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Abstract — Using strong cation exchange simulated moving bed (SMB) chromatography, a nitrogen-phosphate-potas-
sium (NPK) fertilizer is produced in a cost-effective manner. The SMB process operated in a non-traditional way is
divided into production and regeneration sections for exclusion of undesirable ions, and composed of six zones includ-
ing two wash-water zones. This paper addresses modeling and simulation studies on the ion-exchange SMB process, compar-
ing simulation results with experimental data obtained both from a pilot plant and an industrial plant. The simulation results
show a good agreement with in situ experimental data obtained in the two plants. The model equation validated by the exper-
iments will be applicable for optimization problems to obtain optimum operating conditions of the process.
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Fig. 1. 16 column configuration (3/3/3-1-1/4/1) for a NPK ion-exchange
SMB process.
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Table 1. Operating conditions and simulation parameters for the pilot SMB plant (V1/TS/FS-V2/TK/KK = 10.7/2.1/5.6-11.3/3.8/8.8 l/cycle)

Production section Regeneration section
Zone | Zone 1T Zone 111 Zone IV Zone V Zone VI
Q (I/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
D, (m?*min) 0.02v; 0.02v; 0.02v; 0.02v; 0.02v, 0.02v;
k (min™) 0.40 0.40 0.40 0.70 0.70 0.70
Pe (L v1/D,) 105 105 105 105 105 105
St(Lepk/vy) 1.71 143 2.54 2.83 2.12 5.07
Col i " Length(L, .z m) ID(m) Bed voidage(g;, ) Column number
olumn information " ok ok
2.107 0.1 0.5522 15 (2/5/2-1/4/1)
Inlet concentration \2! TS V2 TK
(Cir cav/) Cina=Cinp=0 Cina =993, C;, 3= 0.01 Cint =Cinp=0 Cina=0.11,C;, p=3.82
Si . Mesh number (N,,) Shifting time (t, min) Shifting number (N,;) Resin capacity (nf,,)
imulation parameters s
26 5 53 3.17
*L.=1492m

kg, = 037 and V4, = 4.771

***one backwashing column is not taken into account.

RN (= 111_; ) has the units [eqv/I] on the basis of the particle volume, where n;(= 2.0 £ 0.1) is on the basis of the bed volume.
—&

Table 2. Operating conditions and simulation parameters for the industrial-scale SMB plant (V1/TS/FS-V2/TK/KK = 4.7/1.17/2.03-5.33/2.20/4.77 m’/

cycle)
Production section Regeneration section
Zone | Zone 1T Zone 11 Zone IV Zone V Zone VI
Q (m¥/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
D, (m*/min) 0.04v; 0.04v, 0.04v; 0.04v, 0.04v; 0.04v;
k (min™) 0.40 0.40 0.40 0.70 0.70 0.70
Pe (L, v,/D,) 65 65 65 65 65 65
St (L, gk/v,) 1.93 1.54 2.36 2.97 2.10 5.73
. . Length (L, ;m) 1D (m) Bed voidage (g, .5 Column number
Column information f o hn
2.605 2.0 0.5527 15 (3/3/3-1/4/1)
. Vi TS V2 TK
Inlet concentration(C,,, eqv/l)
Cina = Cinz =0 Cing = 1037,C;, 3 =0 Cina=Cinp=0 Cina=0,C;3=3.884
. . Mesh number (N,,) Shifting time (t, min) Shifting number (N,,;4) Resin capacity (n;,)
Simulation parameters Iy s 53 317" r

*L,=1.85m

*kg, =0.37 and V= 2.37 m’

***one backwashing column is not taken into account.

(= IIi_Ta,, ) has the units [eqv/I] on the basis of the particle volume, where n;(= 2.0 + 0.1) is on the basis of the bed volume.

alo] oF 5008 o] At}
21 ()] B2 HRe.0. k] ke o =] Fak Ze]o. Lol oC, 00O _ o aC) 1=y (v
A (9] E3 WG-E el g0z, F3 AR Felae o] e Pal) k) Ca)
2 45<T<55°C0] &5 BXE ZIX0E Hit 253= T=55°CE 7}
Aok 54 Q4 #9)% 7170% s Ao EAw,=20+01 & = k' -n) (b)
equ/)e AFA 07 FEH(Table 1-238%). the oM 2 &
Aol thgk elln} B ERIAte] thsle] 71wt 0=n"-g(C) (20)
3. 38 mdE A7NA, v QRO R 2= o] F e AAl S (interstitial
velocity)o]™], D i= ST, g AR 35S YeRdth
A GAre] Aol A Zled B A AE AR ZF Aol tigt V) g s %is 7 cof no & U)ECh o
e o, vER Bdo] F& Al 284 ¢ vk S A™Y v el FAEE £49 B3 vEE vehdled], diEow
ol g4 g gl M 2] 7} Aol tist BRI Tt 2 WFEEe] SFEHR 2] (209 Bo] Fe)Ent. 2 2b)elA g 2ol
Partial Differential Algebraic Equation(PDAE) JE|Z Z& It} 2 54 A AlF(k)yE ¥3F6h= Linear Driving Force(LDF) 5.
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Fig. 3. Node model for SMB operation.
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Peclet F(Pe =L, ;- v,/Dai= 1 &8N oF Pe =65~1059] Fh=
ZE=t}. oJ7]¢llA, Table 39] #13-#16 A3 AN A Azl
BALARE v walaa S5t 378042 £ 2= 131, Table
4olA HofF= A3 A nrow 83t 3749 &7t A=A
CBHAIEE S Al BAF Aol F QRS 4 Pgkor =tk

22l Fhe AEsiel).

33. 22 MY ARk
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wizel] ol el gt AFETR= 21 7153 GAL Al 2
sty AR =™, o] Ao 4:= Linear Driving Force(LDF) X @<
0]-g-31k(see Eq. (2b)). ©1/3EAI(Ca**-H" and K& 7198 uf,
22 Agk ﬁlvr(kcy . and kg )& 2714 Z7d (electro-neutrality)

S
R

Table 3 Experimental task matrix in the pilot plant (ref: Kemira A/S internal report)

Production section

Regeneration section

test# cycle time, sec Vi TS FS SV \% TK KK KV
I/cycle l/cycle l/cycle l/cycle l/cycle l/eycle leycle lcycle
Pl 300 13.0 2.1 5.6 9.5 113 3.8 8.8 6.3
P2 300 114 2.1 5.6 79 113 3.8 8.8 6.3
P3 300 10.7 2.1 5.6 72 113 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 2.5 6 9.5 11.3 43 8.8 6.8
P6 360 11.4 2.5 6 79 11.3 43 8.8 6.8
P7 360 10.7 2.5 6 72 11.3 43 8.8 6.8
P8 360 10.0 2.5 6 6.5 11.3 43 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 2.9 6.4 7.9 11.3 4.8 9.3 6.8
P11 420 10.7 2.9 6.4 72 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 72 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

Table 4. 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(eqv/l)  B(eqv/l) Purity (%) Dilution(%) A(eqv/l) B(eqv/l) Purity (%) Dilution(%)
Experimental data 2.23 3.74 62.7 422 1.59 0.20 88.8 539
Results from binary system with Eq. (20) 2.23 3.82 63.2 41.8 1.60 0.21 88.3 53.5
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Fig. 6. Average concentration progress of A (Ca?"-H") and B (K") in
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ings for the pilot SMB plant (the experimental values shown
are average concentrations collected over the last round, i.e.
the last 16 shiftings).
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Fig. 7. Variation of purity in the FS solution with flowrates V1 or FS
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Fig, 8. Percentage of K* in the regenerated resin and the exhausted
resin with respect to the cycle time (circles: experimental data,
squares: simulation results).
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Fig. 10. Liquid concentration distribution of Ca?*-H" ions (circles), K*
ions (solid line) and total concentration (dotted line) over 15
columns at three different times within one cycle (v=0.6,
N,, =26 and N, = 53).
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Table 5. 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 Resin utility”
A(eqv/l) B(eqv/l) % inK*-form Aleqv/l) B(eqv/l) % in K'-form (%)
Experimental data 0.67 2.46 78.6 2.79 0.37 11.7 66.9
Results from binary system with Eq. (20) 0.51 2.68 84.0 2.63 0.56 17.6 66.4

*Resin utility=(% in K*-form) gy o - @ in K-Form)y; corumn
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Fig. 11. Solid concentration distribution of CaZ*-H" ions (circles), K*
ions (solid line) and total concentration (dotted line) over 15
columns at three different times within one cycle (v=0.6, N, =26
and N, = 53).
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o

ar o

Kprod

pro

regen

Lc, eff’
LDF

m,

ms

S
SMB
Sc
Sh
St

=k

: column cross-section area, A= n-D /4 [m?]
: concentration in fluid phase [eqv/l on liquid volume basis]
: average liquid concentration [eqv/l on liquid volume basis]

: inlet concentration of fluid at z=0 [eqv/l on liquid volume

basis]

: conservation element/solution element

: axial dispersion coefficient [m*/min]

: column inner diameter [m]

: diffusivity in the liquid phase [m%/min]

: particle diameter [m]

 intraparticle diffusivity [m*min]

: adsorption isotherm function in Eq. [2c]

: initial condition

: overall adsorption rate coefficient [1/min]

: liquid film mass transfer coefficient [m/min]

: mass transfer coefficient in the production section [m/min]
: mass transfer coefficient in the regeneration section [m/min]
: column length [m]

: effective column length [m]

: linear driving force

: zone 11 fluid to solid flowrate ratio [ms= Q,/Q]

: zone V fluid to solid flowrate ratio [ms=Qs/Q]

: concentration in resin or solid phase [eqv/l on particle volume

basis|

: equilibrium concentration in resin or solid phase [eqv/l on

particle volume basis]

: average solid concentration [eqv/l on particle volume basis]|
: number of mesh points per column

: nitrogen-phosphate-potassium

; : number of shiftings

: resin capacity [eqv/l on bed volume basis]

: resin capacity [eqv/l on particle volume basis]

: number of time steps per cycle time

: ordinary differential equation

: partial differential algebraic equation

: partial differential equation

: Peclet number [=v,L /D, orv,d,/ D]

: flowrate of zone II [m*/min]

: flowrate of zone V [m>/min]

 inlet flowrate of fluid at z=0 [m*/min]

: flowrate of solid particles, Q, = (1—¢ ,;)-S-L, ;/t [m/min]
: Reynolds number [= svapdp/ |

: adsorption rate [eqv / 1/ min]

r,-ge””“’ : generalized adsorption rate [eqv/ 1/ min]
: cross-section area of column [m?]

: simulated moving bed

: Schmidt number [p/p / D;]

: Sherwood number [kd,/ D]

: Stanton number [= KL 4/ v/]
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t : time [min]

t : mean residence time for adsorptive species [min]

t, : mean residence time for inert species [min)]

T : temperature [°C]

V us © dead volume [m?]

v, :interstitial fluid velocity [m/min]

Viiguia * liquid volume [m’]

Vi : sum of dead volume and liquid volume [m®]

X,  :mole fraction of C_ .. . to total liquid concentration
y4 :mole fraction of n . . to total solid concentration
z : axial direction of column [m]

Z;  :ion valence

Jzloja EX}

a, B, v, 6 : logical variables in the node model, Eq. [5]

g, : interstitial bed voidage
a, : pore voidage
e : effective interstitial bed voidage
c? : variance of mean residence time [min?]
D um : sum kernel in Eq. [19]
Oproducs  : Product kernel in Eq. [19]
p - density [kg/ m?]
n : viscosity [kg/ m/ min]
v : CFL number
T : cycle time or shifting time
& : correction factor in Eq. [15]
At : uniform time step size [= min]
Az : uniform spatial step size [= m]
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