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Young-Il Lim*

Department of Chemical Engineering, Hankyong NationalJdrsity, Anseong, 456-749 Korea

Sten Bay Jgrgensen
CAPEC, Department of Chemical Engineering, Technicalzgrsity of Denmark, 2800 Kgs. Lyngby, Denmark

Using strong cation-exchange simulated-moving-bed (SMB) chromatography, a nitpigesphate potassium

(NPK) fertilizer is produced in a cost-effective manner. The SMB process, operated in a nhontraditional way,
is divided into production and regeneration sections, for exclusion of undesirable ions, and is composed of
six zones, including two wash-water zones. This paper addresses modeling, simulation, and optimization
studies on this ion-exchange SMB process, based on experimental data obtained both from a pilot plant and
an industrial plant. Model parameters that are initialized by empirical equations are identified, comparing the
simulation results with the experimental data. Through sensitivity analysis of the model parameters, their
effects on the process performance are examined. The simulation results show good agreement with in situ
experimental data obtained in both the pilot- and industrial-scale plants. The objectives of this study are to
optimize the SMB process in terms of (i) maximization of productivity in the production section and (ii)
minimization of wash-water consumption, thereby resulting in (i) an increase in profit and (ii) a reduction in
the overall operating cost in the downstream processing, respectively. The two objectives are sequentially
treated within the framework of a multilevel optimization procedure (MLOP), which includes two
pre-optimization levels, a productivity maximization level, and a desorbent (or wash-water) consumption
minimization level. In this optimization study, it is demonstrated that wash-water consumption can be reduced
by 5% at a 5% higher productivity.

1. Introduction differential algebraic equation (PDAE) system which is often

solved, after discretization of spatial derivatives, by ODE or

Simulated-moving-bed (SMB) chromatography is a powerful pAg (differential algebraic equation) time integrators
technique used to continuously separate multiple componentse g DASSIL) in the framework of the method of lines
in large amounts, and it is useful for a preparative scale. Thus, (\\QL).458.1+13 The MOL procedure converts the distributed

the SMB process constitutes an interesting alternative to gynamic system to a large system of ODEs or DAES, which

conventional batch chromatography and has recently gained anyften requires a long computational time and may result in
increased impact.The SMB chromatography usually works g pstantial discretization erréf.

with the inherent advantage of a high driving force, resulting
in low solvent consumption, small apparatus scale, and high
yields. However, to take full advantage of this principle, a large

r_lumber of operational_ parameters (e.g., flow rate, s_witching The CE/SE method enforces both local and global flux
time, and column configuration) must be properly adjusted. conservation in space and time, using Gauss’s divergence
For mathematical modeling and computer simulation of SMB  y,04rem, and uses a simple stencil structure (two points at the

systems, several different models_are used, including the true’previous time level and one point at the present time level) that
et th bed (CMB
moving-bed (TMB) modet;* the continuous-moving-bed (CMB)  |a4ds to an explicit time-marching schefde.

model for linear systents? and the SMB modet®However, A nitrogen—phosphate potassium (NPK) fertilizer process
the quality of the solution of the TMB or CMB model is only has been designed and operated by Kemira Denmark A/S in a

sufficient for a restricted range of applicatidriEhe SMB model - ; .
with periodic port movement in the flow direction is more cost-effectlvg manner, using SMB chromatography packed with
a strong cation-exchange resiD¢(x L =2 m x 1.8 m, 16

realistic than the TMB or CMB mod€ldut requires a longer . L -
calculation time? However, the SMB model with periodic port columns). This SMB process exhibits several characteristic
' : features:

movement may not be suitable for repeated runs in optimization o . )
procedured. (1) The feed solution is a strong electrolyte, i.e., an acid
A packed-bed chromatographic separation can be describecfOlution of~10 equiviL (1 equiv/L=1 equivalent mol/L) with

by convection-dominated parabolic partial differential equations "°nlinear adsorption isotherms;

(PDEs) for mass conservation in the mobile phase, ordinary (2) A nonequilibrium adsorption model should be considered,
differential equations (ODESs) for the solute adsorption in the because of a strong mass-transfer effect within large resin
stationary phase, and, eventually, algebraic equations (AEs) forparticles;

the adsorption isotherm between the two phases. Thus, the (3) It contains six zones including two wash-water zones for
combined models lead to a nonlinear and coupled partial ion exclusion, which divide the process into production and

regeneration sections (see Figure 1);

* To whom correspondence should be addressed. Tied2 31 670 (4) The process with 16 columns is pre-operatedfh with
5207. Fax: +82 31 670 5445. E-mail: limyi@hknu.ac.kr. a switching time of 5 min to reach a cyclic stationary state;

A conservation element and solution element methdd(the
CE/SE method, for short) has been proposed to solve the
distributed dynamic system (or PDESs) accurately and effectively.
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Figure 1. Schematic of the 16-column configuration (3/3/B-1/4/1) for a nitrogerphosphoruspotassium (NPK) ion-exchange simulated-moving-bed

(SMB) process.

(5) Steep or discontinuous concentration profiles appear in In Figure 1, a 16-column arrangement is shown. There are two

several places; and

(6) A modest purity requirement of the resulting product
solution is sufficient to minimize the losses of valuable
components.

Features (1)}(3) and (6) render this SMB process nonstand-

feed solutions (TS and TK), two wash water solutions (V1 and
V2), product and regenerated solutions (FS and KK), and two
slip water solutions (SV and KV). KV is totally recycled to
V1. It is important that operating conditions are adjusted such
that the KV stream does not contain ions (e.g.2'Cand CI).

ard; thus, a model is developed to investigate different aspectsSV is only used for backwashing (BW). The BW column serves
of this SMB operation and to optimize the process. A nonlinear t0 remove nitrate ions and to clean the resin particles, which

and nonequilibrium SMB modgl-8is developed in this study
and the CE/SE methé#'’is used to ensure fast and accurate
calculation.

could be contaminated by the feed solution impurities. After
one cycle period, all positions are shifted in the direction of
the liquid flow. For this SMB system, several rounds (1 round

This article reports both experimental and simulation studies = 16 shiftings) are required to reach a periodic stationary $tate.

on the nontraditional ion-exchange SMB process for chloride-

free NPK fertilizer productiod® The study intends to optimize

In the production section (VATS—FS—SV), which includes
zones |, Il, and lIl, calcium and hydrogen ions gCaH™) are

the SMB process to reduce wash-water consumption andremoved from the feed solution, which contains dissolved

increase productivity within a given purity, which will result

phosphate rock with nitric acid (TS), through adsorption of'Ca

in reducing the operating cost of downstream evaporation andand H" on the resin. At the same time, potassium ions™(K

drying processes.

are desorbed from the resin. Hence, the product solution (FS)

The remainder of the paper is organized as follows. Section contains the three desired NPK components {N@Q2~, K¥).
2 describes the specific SMB process. Section 3 presentsin the regeneration section (V2K —KK—KV), which includes
mathematical models and model parameters. Simulation andzones IV, V, and VI, the adsorbed calcium and hydrogen ions

optimization results are analyzed in section 4, through com-

(Ca&&™—HT) are replaced by Kions by feeding the KCI solution

parison with experimental data. The conclusions are presented(TK). For simplicity, the ternary system is considered as a binary

in section 5.

2. Process Description

While conventional NPK fertilizers usually contain large
amounts of chloride, as a result of the introduction of the
necessary potassium content as Kfie C&"—H"—K™ ion-

system, assuming that the first component i3'Gad™ and the
second component is ' This simplifying assumption is
reasonable in practice, because the main objective of the process
is to add K" into the feed solution (TS), while removing both
C&" and H. The purity of the K ion in the FS solution is

one of the most important indicators for the process perfor-
mance.

exchange SMB process operated at Kemira A/S in Denmark  The BW column is not modeled in this simulation study. In

had been designed to produce chloride-free fertit2@he raw
materials normally used in the manufacturing of NPK fertilizers

the model development described below, 15 columns are
considered. These are grouped into 6 zones, such as wash water

are nitric acid for nitrogen (N), calcium phosphate for phosphate zone | (3 columns), production zone Il (3 columns), slip water

(P), and potassium chloride for potassium (K). The two

zone Il (3 columns), another wash water zone IV (1 column),

unwanted elements are calcium and chloride. Calcium is regeneration zone V (4 columns), and another slip water zone

removed via cation exchange betweer?Cand K" and the

VI (1 column), as shown in Figure 1. The column configuration

chloride, as an anion, is excluded from the product by separatingis described by the number of columns for each zone, expressed

the production section from the regeneration section.
A cation-exchange reaction between counter-ions Qd™,

as [3/3/3-1—1/4/1], which is a typical column configuration
for the industrial-scale plant; however, various modified column

and K" occurs on a strong cation-exchange resin (macroporousconfigurations are possible. The six-zone SMB process is

Purolite 160C, with a particle size df = 0.675x 10~3m and
an average pore diameter of 201077 m):

+ +
Ce" (o) 3KR ey + H' 2y
C"'31R2(resin)—‘f_ HR(resin)+ 3K+(aq) (1)

different from a traditional four-zone SMB process, in the sense
that there exist two wash-water zones (zones | and IV in Figure
1) to enable Ci- and NQ~-free operation in the production
and regeneration sections, respectively. Therefore, the SMB
process can be considered as ion-exclusion and ion-exchange
chromatography.
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Table 1. Operating Conditions and Simulation Parameters for the Pilot SMB Plant

Production Section Regeneration Section
parameter zone | zone Il zone I zone IV zone V zone VI
Q (L/min) 2.14 2.56 1.44 2.26 3.02 1.26
v (m/min) 0.494 0.591 0.332 0.521 0.697 0.291
Dax (m#min) 0.0 0.02 0.02 0.02 0.02 0.0,
k (min~?) 0.40 0.40 0.40 0.70 0.70 0.70
Peclet numbeRe’ 105 105 105 105 105 105
Stanton numbeiS¢ 1.71 1.43 2.54 2.83 2.12 5.07
parameter value
column information
length, L eff 2.107 ¥
D¢ 0.1m
bed voidagegy et 0.5522
number of columns 15 (2/5¢21/4/1)
inlet concentrationCin
atVvi Cina = Cing = 0 equiv/L
atTS Cina = 9.93 equiv/L,Cing = 0.01 equiv/L
atVv2 Cina = Cing = 0 equiv/L
at TK Cina = 0.11 equiv/L,Cing = 3.82 equiv/L
simulation parameters
mesh numbem\n, 26
shifting time,r 5 min
shifting numberNspit 53
resin capacitypr 9 3.17

aV1/TS/IFS— V2/TK/IKK = 10.7/2.1/5.6-11.3/3.8/8.8 L/cycle® Pe = Leef/Dax ¢ St= Leek/vr. 9Le = 1.492 m.e e, = 0.37 andVgeaa= 4.77 L.
fOne backwashing column is not taken into acco@fthe termny,, (nrp, = nr/(1 — €p)) has units of equiv/L, based on the particle volume, whereas the
parameteny (nr = 2.0 £ 0.1) is based on the bed volume.

Table 2. Operating Conditions and Simulation Parameters for the Industrial-Scale SMB Plarit

Production Section Regeneration Section
parameter zone | zone Il zone Il zone IV zone V zone VI
Q (m3/min) 0.94 1.174 0.768 1.066 1.506 0.552
v (m/min) 0.541 0.676 0.442 0.614 0.868 0.318
Dax (M?/min) 0.04v 0.04u 0.04u 0.04u 0.04u 0.04u
k (min™1) 0.40 0.40 0.40 0.70 0.70 0.70
Peclet numbeRe 65 65 65 65 65 65
Stanton numbeiS€ 1.93 1.54 2.36 2.97 2.10 5.73
parameter value
column information
length,L¢ et (M)d 2.605m
D¢ (M) 20m
bed voidagegp e 0.5527
number of columris 15 (3/3/3-1/4/1)
inlet concentrationCi,
atVvi Cin,a = Cing = 0 equiv/L
atTS Cin,a = 10.37 equiv/LCing = 0 equiv/L
at V2 Cina = Cing = 0 equiv/L
at TK Cin,a = 0 equiv/L,Ci, g = 3.884 equiv/L
simulation parameters 26
mesh numbenn, 5
shifting time,z (min) 53 min
shifting numberNspit
resin capacitynr 9 3.17

aV1TSIFS-V2ITKIKK = 4.7/1.17/2.03-5.33/2.20/4.77 ficycle.? Pe = L¢ e /Dax ¢ St= Lceiklvr. 9L = 1.85 m.®ep = 0.37 andVgead= 2.37 n?.
fOne backwashing column is not taken into acco@fthe termnr, (nrp = nr/(1 — ep)) has units of equiv/L, based on the particle volume, whereas the
parameteny (nt = 2.0 £ 0.1) is based on the bed volume.

Typical design parameters, operating conditions and simula- the quite different column diameters of the two plants, the
tion parameters are reported in Tables 1 and 2 for two ion- operation is conducted at a similar interstitial velocity.
exchange SMB plants; one at pilot scale and another at industrial Equation 1 shows the exothermic adsorption reaction. For
scale, respectively. The pilot plant is designed for identifying adsorption columns (e.g., zone Il in Figure 1), the temperature
the optimal operating conditions to be implemented in the real varies over a range of 45C < T < 55 °C, but the average
plant. The same feed solution and the same resin type are usedemperature is assumed to e= 50 °C. The resin capacity,
in the two plants, which normally are operated at the same based on the bed volumen{ = 2.0 &+ 0.1 equiv/L) is
shifting time ¢ = 5 min). The production capacity of the real experimentally confirmed. Because the resin concentratipn (
plant is~500 times greater than that of the pilot plant. Despite is often expressed based on the resin particle volume, including
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Figure 2. Schematic of the node and column configurations in this six-zone SMB process model: (a) flow rates at the node and (b) node and column

boundary conditions (BC).
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the pore volume (see eq 2 in section 3), the resin capacity, based The SMB process is modeled by connecting the column

on the resin volumeng p), is shown in Tables 1 and 2. In the
following section, an SMB model and the model parameters in
Table 1 and 2 are detailed.

3. Model Development

When mass-transfer resistance in the particle is significant

for the adsorption mechanism because of the large resin particle ="

diameter, a nonequilibrium model can be used for chromato-
graphic column models. A p

(i.e., C&", H™, and K") leads to a PDAE system that involves

one PDE equation, one ODE equation, and one AE equation.
The chromatographic column model is described by

@

=k(n* —n)

@ n 8(ULC) :ﬁ
ot 0z 0z

dn
dt
0=n*—g(C)

oy l-e&
aXE)——%—k(n N (2a)

(2b)
(2¢)

where v is the interstitial velocity Dax the axial dispersion
coefficient, ande, the bed voidage. The liquid and solid
concentrations for each component &end n, respectively,
and n* is the equilibrium concentration, which is normally
defined as a function of the liquid concentratiog(@)). A
conventional linear driving force (LDF) model with a lumped
mass-transport coefficierit)(is used in eq 2b for the adsorption
kinetics. The Peclet numbePé = v LJ/Day and the Stanton
number Bt= kLJ/v.) are the important dimensionless groups

that determine in the numerical characteristic steepness of the

concentration profiles and stiffness of the equation system,
respectively. For example, whe?e is large andStis small,

the system will exhibit steep gradients in the spatial direction
(2 and is nonstiff in regard to timet)( In egs 2, two initial
conditions (ICt = 0) for two time derivatives and two boundary
conditions (BC,z= 0 or L) for the convection and diffusion
terms are required.

C(z0)=C,iu(t=0,02
IC = 3
&@m=%mﬁ=qma ©)
oC
UL(CZ:O - Cin) = DaxE 0 Ot
BC = 4)

9% = 0,0t
0Z|z=L,

whereCj, is the inlet concentration entering the column, which
is given by the operating conditions.

acked-bed chromatographic adsorp- c
tion between the stationary and mobile phases for each cation nCin

model (eqs 24) with the node model, which represents the
periodic operation through the port switchihtnlet concentra-
tions Cin) and the flow rate@j,) for each column are calculated
from the outlet concentratiorC{>™ and flow rate Q2°™ in

out
the node where perfect mixing is assumed (see Figure 2):

__ A~nhode__
:Qout -

Qil:?de"‘ ,Qyq T 0,Qrs T 05Qy, +
@,Qrx — Qs — Qi (53)

= Cir:)d + 043G Qy T G Qs +
a3C,Qyn T ,Cry Qri — ascir:?dbl:s - aecirLOdeK (5b)

wherea;—aog are the logical variables (0 or 1), according to
the port switching. Figure 2a depicts a node that connects two
columns. The flow rate@°™9 calculated from the node model
determines the flow rate),) of the next column. The outlet
concentration from the node model is the inlet concentration
(Cin) to the next column. Thus, this node model, together with
the switching policy, describes the SMB operations model. The
two boundary conditions (eq 4) are applied at the inlet and outlet
of each column, as shown in Figure 2b.

The SMB model contains several model parameters, such as
bed voidagedy), axial dispersion coefficienDy), mass-transfer
coefficient k), and adsorption isotherms*], which may be
determined through experiments or empirical models.

The bed voidageef) is mainly related to particle packing
characteristics in the column. However, in SMB plants, con-
siderable extra-column volume (or dead volume), including
distributors, collectors, connecting pipes, and valves, can be
involved#2% In 2000, Beste et dl.introduced an effective
column length and effective bed voidage:

node
in

Vt tal Vd d
Lc,eff: ;a = Lc + Sea (6)
. = Viiquid _ €pLeS* Viead )
bef Vtotal LcS+ Vdead

The bed voidages, = 0.37) is assumed to be constant, ignoring
resin shrinking and swelling effects during desorption and
adsorption. The two effective values are substituted_faand
€p in eqs 2-4. The effective bed voidageer) is larger than
the bed voidagey, and the resin particles are distributed less
densely in the simulation but to the same extent as that in reality.
The axial dispersion coefficientDg,) generally does not
have a substantial effect on the solution of the model. How-
ever, axial dispersion will be larger than an expected value
obtained from an empirical model for the single column,
considering that backmixing is substantial in the connecting
zones between columA$.n this study, the axial dispersion
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coefficient is estimated to B&
D, = 0.0,
D, = 0.04y,

(for the pilot plant) (8)

©)

(for the real plant)

= Leefrv/Day) are~105 and~65 for the two plants.
It is considered that the €a—H*—K™ ion-exchange adsorp-
tion mechanism is controlled by the intraparticle diffusion

resistance, rather than the liquid film resistance, because the
diameter of the resin particles that have been used is large. The

LDF model is applied in this study for the intraparticle diffusion
(eq 2b). The mass-transfer coefficient is setfgy= 0.4 mirnt
for the production section an#egen = 0.7 mint for the
regeneration sectiolf. The Stanton numberS{ = KL erfv1)
varies over a range of 1.4 St< 5.8 for the two plants. The

for the binary system, as follows:

¢sum¢produc[A

general

o (11a)

general__
A =
r%eneralz

wherera = dna/dt = k(nk — na), from eq 2b. The sum kernel
Based on these values, the respective axial Peclet nuni®ers ( (s A A (A ") g

um) and product kerneld{yodaue) are defined for a binary
system with components A and B:

$um= 0 (if C, + C5 <0.0)
{¢sum: 1 (elsewhere) (11b)
¢product: 0 (if CACB <0.0)

{¢product: 1 (elsewhere) (11c)

This formulation satisfies the electroneutrality condition in the

sensitivity of the process performance to the model parameterssolid phase (i.e.}; ri = 0), as will be shown in Figure 7, and

will be analyzed in section 4.

3.1. Generalized Adsorption Rate Model. As mentioned
previously, two wash water zones (zones | and IV in Figure 1)
are arranged in the present SMB plants to achieve @hd

is identical to the conventional LDF model (eq 2b) in the
nonequilibrium zone. It is essential that the switching functions
given in egs 11b and 11c are applicable to an explicit time
integrator, such as the conservation element and solution element

NO;~-free operation. The wash-water zones can become a(CE/SE) metho#"!7 that is used in this study. An alternative
nonadsorption region (or reach a quasi-equilibrium state betweenform of the switching functiof? is used for an implicit ODE
the liquid and solid phases), when the resin contacts with the time integrator, such as DASSE.
aqueous solution that contains a negligible concentration of The problem type encountered in this ion-exchange SMB unit
cations (e.g., pH 67). Thus, both nonequilibrium regions belongs to the class of discrete events or a hybrid proBfem.
(adsorption regions) and equilibrium regions (nonadsorption This problem type is presented by switching between the two
regions) are present in the NPK SMB unit. kinetic expressions in eq 10 and implemented using the so-
The LDF model represents intrinsically nonequilibrium called generalized rate equation in eq 11 for the time-marching
adsorption, because the actual resin concentratigrcénnot CE/SE scheme. This generalized model is considered as a
reach the equilibrium concentration’); because of the mass- numerical implementation rather than a physical model, which
transfer rate ). When adsorption kinetics has a very laige  renders the generalized version of the nonequilibrium model
value, the LDF model is close to an equilibrium model. (i.e., LDF model) feasible, even in equilibrium regions.
However, the difference between the two concentratiofis- ( 3.2. Adsorption Isotherms. The equilibrium concentration
ni) is large for a small value ok, such as that in this NPK  (or adsorption isotherm) has an important role in the column
fertilizer process. Therefore, a dual adsorption kinetics model model (eq 2). The adsorption isotherm intrinsically decides
may be needed, as follows: separation performance. Recall that the feed solution of the NPK
ion exchanger is a concentrated electrolyte solution with cations

_dn, . . , (Ca*, HT, and K) and counterpart anions (NQ PO, and
== k(nf—n)  (for adsorption regions) (10a)  eyentually CI). Because of the strong electrolyte, a nonlinear
d adsorption isotherm is expected.
_an . . An empirical correlation is proposed for the binary adsorption
i Tdt 0 (for nonadsorption regions) (10b) (C&"—H* and K") on Purolite 160C resin as a fifth-order

polynomial function fitted to the experimental data of a 3.3 N
The switch between the aforementioned two adsorption rate solution:
models presents a state change (or event) whenever a state
condition is satisfied. The state condition of the present ion- N = Nx,(2.2321— 7.66474&, + 17.714,° —
exchange SMB system is determined by the presence of cations 18.88%.% + 7.603% 4) (12a)
in the fluid. If no cations are present in the fluid, adsorption or ' A ' A
desorption does not occur, as shown in eq 10b. This problem (12b)
shows a behavior that is analogous to that of a heat conduction
problem?! where a material undergoes a phase change atwhere the subscripts A and B denote the binary components
different spatial positions in time. Ca"—H™ and K", respectivelynr is the resin capacity; and

The discrete events in the PDAE system for the SMB process xa is the liquid mole fraction of A Xa = Ca/(Ca + Cg)).
move temporally and spatially. Consequently, it is a challenge Equation 12b implies the electroneutrality condition in the solid
to detect when and where the adsorption region changes to thephase at equilibrium (i.e}; nf= nr). Equation 12 is used over
nonadsorption region, and then to interchange the adsorptionthe entire concentration range in this study. All concentrations
kinetics. The question is how to simulate such discrete events.are based on the equivalent mole concentration (equiv/L). Figure
This problem is addressed in the presentation of the following 3 illustrates the experimental points and their fitting curve at
numerical solution methodology. Ca+g = 3.3 N.

To replace the LDF model (eq 2b) with eq 10 in the A more-complex model for NPK concentrated solutions can
PDAE system, switching functions are used to detect be developed based on thermodynamic equilibrium constants,
the discrete event (or state change). A generalized ratefor which nonideality in liquid and resin phases is taken into
equation based on the switching functions is proposed account® Activity coefficients in the solution are calculated

ng =ny — Ny
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by an extended DebyeHiickel expression and those on the resin
by the Wilson vaporliquid equilibrium (VLE) model under
the assumption of an analogy between sotuigsin and vapor
liquid systemg* The thermodynamic equilibrium model predicts
equilibrium concentrations of the three cation components
(Ca¢*—H* and K) in the concentration range up to 12 N within
an experimental error that is estimated to be-12% of the
total resin capacity?

To determine the dependency of the equilibrium line on
various liquid concentrations, the equilibrium lines are obtained
based on the thermodynamic equilibrium motfeFigure 4
demonstrates that the equilibrium concentration of y),(
calculated by the thermodynamic model, varies slightly within
3 equiv/L = Cayg < 10 equiv/L. Although the thermodynamic
equilibrium model provides more-reliable adsorption isotherms

over the broad concentration range, eq 12 is used in this study
because (i) simulation (e.g., model parameter estimation,

sensitivity analysis, and optimization) with the thermodynamic
equilibrium model requires a much longer computational time
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there is no significant difference between simulation results with
eq 12 and those with the thermodynamic equilibrium model,
as observed in Tables 3 and 4.

4. In Situ Experiments, Simulation and Optimization
Results

Mathematical models are required to be capable of represent-
ing experimental results as closely as possible. Section 3
presented a relatively simple SMB model. Therefore, the model
should be validated by comparing the experimental data and
the simulation results. After the model is validated and the
simulation results are determined to agree with the experimental
data, it can be used for the model-based optimization of
operating conditions.

In this section, simulation results and in situ experiments are
compared both for the pilot- and industrial-scale plants. Because
of the uncertainty of the model parameters such as resin capacity,
bed voidage, dispersion coefficient, mass-transfer coefficient,
and adsorption isotherm, sensitivity analysis is performed for
these parameters. Experimental and simulation procedures are
presented in the following subsection.

4.1. Experimental and Simulation ProceduresThe total
of 16 tests were performed by experienced staff at the industrial
company on the pilot plant configured as [2/5/2-1/4/1]. The
tests were performed within the feasible operating region,
changing the shifting time (or cycle time) and the two flow
rates (V1 and FS). The 16 tests are composed of four different
flow rates of V1 at three different cycle times (5, 6, and 7 min)
and four different flow rates of FS at the 5-min cycle time, as
shown in Table 5. Table 1 shows experimental conditions for
one of the 16 tests (test P3 in Table 5). Only one test was
performed in the industrial-scale plant configured by [3/3/3
1-1/4/1], as reported in Table 2.

The feed compositions of TS and TK changed only slightly,
according to feed preparation, as shown in Tables 1 and 2.
However, their fluctuations are small. During the cycle time,
V1, V2, TS, and TK were injected with a constant flow rate
and, at the same time, FS, KK, and SV were also withdrawn at
a constant flow rate. KV was recycled to V1. The fresh V1
flow rate was (V1— KV), because of the recycle flow.

Before each test was performed, all the columns were washed
out and filled with fresh water. To reach a cyclic steady state,
3 rounds (48 shiftings) were operated under the same conditions.
After the preloading, 1 round (16 shiftings) was performed for
the data analysis. Thus, a total of 4 round$ (h) were run for
each test. Each solution that was withdrawn at each shifting in
the fourth round was collected in four tanks for each of FS,
KK, SV, and KV. The four solutions were subsequently
analyzed in the laboratory. As a result, the analyzed concentra-
tions were averaged values over the last round.

For the key components (A for €a—H* and B for K"), the
purity and the dilution are determined from laboratory analysis:

CB or Ain FS or KK

(CA + E:B)FS or KK

(CA + E:B)FS or KK
(CA + CB)TS or TK

purity = (13)

dilution=1— (14)

than eq 12, because of nonlinear iteration procedures in solvingwhereCx or Cg represents the measured average concentration.

the thermodynamic model; (ii) the predictions from eq 12 are
relatively good over the concentration range of interest (3.0
equiv/iL = Ca+pg < 8.0 equiv/L, as shown in Figure 4; and (iii)

A high purity of K* in the FS solution indicates a high-quality
product. The purity of Cd&—H™ in the KK solution indicates
how much the C&—H™ ions that were absorbed on the resin
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Table 3. In Situ Experimental Data and Simulation Results for Average Liquid Concentrations, Purity and Dilution in the Industrial-Scale
SMB Plant

Concentration in FS Concentration in KK
A B purity  dilution A B purity  dilution
(equiv/L)  (equiviL) (%) (%) (equiv/L)  (equiv/L) (%) (%)
experimental data 2.23 3.74 62.7 42.2 1.59 0.20 88.8 53.9
simulation with eq 12 2.23 3.82 63.2 41.8 1.60 0.21 88.3 53.5
simulation with a thermodynamic equilibrium model 2.21 3.83 63.5 41.8 1.61 0.21 88.6 53.5

Table 4. In Situ Experimental Data and Simulation Results for Average Resin Concentrations and Resin Utility in the Industrial-Scale SMB
Plant

Resin of BW Column Resin of V1 Column
A B % in A B % in resin utility?
(equiv/L)  (equiv/L) Ktionform (equiv/L) (equiv/L) K*ionform (%)
experimental data 0.67 2.46 78.6 2.79 0.37 11.7 66.9
simulation with eq 12 0.51 2.68 84.0 2.63 0.56 17.6 66.4
simulation with a thermodynamic equilibrium model 0.43 2.76 86.7 2.57 0.62 195 67.2

aResin utility = (% in K* ion form)sw coumn — (% in K ion formy1 column

Table 5. Experimental Task Matrix in the Pilot Plant?

Production Section Regeneration Section
test cycle time (s) V1 L/cycle TS L/cycle FS Licycle SV L/cycle V2 Licycle TK L/cycle KK L/cycle KV L/cycle
P1 300 13.0 2.1 5.6 9.5 11.3 3.8 8.8 6.3
P2 300 11.4 2.1 5.6 7.9 11.3 3.8 8.8 6.3
P3 300 10.7 2.1 5.6 7.2 11.3 3.8 8.8 6.3
P4 300 10.0 2.1 5.6 6.5 11.3 3.8 8.8 6.3
P5 360 13.0 25 6 9.5 11.3 4.3 8.8 6.8
P6 360 11.4 25 6 7.9 11.3 4.3 8.8 6.8
P7 360 10.7 25 6 7.2 11.3 4.3 8.8 6.8
P8 360 10.0 25 6 6.5 11.3 4.3 8.8 6.8
P9 420 13.0 2.9 6.4 9.5 11.3 4.8 9.3 6.8
P10 420 11.4 29 6.4 7.9 11.3 4.8 9.3 6.8
P11 420 10.7 2.9 6.4 7.2 11.3 4.8 9.3 6.8
P12 420 10.0 2.9 6.4 6.5 11.3 4.8 9.3 6.8
P13 300 10.7 2.1 5.1 6.2 11.3 3.8 8.3 6.8
P14 300 10.7 2.1 5.6 6.7 11.3 3.8 8.3 6.8
P15 300 10.7 2.1 6.1 7.2 11.3 3.8 8.3 6.8
P16 300 10.7 2.1 6.6 7.7 11.3 3.8 8.3 6.8

aReference: Kemira A/S internal report.

Table 6. Sensitivity and Elasticity of Model Parameters on Purity, Dilution in the FS Solution, and Resin Utility

nr €p eff Korod Kregen Dax/vL
nominal value 2.0 0.5527 0.4 0.7 0.04
minimum value 1.9 0.5327 0.38 0.65 0.004
maximum value 2.1 0.5727 0.42 0.75 0.4
perturbation (%) +5.0 +3.6 +5.0 +7.1 +1000

Sensitivity (Elasticity}

purity in FS 10 (0.32) —40 (—0.35) 17.5(0.11) 5(0.05) —7.5(=0.02)
dilution in FS 0(0) 0(0) 0(0) 0(0) 2.5(0.002)
resin utility —25(=0.75) 98 (0.81) 17 (0.10) 6.2 (0.06) —56.5 (—0.03)

a Elasticity values given in parentheses. Sensitiwitfgly/dx)|x=nominal vaiuie Wherex is the model parameters ayds the purity, dilution, or resin utility.
EIaStiCity = (d(ln y)/d(ln X))|x:n0minal value™ (dy/y)/(dX/X)|x:nominal value

are desorbed in the regeneration section. Thus, the higher thd=igure 6. Thus, a fast and accurate numerical scheme is desirable
purity in the KK solution, the higher the purity in the FS to solve the SMB model (eqs-5).14 The non-iterative spaee
solution. The dilution indicates a loss of all valuable ions such time CE/SE method-?%is used to solve the conservation laws
as NPK in ion form, i.e., N@ , PO2~, and K'. represented by the PDEs in eq 2 for each column.

Two samples of resin particles of the regenerated resin (BW At the beginning of the first shifting (i.et,= 0), the liquid
column) and the exhausted resin (V1 column) are also analyzedconcentration of all components is initialized to zero for all
in the laboratory, after finishing a test at the three cycle times columns. The resin is initially set to 75%*form and 25%
(5, 6, and 7 min). Thus, the solid concentration of the resin is Cg&+—H™* form for all columns:
also an average value for the two columns.

Simulation is performed for 15 columns, i.e., excluding one CA(0z) =Cy(0z)=0
BW column, during 53 shiftings. The simulation parameters are ' ' (fori =1 N k=1 15) (15a)
also shown in Tables 1 and 2. For the sensitivity analysis of T T
the five model parameters (see Table 6), at least 10 runs shoul _ _
be performed. Ipn the simula(ltions, conce)ntration profiles exhibit%A(o’;vQ = 0.2y, nB(O’Z‘v.k) =0.75,
steep moving fronts in several places, as will be shown later in (fori=1,..,N, k=1, ..,15) (15b)



whereNy, is the number of meshes per column ardis the
resin capacity. The assumption in eq 15b is somewhat unreal-
istic, because the initial resin concentration profile is dependent
on the previous run and is not uniform (see Figure 7 presented
later in this work). However, eq 15b is adopted because of the
lack of information on the initial resin concentration. The effect
of the unrealistic initial condition is negligible after 2 rounds
of simulation. Each run is completed after 53 shiftings (3.5
rounds for 15 columns).

All simulations were performed on a personal computer (PC)

that was equipped with a single 1.3 GHz processor. The number

of mesh points per column is assumed toNye= 26 for all

the cases, and the number of time steps per cycle tirfe s

71. As aresult, the CFL number= v At/Az~ 0.6, whereAt

= 1/(N; — 1) andAz = L¢er/(Nm — 1). The computational time

is <1 min for each run. The effects of the number of mesh
points and the CFL number are not expected to be significant,
because, for the NPK fertilizer process, the Peclet number is
not large Pe = 65—105) and the Stanton number is sm&t (

= 1.4-5.7) (see Tables 1 and &.

In the simulation, the average liquid concentrations in the
FS and KK solutions are obtained from the numerical integra-
tion?® of liquid concentrations at the exit of FS and KK columns
over the last shifting (i.e., the 53rd shifting):

\

C At
A

(fork=AorB) (16)

Ci 531 shifting ™~ .

where N; is the number of time steps. The average resin
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Figure 5. Flow-rate ratio analysis of zones Il and V for 16 experimental
tests in a pilot plant and model-based optimization results in an industrial
plant.

V fluid-to-solid flow-rate ratio (s = Qs/Qs). Here, the most
important zones (zones Il and V) in this two-section SMB
process are analyzed within theplane (i.e., the fluid-to-solid
flow-rate ratio plane), such as the Triangle the&which was
developed based on equilibrium adsorption and linear or
Langmuir isotherms for the TMB operation. Tests4, 5-8,

and 9-12 are performed by changimy, at a constanirs. The
purity shows a tendency to decrease as the operation moves

concentrations are also based on the values at the end of theyway from the diagonal line in Figure!8.Tests 13-16 are

last shifting. The 10th column and the 1st column are used for
the regenerated resin (BW column in the experiment) and the
exhausted resin (V1 column in the experiment) analyses,

respectively. The average resin concentrations for each com-

ponent are obtained as follows:

N

Z nAz
£

] (fork=AorB)

Ny 53rd shifting— (17)

c,eff

In Tables 3 and 4, the two average concentratidhsuid i)
obtained from experiments and simulations are reported for the
industrial-scale plant. The model parameters mentioned in
section 3 were estimated and confirmed on the basis of the 16
pilot-plant experiments, which is essential for model-based
simulation and optimization.

4.2. Results from the Pilot Plant. Simulation results
performed under the operating conditions shown in Table 1 and
recently have been illustrated in Lim and €& he maximum
deviation between the simulation and the experiment remains
within ~10% in absolute deviation for the purity of 16 pilot-
plant experiments. The trends of the purity variations also exhibit
good agreement for all the cycle timés.

It is important to notice that this six-zone SMB process is
operated at a relatively low purity (60%70%; see Table 3) of
the product solution, because the amounts of valuablg"NO
and PQ3~ in the dilution stream also increase when the process
is operated at a higher potassium purity.

In Figure 5, the operating conditions of the 16 experimental
tests are plotted in the spacerm—ms, whereny, is the zone
Il fluid-to-solid flow-rate ratio fr, = Q./Qs) andms is the zone

conducted at constanty and ms. The previously reported
experimental and calculated purity trends are compatible with
the Triangle theory. However, the separation performances
(purity, productivity, and desorbent consumption) of this SMB
unit are not straightforwardly optimized by the Triangle theory,
because adsorption isotherms are strongly nonlinear and the
process is operated in a nontraditional way. This will be further
explored below after discussing results from the industrial plant.

4.3. Results from the Industrial Plant. One experiment is
conducted in the industrial plant under the experimental (and
simulation) conditions given in Table 2. It is observed that the
experimental average liquid concentratio@g (luring the entire
fourth round (i.e., shiftings 4660) are in good agreement with
the simulation results, within a 3% error bound (see Table 3).

Table 3 reports the average concentrations, purity, and dilution
in the FS and KK solutions at the final shifting. To investigate
the effects of the adsorption isotherm model on the process
performance, two simulations with the two-component model
in eq 12 and with the three-component maéare performed.

The two simulation results are in good agreement, as shown in
Tables 3 and 4. Table 4 summarizes the in situ experimental
and simulation results of solid concentrations in the BW column
(or regenerated resin) and V1 column (or exhausted resin). Some
differences between experiments and simulations are observed
in the average resin concentrations. However, the resin utility
of the simulation agrees well with that of the experiment. In
Tables 3 and 4, it is demonstrated that the polynomial adsorption
isotherms (eq 12) fitted to experimental points represent the
rigorous three-component moéelvell. Note, in Tables 3 and

4, that the concentrations of component A, which are obtained
from the three-component-based thermodynamic m&daile

the sum of those of the two components?Cand HF.
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Figure 6. Liquid concentration distribution of Ga&—H™ ions (circles), K ions (solid line), and total concentration (dotted line) over 15 columns at three
different times within one cyclev(= 0.6, N, = 26).
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Figure 7. Solid concentration distribution of €a—H* ions (circles), K ions (solid line), and total concentration (dotted line) over 15 columns at three
different times within one cyclev(= 0.6, N, = 26).

For the final shifting (the 53rd shifting), the liquid and solid high purity and low concentration of ¥, because of the one-
concentrations of Ga—H™ and K" are illustrated, along with  column advanced operation.
the column number, in Figures 6 and 7, respectively, at three At the middle of the cycle in Figure 6b, a maximum point of
different times during the 5-min cycle. At the beginning of the the K™ concentration is reached at= 6 and that of the Ca—

cycle t = 0), TS and TK are fed azx = 3 andz = 10, H* at z = 14. Figure 6¢c shows concentration profiles at the
respectively, whereas FS and KK begin to be withdrawn=at end of the cyclet(= 5 min). These dynamic behaviors during
6 andz = 14, respectively. The four positiong € 3, 6, 10, one cycle represent the cyclic stationary state, which is repeated

and 14) are depicted as the dashed lines in Figures 6 and 7over the next cycle. Note that the concentration dynamics shown
The total concentrations at each axial position are shown asin Figures 6 and 11 (presented later in this work) cannot be
the bold dotted line. Slight overshoots that are caused by theobtained from the TMB“or CMB®® models. Indeed, the TMB
feed are observed at the feed poirzts=(3 andz = 10) in Figure or CMB models provide just one steady-state concentration
6a. Discontinuous concentrationszat 2 andz= 9 (inlet points profile along the columns. For nonlinear adsorption isotherms,
of the 3rd and 10th column) in Figure 6a originate from the the profile of the TMB models can be quite different from that
concentrations at the feed points€ 3 andz = 10) of the of the SMB models at the middle of the cycle time, which
previous cycle. The CGa—H™ concentration at the FS porz ( demonstrates that SMB processes must be described by rigorous
= 6) is effectively zero and the Kconcentration is low (i.e., dynamic models such as the SMB model (see egs)2”
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Figure 8. Comparison of SMB simulation results for the liquid phase at level 2 (solid lines) and level 4 repeated (dashed lines) at three different times
within the 53rd shifting.

The cyclic stationary state is shown for resin concentration  4.4. Optimization Results for the Industrial-Scale Process.
distributions over the columns in Figure 7. Because of the Model-based optimization is performed for the industrial-scale
counter-current-like flow of the SMB operation, the regenerated six-zone SMB process (see Table 2). The objective of the
resin passing the seventh column (6 mairz < 7 min) contacts optimization problem is to minimize wash-water consumption,
with the reactive solution at the sixth column (5 minz < 6 while maintaining a maximum productivity at the given purity
min). The exhausted resin is found at the first column (0 min level. An optimization procedure (multilevel optimization
< z =< 1 min). The resin concentration profiles give important procedure, MLOP) for this objective has been presented in the
information on the resin performance and design, because thework by Lim.3° The four-level MLOP optimization approach
process performance is directly related to resin utility in Figure may be briefly summarized as follows:

8. The total liquid concentration is globally constant over . Level 1: initialization based on a standing wave analysis,
production zone Il (3 mins z < 6 min) and the regeneration  under the assumption of linear adsorption isotherms.

zone V (10 min= z =< 14 min) in Figure 6 (b). The total | gyl 2: TMB optimization, using nonlinear adsorption
concentratlor_1 in .the solid phase is equal to the resin Cap?‘c'tyisotherms and nonequilibrium design.

everywhere in Figure 7. Thus, the electroneutrality condition
in eq 11a and eq 12 is satisfied both in the liquid and solid it
phases.

Note that inactive regions (or nonadsorption regions because
of equilibrium Ca + Cg) ~ 0) are found in many places (see
Figure 6) where the resin is saturated wit?GaH*—K* ions e If'th'e procgdure has converged close to a constant cycle
(see Figure 7). The equilibrium correlation (eq 12a) is valid UMe. it is terminated; else, go to level 3.
0n|y for(CA + CB) = 0. If eq 2 is used for all regions instead Because the Operating conditions shown in Table 2 are well-
of eq 10 or eq 11, a virtual desorption could occur in these adjusted through a company procedure, the optimization with
inactive regions to satisfy the electroneutrality condition, as MLOP? starts at level 3. The optimization variables are the
mentioned in section 3.4. Therefore, unphysical numerical results Six flow rates Qvi, Qrs, Qrs, Qv2, Qrk, andQx) and the cycle
(e.g., negative concentrations) can be obtained using thetime (r). Becaus®y includes the recycle flow rat€Xv), the
traditional LDF model (eq 2b). Besides, eq 12 is infeasible if Net wash-water flow rate at= 0 is assigned as follows:
negative concentrations appear. As a result, it is necessary to
use the generalized LDF model (eq 12) for this ion-exclusion QVlnm: Qu1 — Qkv (18)
and ion-exchange chromatographic system. This generalized
LDF model implies the thermodynamic insight that there is no | the optimization problemsQy; is replaced by the new
apparent adsorption/desorption flux wheBa(+ Cg) = 0, variable Qys,.. The objective function and the constraints at
because of equilibrium between the liquid and solid phases. |evel| 3 are specified:

The industrial-scale plant with these operating conditions does

e Level 3: SMB optimization, for maximization of productiv-
y.

e Level 4: SMB optimization, for minimization of desorbent
consumption.

not seem to be fully exploited, because the inactive regions, QFSCFSB
e.g., zone | (0 minc z < 1 min) and zone lll (7 mins z< 9 Max |Prod= ————
h .- - N1 — €,)V,
min), are too long, as shown in Figure 6. Therefore, it is relevant ¢ G
to investigate the potential benefit from optimizing the operating (for x= Qrs, Qps Qrk» @andQyy) (19)

conditions. Such a study on the industrial-scale process is
presented below. subject to
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0.65=<y, =Purgz= 1.0 (20a)
0.85=y,=Pury, =10 (20b)
y; = Dilutg < 0.45 (20c)
y, = Dilut,, < 0.55 (20d)
Vs = Qmax = 1.75 (20e)
where
Ny
Cg At
— 1=
Cesp= (atNgyi = 53) (21a)
C..
PUlgg= > (21b)
(Ca + Coles
c_:A in KK
PurKK,A =—— (21c)
(CA + CB)KK
C,+C
Di|utFS=1—(—_i——_B—)F—S (21d)
(Ca + Cg)rs
C,+C
DMRK=1—LA—T@ﬁ (21e)
(CA + CB)TK

In eq 21a, Gsgis the average concentration of B during the
final shifting (Nshizx = 53). In egs 21d and 21e, the dilution
indicates a loss of all valuable ions, such as NPK in the ion
form, i.e., NQ~, PO, and K" , as previously stated. Note
that the process is operated at relatively low purity to reduce
the loss of N@~, PQ2~, and K, as mentioned previously. The
two wash-water flow ratesQy1,., andQy2) and the cycle time
() are maintained constant at this level.

The objective function and the constraints at level 4 are given
as follows:

Mxin [Qges= Qua,, T Q2 (forx=Qy; , Qw2 7)  (22)
subject to
0.65<y, =Purgz= 1.0 (23a)
0.85=y,=Pugy =1.0 (23b)
y; = Dilut.g < 0.45 (23c¢)
y, = Dilut,, < 0.55 (23d)
Ys = Quu = 1.75 (23e)
29.1<y, = Prod (23f)

where productivity in the production section (Prod) is defined
as follows:

QFSCFS, B

Prod= ———
N.(1— eV,

(24)

Note that the minimum value of productivity in eq 23f is
obtained from the optimization results of level 3.
Table 7 reports the MLOP results for the NPK ion-exchange

3. Levels 3 and 4 are repeated once, to ensure a converged
optimum solution. The values of, andms at each level are
also shown in Table 7.

At level 3 and level 3 repeated, higher productivities are
achieved by increasin@rs and Qrs, and by increasin@r,
decreasinddkk, and increasin®@xy (or the recycle flow rate).
Becausérs should increase to augment the productivity in eq
24, Qrs and Qs also increase. As shown in tme—mg plane
(see Figure 5)ms decreases at a similam, value fr, = 1.35)
to increase productivity. Decreasimg results in an increase
in the residence time in the regeneration section, which leads
to a higher regeneration ratio of the resin (also see Figures 8
and 9).

At level 4 and level 4 repeated, the desorbent consumption
is reduced by adjusting the cycle time, while the productivity
is maintained. In this casey, increases at a similars value
(ms = 1.52) to decrease the wash-water consumption (see Figure
5). Increasingm, results in a decrease in the residence time in
the production section. Nevertheless, productivity remains high
by maintaining a high regeneration ratio of the resin (see Table
7).

The optimization result is that wash-water consumption is
reduced by 5.4% Ques = 1.454 — 1.375) at a 5% higher
productivity (Prod= 28.23— 29.65), compared to the normal
operating condition at levels 1 and 2.

Figures 8 and 9 compare concentration distributions over the
columns in the liquid and solid phases, respectively. The thin
lines indicate component A (Ea+ HT) and the bold lines
component B (K ). Concentration profiles are shown at three
different times within the 53rd shifting period, i.e., at the
beginning { = 0), the middle { = 2/7), and the endt(= 7) of
the 53rd cycle.

Figure 8 shows that the concentration profiles of A and B
are reduced in the production section, whereas those of A and
B are increased in the regeneration section. In Figure 9, the
resin is regenerated much more by kor B) at the optimized
flow rates and cycle time than under the normal operating
condition. This regenerated resin results in a high driving force
in the production section, higher productivity, and lower
desorbent consumption.

4.5. Sensitivity Analysis of Model ParametersThe sensi-
tivity analysis is presented only for the industrial-scale plant.
Table 6 shows nominal values and perturbations of the five
model parameters: the resin capacity)( the effective bed
voidage €y er), the mass-transfer coefficients in the production
section kerod) and in the regeneration sectiokiefen, and the
axial dispersion coefficientDy).

The resin capacityr and the effective bed voidagger were
determined through experiments by the industrial collaborator.
Thus, their perturbations can be considered as potential extreme
experimental errors. The mass-transfer coefficigftgandkiegen
and the axial dispersion coefficieBt,x were initialized from
empirical correlations, as explained in section 3, and were
identified by comparing the simulation results and the experi-
mental data from the pilot plant. The effect Df/v. on the
process performance is small; therefore, a large perturbation
(£1000%) is used.

The sensitivity (g/dx) of the process performancg) (has
the same units as the model parameteds Kowever, the
elasticity ((d/dx) x (x/y)) is dimensionless and, therefore, is
most useful to reveal which parameters most strongly influence
the process performance. Table 6 reports the sensitivity and

SMB process. The operating conditions and simulation results elasticity of purity and dilution in the FS solution, as well as
corresponding to levels 1 and 2 are referenced in Tables 2 andresin utility, according to the five model parameters (elasticity
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Table 7. Results of the Multilevel Operating Procedure (MLOP) for the NPK lon-Exchange SMB Process

Simulation Objective
Variables Results Functions
Qi Qrs Qrs Qv2 Qrx Qkk T Purs
(m¥min)  (M¥min) (M¥min) (M¥min) (M¥min) (M¥min) M, ms (Min) (%) Prods Qma? Pro® Qs
levels 1 and 2 0.388 0.234 0.406 1.066 0.440 0.954 1.30 1.67 5.00 632 2823 151 28.23 1.454
level 3 0.388 0.236 0.409 1.066 0.481 0.944 1.36 1.71 500 650 29.19 1547 29.19 1.454
level 4 0.458 0.236 0.409 0.923 0.481 0.944 124 151 487 650 2912 140 29.12 1.381

level 3, repeated 0.458 0.239 0.428 0.923 0.505 0.879 1.34 154 487 650 29.68 143 29.68 1.381
level 4, repeated 0.456 0.239 0.428 0.919 0.505 0.879 134 154 488 650 29.64 142 29.65 1.375

2 Qmax = Max [Qvi + Qrs),(Qvz + Qrx)]. ° Productivity has units of mol mit m=3, based on the total resin volumés(= (1 — €,)LcSN). € Qges =
Quie + Qua.
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Figure 9. Comparison of SMB simulation results for the solid phase at level 2 (solid lines) and level 4 repeated (dashed lines) at three different times within
the 53rd shifting.
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Figure 10. Variation of purity in FS (circles) and resin utility (squares) with model parameters (filled circles and filled squares are experimental points).

is shown in parentheses in this table). The resin capacily ( Figure 10 depicts variations of the purity and the resin utility,
and the bed voidageyef) affect the purity and the resin utility  with respect to four model parameters. Experimental data are
relatively strongly, as indicated by their elasticity values. As a marked in the figure by filled circles and squares. Note that the
result, nt and ep e Should be accurately measured by the purity is positively dependent on the resin capaaiiy),(because
experiments. a highernr implies a higher driving force. However, the resin
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utility is reduced asir increases. In contrast, these relationships sensitivity analysis. The obtained model results are compared

are reversed for the bed voidage (see Figures 10a and 10b). Adavorably both to pilot- and industrial-scale data.

epeff INCreases, the interstitial fluid velocity,() decreases and Through application of the multilevel optimization procedure

the ratio of the resin volume to the fluid volume (i.e., {1 (MLOP) to NPK ion-exchange SMB chromatography, it is

epef/ep et iN €Q 2a) also decreases. The former relation results shown that wash-water consumption can be reduced, while also

in an increase in the resin utility, because of the increase of theachieving a higher productivity. It is also observed that desorbent

fluid residence time, whereas the latter relationship decreasesconsumption can be reduced near the same productivity value

the purity, because of a reduced resin volume. by adjusting the shifting time, thereby also reducing the energy
A high mass-transfer coefficient means a high adsorption or consumption in downstream evaporators.

desorption rate. Therefore, the purity and the resin utility

increase akprog aNdKeegenincrease, where the effect kfioq on Acknowledgment

the purity and the resin utility is approximately twice that of

kregen (se€ elasticity values given in parentheses in Table 6).

Changes of 10% ikproqresult in 1.1% changes in the FS purity

and 10% changes iRegen result in 0.5% changes in the FS
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Through this sensitivity analysis, the effects of model
parameters on the process performance are identified and it isSNomenclature
demonstrated that the process performance can be enhanced bé o . ) o
adjusting the operational conditions to achieve highealues = concentration in fluid phase (equiv/L on a liquid volume

and lowerDgy values. _ basis) o _ _ o
C = average liquid concentration (equiv/L on a liquid volume
. basis)
5. Conclusions Cin = inlet concentration of fluid az = 0 (equiv/L on liquid
To perform one experimental test of the nitrog@hosphorus volume basis)

potassium (NPK) ion-exchange simulated-moving-bed (SMB) Dax = axial dispersion coefficient (#min)
processy~5 h are required to reach a cyclic stationary state. To Dc = column inner diameter (m)
determine the optimum operation conditions for the cycle time g(C) = adsorption isotherm function in eq 2c
and flow rates in a given column configuration, many experi- k = overall adsorption rate coefficient (nif
mental runs must be performed. Thus, several months may bek: = liquid film mass-transfer coefficient (m/min)
needed to determine near-optimum operation conditions throughkorog = mass-transfer coefficient in the production section (m/
experiments. min)
The nonequilibrium SMB chromatographic model used is kegen= mass-transfer coefficient in the regeneration section (m/
characterized by a spatially distributed dynamic system for  min)
several columns. An explicit time-marching scheme, i.e., the Lc = column length (m)
so-called conservation element and solution element (CE/SE)Lcerr = effective column length (m)
method, is used to solve the distributed model described by my = zone Il fluid-to-solid flow-rate ratiom, = Q/Qs
partial differential equations (PDESs) accurately and effectively. ms = zone V fluid-to-solid flow-rate ratioms = Qs/Qs
The CE/SE method enables accurate and efficient tracking of n = concentration in resin or solid phase (equiv/L on a particle
steep concentration profiles moving along the column axis. volume basis)
Thereby, simulation, parameter estimation, and optimization n* = equilibrium concentration in resin or solid phase (equiv/L
studies can be accelerated. When using conventional linear on a particle volume basis)
driving force (LDF) models for nonequilibrium adsorption, an n = average solid concentration (equiv/L on a particle volume
unphysical desorption can occur in nonadsorption (or inactive)  basis)
regions of the column, where an equilibrium state between the N, = number of mesh points per column
liquid and solid phases may exist. The inactive regions appearNshixt = number of shiftings
during operation for the ion-exchange SMB process, becausent = resin capacity (equiv/L on a bed volume basis)
of the wash-water zones, which are included to ensure ion nrp = resin capacity (equiv/L on a particle volume basis)
exclusion. A generalized LDF adsorption rate model is used to Ny = number of time steps per cycle time
enable switching between equilibrium and nonequilibrium Pe = Peclet numberPe = v L¢er/Dax Or Pe = v dp/DL
adsorption models. It is demonstrated that the switching Q = flow rate (n¥/min)
functions enables us to satisfy the electroneutrality condition Q. = flow rate of zone Il (n¥/min)

in ion-exchange chromatography. Qs = flow rate of zone V (M/min)
In the simulation study on the six-zone SMB proces4, Qin = inlet flow rate of fluid atz= 0 (m3*min)
min is needed to obtain the cyclic stationary state (h€/z00 Qs = flow rate of solid particlesQs = (1 — ep ef)Sle erlT (M3/

of the experimental time, using the CE/SE method). Model — min)

parameters (e.g., mass-transfer coefficients in production andr; = adsorption rate (equiv/L/min)

regeneration sections) are estimated by comparing simulationr®"®®'= generalized adsorption rate (equiv/L/min)
results with the experimental data. The effects of the model S= cross-section area of column Im

parameters on the process performance are examined througlst = Stanton numberSt = KL erf v



t = time (min)

T = temperature°C)

Vgeag= dead volume (i)

v = interstitial fluid velocity (m/min)

Vliquid = quuid volume (I'T?)

Viotat = Sum of dead volume and liquid volume Im

Xa = mole fraction ofCc2+—n+ to total liquid concentration
ya = mole fraction ofn,._,. to total solid concentration
z = axial direction of column (m)

Greek Letters

o = logical variables in the node model, eq 5
€p = interstitial bed voidage

eneff = effective interstitial bed voidage
¢sum = sum kernel in eq 11

¢product= product kernel in eq 11

v = CFL number

7 = cycle time or shifting time

At = uniform time step size (min)

Az = uniform spatial step size (m)

Abbreviations

AE = algebraic equation

BC = boundary condition

CE/SE= conservation element/solution element
CMB = continuous moving bed

DAE = differential algebraic equation

IC = initial condition

LDF = linear driving force

NPK = nitrogen-phosphate-potassium

ODE = ordinary differential equation

PDAE = partial differential algebraic equation
PDE = partial differential equation

SMB = simulated moving bed

TMB = true moving bed
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