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Relay SMB: original objective — driving idea

* Simplify the classical way of handling the two
product outlets of SMB chromatography

— Avoid the use of flow controllers at both outlets or
an extra pump placed at one of the outlets

¥

— Employ simple two- or three-way valves at both
column outlets

BUT

— Maintain analogy with the SMB in terms of
displaced volumes of fluid per switch interval
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Original objective — driving idea

* How do we do this?

(r)

-

.

\

— Replace continuous splitting of the effluents of
zones | and Ill by two different actions applied
sequentially over t: (i) diverting the effluent for
product collection and (ii) directing the effluent to
the next column

—

or

(t4)

~
(12)

~

Replace by one of@
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Process description — Cycle design (1)

* First, we analyze the SMB  °°]
_ _ el T ~.Cy
— Extract is contaminated >0 N
with less retained solute 041
during an initial fraction 02| e ‘
of the switch interval 0 o3 o7 06 08 1
cR I
— Raffinate is contaminated )
with more retained solute
during a final fraction of cR
oL 2.3
the switch interval o 03 o7 o8 o8 1
tit

Temporal concentration profiles
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Process description — Cycle design (1)

* From what we learned with the SMB

— Raffinate should be collected first because its
impure cut comes last

(7) (t7) (2)
EM i * K
R R

— Extract should be collected last because its impure
cut comes first

(r) (1) (12)

1 ¥ + g
X X
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Process description — Cycle design (1)

* But, since T} + T5< T

0.8 —
o6f e cy |
04| )
02| N
oD
0 02 04 06 08 0 02 04 06 08
o] tit tit o

then there must be a third sub-step between the
two sub-steps of extract and raffinate withdrawal
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Process description — R-SMB

* From intuition and past experience

— The intermediate sub-step must be one of the two
following configurations:

E F

L2 3 {2

H
D,
(no product is collected)
E F
L. 1 I 2 L> 3 I 4
X, R,

(both products are simultaneously collected)
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Process description — R-SMB

e Effluent from a zone is always in 1 of 3 states:

— (i) frozen, (ii) completely directed to the next}
zone; (iii) entirely diverted to a product line >

=

E
(14) L. 1 | 2 (We call this a relay SMB

R, because of the relayed

E F nature of its outlets)
(rz)L>1—>2—L3—»4—¢
E F D, Which one?
(12) l" 1 ¥ 2 L> 3 ¥ 4
X2 R>
E F
(T3) l" 1 ¥ 2 I—* 3 | 4 I
X3 D3
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Process description — R-SMB

* Before selecting the intermediate sub-step
and proving the analogy between the R-SMB
and SMB, let us highlight some advantages

— Continuous injection of feed and desorbent into
the system

* The inlet flow rates can be managed with constant-
speed pumps

— The two outlets are operated with simple two- or
three-way valves

— The configuration is scalable, easy to implement,
robust, and easy to control.
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Process design — R-SMB-

e Let us choose as intermediate sub-step:

— The recycle sub-step without product withdrawal

(14)

E
L.

1

=
—>2—+->3—¢
F R
2*’3
F
. = M
X3

Relay SMB
¥ (R-SMB")
D,
I
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Process design — R-SMB-

* Equilibrium theory: conditions of complete
separation for linear adsorption in a SMB:
my = Ko, K <my <ms, < Ko, my < K,
my = Yol o, 1K1 = me <mg = K/, my = K1/51
81, B2, 11, and 2 are constants > 1
e orinterms of '[Qj (vol of fluid displaced through col j per 1):
Q1 >Vy, VI <7Qa<7Q3 <V, 7Qyu <V,

T = ‘7"’2"3: Ty = '7"'1V1’: TQ3 = Vé / Bo, TRy = Vf / 31,

‘I/ _ [6 + (1 — 6)[‘\"}]\/’ Selectivity of the } 0 = "’é/"”'}'

binary mixture
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Process design — R-SMB-

* Equilibrium theory: conditions of complete
separation for linear adsorption in R-SMB™:

— Less retained solute does not contaminate D
E F
(14) |-> 1 +——| 2 h 3—>-¢ 4

E F R
(T2)|‘>1 —> 2 '

E [ D,

(rs)L»1—¢ 2 L»3—»4

X3 D5
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Process desigh — R-SMB~

* Equilibrium theory: conditions of complete
separation for linear adsorption in R-SMB™:

— Less retained solute does not contaminate D
TQ(E+ F) +7'3F S Vvll,
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Process design — R-SMB-

* Equilibrium theory: conditions of complete
separation for linear adsorption in R-SMB™:

— More retained solute does not contaminate D

E F

(t,) 1—»2*»31 Z
E F R

(7'2)|‘> 2+>3—’4—$

rm

(13)

\—>
§ F D
1 2|'>3—>4—*
X3
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Process design — R-SMB-

* Equilibrium theory: conditions of complete
separation for linear adsorption in R-SMB™:

— Less retained solute does not contaminate D
7(E+ F)+mF <V,
— More retained solute does not contaminate D
(1 + 1+ 73)E >V,
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Process design — R-SMB-

* Equilibrium theory: conditions of complete
separation for linear adsorption in R-SMB™:

— Less retained solute does not contaminate X

E F

(t,) 1—»2*»314
E F R

@) [ 2*»3—»4—;

rm

(13)

12'*3—’41

X3 D5
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Process design — R-SMB-

* Equilibrium theory: conditions of complete
separation for linear adsorption in R-SMB™:

— Less retained solute does not contaminate D
7(E+ F)+mF <V,
— More retained solute does not contaminate D
(1 + 1+ 73)E >V,
— Less retained solute does not contaminate X
(11 + ) E > V7,
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Process design — R-SMB-

* Equilibrium theory: conditions of complete
separation for linear adsorption in R-SMB™:

— More retained solute does not contaminate R

E F
(1) LT 2 3 1 L4
E F*T R
(1) l-> 1 = 2 *’ \Q —> 4 3
E F _\s D;
(T3) I-> 1 I 2 |-> 3 /" 4 3
X3 Ds
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Process design — R-SMB-

* Equilibrium theory: conditions of complete
separation for linear adsorption in R-SMB™:

— Less retained solute does not contaminate D
7(E+ F)+mF <V,
— More retained solute does not contaminate D
(1 + 1+ 73)E >V,
— Less retained solute does not contaminate X
(11 + ) E > V7,
— More retained solute does not contaminate R
(i +n)(E+ F)+mF <V,.
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Process design — R-SMB-

 Convert <, > into = (with safety margins):
To(E + F) + F =V//3,
(11 + T2+ 13) E = v5V5,
(11 + 2) E = VY,
(11 + 1) (E + F) + 3F =V, /B,

TQ1 = TE = 7,V},
, Same
k.) Q2 = (i )E = mVy, conditions
7Q3 = (11 + 72)(E + F) + 3F =V, /535, as the
TQ1=T1o(E+ F) + 3F =V, /B1. >M8
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Process design — R-SMB-

 Optimum operating point as a function of E:

— Feed flow rate -V

F v

L E,

— Durations of sub-steps

/ ns! / /‘2 R V4
R BWV) L VIV WV ViV

(2V; — V) E° 2V; -V E
’7'=7'1+7'2+7'3:%/E.

— Performance metrics of the operating point

Same as the optimum
F/E'=1, X/E'=1, R/E' =1. E> operating point of the
SMB
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Process design — R-SMB-

* Equilibrium solution for the optimum
operating point of the R-SMB~ process

tL .
, X
T3

c1=C1F C1=
C2=0 02=

¢y =cf
cy=Ch

C1=0
cy=ch

frozen
X ped

frozen
bed

R

Column 1 Column 2 Column 3 Column 4
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Range of applicability of the R-SMB-

e Given that the durations of all sub-steps must
be >0, then

120 = VIV, — (V3 —V{)* 20
= a=V;/V{ < (3+V5)/2,

* Thus, the R-SMB~ cycle is applicable to

“difficult separations” defined by selectivity
values smaller than a. = (3 +/5)/2

* For “easier separations” (a > a.) another type
of cycle is required.
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Process desigh — R-SMB*

e Let us choose as intermediate sub-step:
— The one where both products are simultaneously

collected
E F

(1) l" 1 > 2 —+-> 3 1 4
E F R4

e MOh 2 MEh O G
E X2 F Rz

(13) L. 1 I 2 L. 3 —> 4 I
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Process design — R-SMB*

* Equilibrium theory: conditions of complete
separation for linear adsorption in R-SMB™:

— The separation conditions are the same as those
of the standard SMB. The optimum operating

point Is F:VZI_VIIE
|22
Vi (Vs —Vi)* —ViVy Vivy
1= —J1) T2 = / / 9 T3 = / / )
1 (Ve —VI)E (Ve —VI)E

T=T1+T+13=V,/E.

— Performance metrics: F/E'=1, X/E'=1, R/E =1.
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Process design — R-SMB*

* Equilibrium solution for the optimum

operating point of the R-SMB* process

-
X

cq=cf
C2=0

cq=cf
Cy=Ch

C1=0
Co=Ch

frozen
bed

frozen
bed

Column 1 Column 2 Column 3

C1=

Co =

frozen
bed

R

frozen
bed

Column 4
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Range of applicability of the R-SMB*

e Given that the durations of all sub-steps must
be >0, then

220 w (Vi-V)?=VV;20
= a=V,/V] >(3+5)/2
* Thus, the R-SMB* cycle is applicable to “easy

separations” defined by selectivity values
larger than a. = (3 +/5)/2

* With R-SMB~ and R-SMB* we can cover the
whole selectivity range
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The “special meaning” of a,

* Selectivity= a=1+<a" , where o' is the com-
ponent of a that makes the separation possi-
ble—the excess value over that for no separa-
tion)

° C3+Vh . 1445

X 5 9 D

* ¢ =1.61803-- is the famous constant known
as “Golden Ratio,” “Golden Mean,” or “Golden
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The “special meaning” of a,

 Extreme and mean ratio (Euclid, Alexandria,
300 B.C.)

— A straight line is said to have been cut in extreme
and mean ratio when, as the whole line is to the
greater segment, so is the greater to the lesser.

A C B
[ 2 @ o
X 1
AC/CB = AB/AC
[ 1+45
€T r+1 5 L1 = 5 =0
== — x—x—-—1=0 — X
1 T 1—+5
| 2= = —1/¢
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The “special meaning” of a,

e Spaul S. Brukman of Concord, California (The
Fibonacci Quarterly, 1977)

The golden mean is quite absurd; 1
It’s not your ordinary surd! d=1+ —.
If you invert it (this is funl!), | D
You'll get itself, reduced by one;

But if increased by unity, $* =1+ ¢
This yields its square, take it from me.

, 1
Expressed as a continued fraction, ¢ =1+ T
It’s one, one, one, ..., until distraction; 1+ T
In short, the simplest of such kind 1+ 7
1+ =

(Doesn’t it really blow your mind?)
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The R-SMB under real conditions

* Under ideal conditions of infinite column
efficiency, the R-SMB is an SMB analog in
terms of displaced volumes of fluid per switch
interval.

 But how does it perform and compare against
the SMB under real conditions of finite
column efficiency?

* Use the equilibrium dispersive model for
process comparison: Pe = 2N, is @ measure of
column efficiency.
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FIV]

R-SMB™ against standard SMB

* Fixed selectivity, o = 1.4 < a_, and varying Pe

0.3

025}

02}
L
W

015}

01F

0.05 . 1 : - - - - : :

200 400 600 800 108 100 200 300 400 500
Pe Pe
(Specific productivity vs Pe) (Solvent consumption vs Pe)
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R-SMB™* against standard SMB

* Fixed selectivity, a = 3.0 > a_, and varying Pe

0.65

06

__055¢

S «

w iy

05 F

045

7 )
200 400 600 800 108 100 200 300 400 500

Pe Pe

(Specific productivity vs Pe) (Solvent consumption vs Pe)
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R-SMB™ against standard SMB

e R-SMB is much R-SMB™ (Pe =200)  SMB (Pe =200) SMB (Pe = 10%)

|€SS Inﬂuenced 1? column 1 )f( column 2 ’;- column 3 T column 4 ?

by column
efficiency 0 |
than the SMB
06t
° 04
0.2
0
0 4
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R-SMB against standard SMB

* Fixed Pe = 200 and varying selectivity, o
0.7 T r r r r 3 — T T
0.6
25}
05
04} =2
03 F
15}
02F
0.1 1 L - : : .
1 1 15 2 25 3 35
a=VylV a=VylV;
(Specific productivity vs a) (Solvent consumption vs a)
(T’)i' iz J" 317 B (hointerme-
* What meanst, =07 : . -
2 (ra)L—|1h|z|L—|3|——|4hd'ateStep)
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R-SMB against standard SMB

* Fixed Pe = 1000 and varying selectivity, a

0.8 T r T T T 1.6
0.7 15}
06}
14
Ny 05 ¢} W
@ o 13f
04}
12}
03F
0ol — R-SMB" ) 111
-------- R-SMB*
0.1 : - - : : 1 : : : : :
1 15 2 25 3 3.5 4 1 1.5 2 25 3 3.5 4
a=VylV, a = Vo/V;
(Specific productivity vs a) (Solvent consumption vs a)
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Conclusions

* |Introduced the R-SMB concept and its
realization under the form of analog of the
classical four-section SMB

e R-SMB is simple to implement and robust to
operate

* R-SMB consists of two cycles:
— R-SMB- cycle for difficult separations
a<a =(3++5)/2

— R-SMB* cycle for easy separations
a>a, =(3+5)/2
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Conclusions

* The R-SMB process requires less desorbent
and is more productive than the standard
SMB under conditions of finite column
efficiency

* The comparison increasingly favors the R-SMB
over the SMB as column efficiency decreases

 R-SMB~ and R-SMB+ cycles remain valid for
nonlinear adsorption isotherms

* Qualitative trends observed for linear
adsorption hold for nonlinear separations
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Conclusions

* The R-SMB concept can be generalized to
other SMB configurations

* For example, the R-SMB analog of the three-
zone SMB process is

E F

(T4) I" 1 > 2 —t> 3 —‘
E F R1
L. L,

(T2) 1 1 2 3 —*
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Conclusions

* What is the significance of the Golden Ratio in
the theory of simulated counter-current
chromatography?

* |s this finding sufficiently novel and interesting
to allow a Chemical Engineer to publish a
paper in Nature or Science?
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