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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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Fig. 2. Conventional 4-zone 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 11 Zone 11T 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 (Leopk/vy) 1.71 143 2.54 2.83 2.12 5.07
Column information Length(LL._sﬂ, m) ID(m) Bed VOIdag?SSb.L,ﬂ) Column numbt:i*

2.107 0.1 0.5522 15 (2/5/2-1/4/1)
Inlet concentration \2! TS V2 TK
(Cir cav/) Cina=Cinp=0 Cint =993, Gy 5= 0.01 Cint =Cinp=0 Cins =0.11,C;, p=3.82
S . Mesh number (N,,) Shifting time (t, min) Shifting number (N,;4) Resin capacity (nr,,)
imulation parameters s
26 5 53 3.17

*L.=1492m

**g, = 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 11 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, pkivy) 1.93 1.54 2.36 2.97 2.10 5.73
. . Length (L, ;m) 1D (m) Bed voidage (g, ) Column number
Column information f o hn
2.605 2.0 0.5527 15 (3/3/3-1/4/1)
. V1 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 Jy s 53 317" r

*L,=1.85m

*rg, =0.37 and V0 =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.

afo] oF 500u o] =t

A ) B3 e wel wgowA, B dae el o GRS 2, 200 D) Ca
2 45<T<55°C0] &5 BXE ZIX0E Hit 253= T=55°CZE 7}

Aok, 50 Q4 #9)% 170% e Ao EAw,=20+01 & = k(' -n) (b)
eqv/)e AFA 07 FEH(Table 1-28%). the oM 2 &

ol vt Zdly} mdlelxlef| tfste] 7| dhc), 0=n"-g(C) (20)

3. 38 mdE AA71A, v QRO R 2= o] F e AAl S (interstitial

velocity)©]™, D, = FHAHAIS, g A9 58S e

A QR AAe] AX Zledl B4 AR AlTE A & ZF Aol gk oWt g s 242 c9F no® )k o

= o, v Kdo] F& Adlel A8 qirk F3& A7 T el F3EE $40 9y w2E vehist], dirdos

o]zt 317 delA ] 7t Al tist B A A okt e MPEo] M A (20)9) 7ol A 2lHct. 2] @2b)ellA 9} o)

Partial Differential Algebraic Equation(PDAE) JE|Z Z& T}, FZ 54 A A9 (k)E E3FSk= Linear Driving Force(LDF) 5
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"0z o
BC = 5 N 4
oc =0,Vz
aZ z=1L
o71A, ¢, AROE FYE= wEolH, > 20 FEH Fo

ZIth SMB 378> 2] Q)~(4)et 77174 B 2218 B35t 74 &
5% WH3le] #¥ node modelEA F@H = o] Xt} Fig. 3
F AL Adsk= T FEol4 9 node models 471 SMB
(desorbent, extract, feed and raffinate®™ T-2%0]X]+= 374 )ell ol
slo] =AY, 7t AH O o7k F%(C,)e TUHQ,,)

= nodeollA] € E910 2 TPl AntE fE s et ol

node __ ~node
QinE Qaut - Qm + aQ[ecd+ ﬁQdesarbem YQchIaCI 6Qra[[mate
node node
Cin . Qm - Cm Qm +acfeed Qfeed Bcdesulbenr Qdesorbent (5)

nade node
Qe\tract

Qmﬂ‘nate

4714 a, [3 y, &= &1 29 w3k
24,0 32 15 ZH=t} Fig. 304 B50], E R el g BE] e«
= °E*(Q537’e o gAY H8E 4 T A5 e,
&EE%IETH FEHE 55 T didl f95E 5%(C,)
ojt}. o] = FHle SMB -4 F718 DA

K274 270E SMB REle A8A wis A pull By
o] A== AHTTE(E,), FIAMITFD,), BE A AF®9t
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Fig. 3. Node model for SMB operation.
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o] gt FEAHANL, po FETTE (e p= S T
TH(Beste et al., 2000).

o

32 m

Vl tal Vd d
Lc eff — % Lc + % (8)
€ Vllqmd SthS + Vdead (9)
hetl Vtotal Lcs + Vdead

o7l v, = AFAo T S 3t B8 ALgslo] A
FAOR o FTFE(e,= 037 §H2 FEA e oot £+
B 9 FES FAlehaA st 7Pt Fig. dollxl=
AAYAONL, P FETTE (e ZAB8I BolFaL et
B odqelxis Agr A4 ] 1 1uS u8sh] Yk,
2 @@l Lok g 25 27 L 0% 6, 05 THAIE O] AL
St

32. FRLHI=D,)

AntA 0 7 Z A4~ (axial dispersion coefficienty= T &2
Ade] AL Aifelli= & FEe FA4 gt sk oy A7l
AR o]Fo)7l APl ES 37dolx A AZ F-9lolx <]
backmlxmg Q&0 F QlEte] SMB FEAkakS T A oA oS5

T FIARETE Ao webd, oo 2 388 SMB &gl
st AT Sl oA W 55 a9E 1EE 3l
= o] Ei‘f"ih‘/]'.

S ‘“'ﬁl‘/\]"o_ 4t & 4, i+ 2R, o At

Kel
=
A9 J(Chung et al.,, 1968) T3} T},

g,Pe =0.2+0.011Re"* (10)
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Fig. 4. Determination of effective column length(L, ;) by accounting
for the dead volume(V,,,,).
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o]7]4], Pe = Vé—d” o]l Re

ax

A ot o) el

bVLpdp O]ﬂ— OV\]_EH E—] )\]_
n

_ sbv,‘dI

(11)
02+0.011Re"*

2l (11 1.0x 107 <Re < 10°
al., 1968).

o] w3 F&F L 0|83k NPK HlE BAE 3ol oA, &

A 3t YA A7 (d, =067 x 107 m), F5E(g,=037), 578

YAk} ZWTOM 247} p=1,350, p = 1,200 kg/m?>, 1]

I 574 A5 p=0.18 kg/m/min(3ep)E oA wf, FEAHAS

goflr AL 7153 H(Chung et

i =R
E-—‘—\__

= 1.0<Re<10.094 th&3 o] ojS€rt.

D,,~0.002-v, (12)
AgA o FHAAGE ArekE T Tz 12 RelE
(; BEAFATHE 22k BHE (6% #4hE AFgato] T3thLe
Van t al., 1997).

_ o Vi
D= 3LC-3’ (13)
t
B AT AR A (1) FARHA e w AL, Sk A3k
O RNE vt o] it
Y C(t-D)’AY,
=t (14)
S CAL,

550 TRAL 5
Altenhoner et al.(1997)°]] =, 2 (11)& &3 ASH 24 (13)
o) WP AAFS B 5 ek Tei A (NS B Aol
T AEH 1, v A7 o R o]Folxl SMB el thato] 4=
207} ok £ 1R O3 o] 4 (122 7o S

SMB 3739 F¥AA5E 5,
D,.=0.002& v, (15a)

S/1N, 2491 g ABAOR et 2e WelE 2t
1<E<50 (15b)

BARESS 93 FEAAIG 24 Q2KE)E, Table 13} Table 2
ol ®B5zo], 2A] 4483} 27 (industrial process)IA+= & =200]31
e R T = £ =100F At o] k& 7%= o}oq
Peclet 57(Pe = L,op Vi /D)= F 374N F Pe =65~1052] ke
zk=t}. o7]ollA], Table 3] #13-#16 A3 oA A& Ax}el
TAL AvyE v waha A vpAEE 2 9] 2 2 A1, Table
4ol A= A3 ARE vigo R 83t 349 &7t A4k
SHARE, SRS BAL ATel] E ks ] ko E dgk

el ks AEsisi)

L

33, 22 MY ARK)

Ca’-H"-K" 0] &3} &3 &= Qxr}
Wizl Aol ] FAF AFRTH= F2A] 7] FAF A3l 9
st AA =™, o] Ao 4:= Linear Driving Force(LDF) ¥ 2=
0]-g-81k(see Eq. (2b)). ©1/3AI(Ca**-H" and K& 7198 uf,
22 Agk ﬁlvr—(kCy . and kg )& 2714 %79 (electro-neutrality)

A A1g3)

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
l/cycle l/cycle l/cycle l/cycle l/cycle l/eycle leycle lcycle
Pl 300 13.0 2.1 5.6 9.5 11.3 3.8 8.8 6.3
P2 300 114 2.1 5.6 7.9 11.3 3.8 8.8 6.3
P3 300 10.7 2.1 5.6 72 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 2.5 6 9.5 11.3 43 8.8 6.8
P6 360 114 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 79 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 83 6.8
P14 300 10.7 2.1 5.6 6.7 11.3 3.8 83 6.8
P15 300 10.7 2.1 6.1 72 11.3 3.8 83 6.8
P16 300 10.7 2.1 6.6 7.7 11.3 3.8 83 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 53.9
Results from binary system with Eq. (20) 2.23 3.82 632 418 1.60 021 88.3 53.5
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714 di= F2HA QA A7, kaz AETelM Y B A A
Je13 D, QAR F2 S A4S etk g

= 7:ﬂ-r(k)7_ Fito] e AJE)ollA] Sherwood 7l 2J8e] 5=
8t 4= Qlth(Wakao and Funazkri, 1978).

O:

Sh=2+ 1.1Sc"33Re’¢

7 k= sh- DL/d °13L, D "—‘.‘*“’ﬂ*ﬂ Rl 741 = 9 ]‘3&3}.
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I 71%141
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Kypgen = 0.7 min™ O3 A7 ¥tk Stanton number(St=KkL,;/v,)v=
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11101‘
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SRR

H1E 20074 28
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4 A AFk~0.5min™) gk 27 HEE, FgFo] dojut
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resin with respect to the cycle time (circles: experimental data,
squares: simulation results).
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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 A(eqv/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)y copums - @ in K-Form),; corum
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: 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 1T 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’m’ : 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 4us © dead volume [m?]

v, :interstitial fluid velocity [m/min]

Viguia - 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?]
Do : 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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