms
to be stable for the tested range of concentrasmsequal to
8.05x10° m.s%; this is consistent with the underlying theory.

Mass transfer coefficient of nickel
(10* m.s™)

12

i

0,8 - %

0,4 -

0,0

4 Inlet cor?cemration gf Nickel (p][i(r)n) 12 14
Fig. 4 Mass transfer coefficient of nickel versnlei concentration

for fixed Re=15a: experimentally measured and: calculated from
Dwivedi and Upadhyay[12] correlation with D=6.6 & m?.s*

On the contrary, the mass transfer coefficient éases
linearly as a function of the Reynolds numbers .(Big In fact,
the Nernst film thickness declines when the Darejoeity
grows up. The MTC is more important in this caskee MTC
values experimentally obtained with their uncetiaiand the
MTC values from correlation presents important dimsaf
covering. Consequently, the correlation of Dwiveaind
Upadhyay could be used in order to estimate thecitgl
influence on the mass transfer coefficient in ORIRR

These authors have
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Mass transfer coefficient of nickel The mass transfer coefficient model implemented in
aotms? OPTIPUR correctly reproduces the evolution of the
normalized outlet concentration versus time for iaaty
exchange from the initial leakage.

12

— V.CONCLUSION

_— % In order to understand behavior of ion exchangmlomns,
i a numerical tool was developed. It couples the déteynand
the transport aspects including diffusion. A massngfer
coefficient has to be introduced and validated. An
experimental work was performed to study the ihigakage
0.0 ; : and estimate the mass transfer coefficients. TWadires were

0 10 Reynoids number 2 % compared to those obtained by the Dwivedi&Upadhyay
correlation. Apparently, the inlet concentrationavé no
influence, whereas the MTC values seem to incredtsethe
Reynolds numbers. This is explained by the decrégaske
Nernst film thickness with increasing velocity. Wiihe mass
transfer coefficient is known, and using the ionestvity
i i . values for the resin, OPTIPUR can simulate the wiehaf

B. Experiments and Modeling of Saturation the resins during a binary exchange. The code ¢t

An entire breakthrough data curve was simulatech witcurves of the outlet concentration as a functiorirog; it is
OPTIPUR (fig. 6) using a porosity of 0.38. The auwas thus possible to anticipate the breakthrough, ams$equently
compared with experimental data obtained by Greggsie the life-time of the resins. This study will be coleted by

A solution of cobalt chloride with a concentratiaf improvement of OPTIPUR in progress, in order to sioer
62 mg.kg', passed through a resin (Table 1) column (heiglthe multi-component exchange with a diffusion cioéght
15.3 mm, diameter 15 mm). During the first experitmghe adapted for each species.
flow rate is maintained at 450 mC*h corresponding to a
Reynolds number of 1.06. The MTC is adjusted foifmthe NOTATIONS
initial leakage in cobalt from (5) and is equal to

: “as specific surface area of resinym* resin) 6/
2.53x10°m.s’.In the second experiment, the flow rate |€S cgncentration (mol. ) 1 ) 6/d
maintained to 16 mL:h corresponding to a Reynolds numberc_ concentration of species i in interstitial wateo{.nm?)
of 0.04. In this case, the mass transfer coefficierequal to c!*concentration of species i at the interface Nefilai-
1.15x10° m.s", calculated from (6) since the initial leakage isplarticle of resin (mol. )

ZgiziEiZLTentally measurable in this case. " inlet concentration of species i (mo¥in

concentration ¢ outlet concentration of species i (mofm
1‘:°") Dy diffusion / dispersion coefficient ¢ns?)
' D diffusion coefficient (rs™)
B R d, particle diameter (m)
s k mass transfer coefficient (ri)s
J flux (mol.sY
, q concentration of species i in particle of resiro{m?)
Vi Sc Schmidt number/(D)
3 Re Reynolds number ({dp)/(uc))

Fig. 5 Mass transfer coefficient of nickel versiesy/Rolds number
for a inlet nickel concentration fixed at 20 mg‘ig experimentally
measured and-: calculated from Dwivedi and Upadhyay
correlation [12] with D=6.6 x 1&m?.s*

0,8

0,4 4

t time (s)
i . U velocity of Darcy (m.3)
P — ‘ o ‘ _
0 05 1 15 2 Z column highest (m)
Normalized volume (V/veq) g, principal porosity (volume of water between resin’

particles / total volume)

. . . ) ¢, interface porosity (volume of water on the intedaof
Fig. 6 Evolution of normalized outlet concentratinfrcobalt n p y (

depending on normalized passed through volumelofisn by resmls particles /IEOt% volume)
equivalent volume obtained with a Reynolds numigeraéto 1.06 p Vo ume_ me_lss ( _g. st
m:experimentally measured [2] et: simulated with OPTIPURhen M dynamic viscosity (kg.ms~)
for a Reynolds number equal to 0®Zxperimentally measured [2]
et—: simulated with OPTIPUR REFERENCES
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