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Abstract: The effect of adsorbent ageing on the operation of Simulated Moving Bed

(SMB) units is addressed, for two different systems (linear and non-linear

isotherms). Two different consequences of adsorbent deactivation are considered,

one involving the loss of adsorption equilibrium capacity and the other related to the

increase of mass transfer resistance. For each of these cases one direct and straightfor-

ward compensation measure is presented: the increase of the solid velocity (decrease of

switching time) to compensate the adsorbent capacity decline and the decrease of solid

and internal flow rates to compensate the mass transfer resistances increase. It is

possible to compensate the adsorbent capacity decline, maintaining all SMB perform-

ance parameters, limited to the reduced contact time when high solid velocities are

used. In the second case, when mass transfer resistance increases, it has been shown

that the direct compensation strategy would lead to a decrease of productivity, to

keep the same purity and recovery as with fresh adsorbent.

Another possible corrective method to the ageing problem is the use of variable

switching times in the non-conventional “modus operandi”-Varicol, a sort of

re-arrangement of the SMB columns distribution by sections, here tested for the case

of adsorbent capacity decline case as a consequence of adsorbent ageing mechanisms.
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INTRODUCTION

The Simulated Moving Bed (SMB) technology patented by Brougthon and

Gerhold (1), is an inventive solution for the True Moving Bed (TMB) operating

problems related to the solid motion. Contrary to the TMB units, where the solid

phase moves counter currently to the fluid phase, in the SMB units the solid

motion is simulated by a synchronous shift of all inlet and outlet ports, while the

solid phase is held immobile. The SMB technology has been mainly applied to

the so-called “difficult separations,” in fields such as the petrochemical area with

the separation of p-xylene from C8 isomers mixtures (Parex process from UOP

(2)or theEluxylprocess fromIFP (3, 4)).TheexpansionofnewSMBapplications

in fields such as the biotechnological, fine chemistry, and pharmaceutical indus-

tries has been remarkable in the last decade (5, 6).

All this interest in the SMB technology resulted in a considerable number

of publications concerning the development of mathematical models and

simulation methods, design techniques and optimization approaches, exper-

imental studies, and analyses of various processes, in view of the design

and construction of high performance SMBunits. Also, some non-conventional

SMB modes of operation have been presented, as for example the Varicol

(7, 8) considering an asynchronous ports shift, the PowerFeed (9) and

Modicon (10, 11) for variable flow rate or variable feed concentration respect-

ively, OSS (Outlet Streams Swing) the periodical collection on the outlet ports

(12), the MultiFeed (12, 13), semicontinuous two-zone SMB/chromatography

(14, 15), the pseudo-SMB (Japan Organo-tech) (16, 17) for multicomponent

separations operating at 2 different steps, SMBR (SMB with reaction) as for

the diethylacetal production (18, 19). All the work developed around the

SMB technology has shown the importance of this chromatographic separ-

ation technique in a wide range of applications.

Adsorbent/Catalyst deactivation (or ageing) has been the subject of

several studies in the reactive/separation engineering field. The Adsorbent/
Catalyst ageing mechanisms are generally divided into six groups (20):

i. Poisoning, caused by irreversible or “pseudo-irreversible” adsorption of

some species in the adsorbent active sites;

ii. Fouling, physical (mechanical) deposition of species from the fluid phase

onto the solid one, resulting in activity losses due to sites and/or pores
obstruction;

iii. Thermally-induced deactivation (sintering, etc. . .);
iv. Vapor compound formation accompanied by transport;

v. Vapor-solid and/or solid-solid reactions;

vi. Attrition/Crushing, mechanical failure (quite usual in moving bed and

fluidized-bed systems).

Literature addressing the catalyst/adsorbent deactivation and possible

solutions has been published and expanded considerably over the past three
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decades: review articles (21–24) books (25–28) and proceedings of

international symposia (29–34).

Nevertheless, regarding the Simulated Moving Bed (SMB) technology,

the work published on catalyst/adsorbent ageing is almost nonexistent as

reported elsewhere (35, 36). The information considering this issue remains

restricted to the plant operators and technology owners and mainly particle

size re-distribution and capacity decline are mentioned as a result of

adsorbent ageing leading to process performance decrease.

It is from the common wisdom of the use of guard beds, as in the gas pro-

cessing industry, avoiding impurities to enter in the separation process (37).

Nevertheless, ageing problems such as secondary/parallel reactions with the

solid phase or liquid phase, attrition, leading to fine and channelling etc.

cannot be handled by using guard beds.

By treating adsorbent ageing as a disturbance it is possible to compensate

it by applying SMB online controllers as pointed out by Engell or Morari

research groups (38–41). However, the implementation of the model predic-

tive control methods should also be based on ageing models as compensative

measures.

Modelling-based research is required to define the ageing problem conse-

quences and indicate strategies that can be used to mitigate capacity loss or

other deactivation effects (42). The current practice in industrial chiral separ-

ations involves the replacement of 10% of adsorbent fines (which results from

pressure fluctuations) after one year of operation and repacking of columns.

Recently more elaborated methods such as online adsorbent removal

(43, 44) and innovative fluid distribution apparatus (45) are used.

Time scales of catalyst/adsorbent deactivation vary in a wide range from

few seconds in the case of catalyst cracking, up to 5 to 10 years, as for example

in ammonia synthesis with iron catalyst (20). In SMBs separations the

adsorbent decline also takes place in different time scales. Rapid perturbations

involving dramatic changes on the inlet concentrations, for example, the

entrance of heavy impurities result on considerable ageing problems, but it

is not the purpose of this work to address these unpredicted aspects.

However, chiral separations are known to work at reasonable efficiency just

for 3 to 5 years while in p-xylene separation a 20–30% adsorbent capacity

decline occurs during a 10 to 20 years period (36). These are slow mechan-

isms, when compared to the dynamic characteristics of the SMB process

(the dynamics of attainment of the unit cyclic steady state after some pertur-

bation), but common in the operation of almost SMB units, and therefore, the

ones analysed in detail on this work.

A productive SMB unit depends on the calculation of optimal operating

parameters (ratio between fluid and the simulated solid interstitial velocities)

obtained from the so-called separation region, a feasible region that represents

all points that will provide the required separation performance, usually with a

triangular shape. The optimal unit performance is obtained when working near

the vertex of this “triangle,” and therefore a slight change in the operating
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point will lead to the violation of one or more of the separation conditions

ruining all the operation (46). This slight movement of the operating point

could result from the adsorbent ageing problem, even if the operating par-

ameters (internal flows, columns arrangements etc.), are kept at constant

values as the ones calculated for the initial unit design.

The idea of working near the best operation point (near to the vertex and

to the Lower Solvent Consumption point), and adjust this location with the

adsorbent deactivation, trying to keep it at the same relative distance, is attrac-

tive as an adsorbent ageing corrective action. In addition, it is widely accepted

nowadays that process innovation is based not only on the challenges,

problems, and needs but also on the social, political, and cultural conditions

prevailing in the prospective market.

Therefore, the objective of this work is to study the effect of adsorbent

ageing on the performance parameters of an SMB unit and to propose some

operating strategies to overcome this problem. The same methodology, can

also be applied to the comparison of adsorbent with different properties as

the tuning of SMB units after complete/partial change in the adsorbent,

with fresh or improved adsorbent.

Two different consequences of the above-stated adsorbent deactivation

mechanisms are considered in this study: the adsorbent capacity decrease

and the increase of mass transfer resistances. For each case different strategies

are presented:

i. the decrease of switching time (solid flow rate increase), as a continuous

corrective strategy for the adsorbent capacity decrease; and

ii. the decrease of internal flow rates and increase of switching time to com-

pensate the mass transfer resistances increase.

The compensation strategies are not similar or compatible and therefore it is

important to understand which is the most significant cause for adsorbent

deactivation (the solid capacity decrease or the mass transfer resistances

increase). A simple diagnosis method is also suggested to simplify this task.

Also, a non-continuous strategy is presented: the unit rearrangement, and

different number of columns per section with the ageing evolution. These cor-

rective operational strategies of adsorbent ageing could lead to the extension of

the sieve life, keeping similar performance parameters (productivity, recovery,

and product purities), as the ones established with the initial SMB unit design.

MODELLING AND DESIGN STRATEGIES

As already mentioned the SMB operation mode (Fig. 1 (a)) is a practical

implementation of the continuous counter current TMB process (Fig. 1 (b)),

and the equivalence between TMB and an hypothetical infinite column

number SMB is usually explored in the modelling field.
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In the SMB unit (or equivalent TMB), it is possible to define 4 different

zones/sections, each of one placed between one inlet and one outlet port. The

solid regeneration zone (zone 1) is placed between the eluent and extract ports

and the eluent regeneration zone (zone 4) between the raffinate and eluent

ports. The separation zones are limited by the extract and feed ports (zone 2)

and feed and raffinate ports (zone 3), as shown in Fig. 1. The equivalence

between the SMB model and the TMB model is established through the

relation between the SMB liquid phase interstitial velocity (uj
�), the TMB

liquid (uj) and solid (us) interstitial velocity in each section j : uj
� ¼ uj þ us.

The interstitial solid velocity in the TMB, the ratio of the solid volumetric

flow-rate to column cross section area available to the solid flow, is calculated

as the ratio between the column length (Lc) and the switching time interval (ts)

in the SMB: us ¼ (Lc)/ts. Therefore, the internal flow-rates in both models are

not the same, but related by Qj
� ¼ Qj þ (1b Vc)/(ts), where Qj

� and Qj are the

internal liquid flow-rates in the SMB unit and TMB model, respectively, Vc is

the column volume and 1b is the bed porosity.

In this work, both SMB and TMB modelling strategies are used to study

the influence of adsorbent ageing on the SMB performance and to simulate the

Figure 1. Schematic representation of a 4 columns SMB unit operating over a com-

plete cycle (a), from 0 to 4ts (with ts representing the ports switching time) and the

equivalent “4 columns length” TMB unit (b).
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effect of the theoretical adsorbent ageing corrective measures. The simulations

of the bulk concentration profiles for selected case studies are always

performed only with the SMB model. The TMB methodology saves

computer time, providing acceptable results when modelling units with

higher number of columns per section.

TMB Design and Operating Parameters

The design of a TMB unit consists of the adjustment of flow rates in each zone

in a way that the less retained component (B) would be recovered in the

raffinate and the more retained one (A) in the extract, avoiding the contami-

nation of the raffinate stream with the more retained species and presence of

less retained one in the extract stream. To achieve these separation objectives

the following constraints of the species net fluxes in each section, here

described in terms of the dimensionless gj operating parameters, should be

established,

g1 .
1 � 1b

1b

kqA1l
CbA1

ð1aÞ

1 � 1b

1b

kqB2l
CbB2

, g2 ,
1 � 1b

1b

kqA2l
CbA2

ð1bÞ

1 � 1b

1b

kqB3l
CbB3

, g3 ,
1 � 1b

1b

kqA3l
CbA3

ð1cÞ

g4 ,
1 � 1b

1b

kqB4l
CbB4

ð1dÞ

where Cbij represents the bulk fluid phase concentration of species i in section

j, kqijl the average solid concentration of species i in section j and gj the ratio

between the TMB fluid and solid interstitial velocities in section j.

The gj parameters are similar to the mj from Morbidelli’s group (47),

which represents the ratio of flow rates of the fluid and solid phases.

In absence of mass transfer limitation, the Equilibrium Theory (48–53)

which assumes that the adsorption equilibrium is established everywhere at

any time, can be applied to the TMB model equations, resulting in a

feasible region (separation region) formed by the constraints (1b) and (1c),

well known as the Triangle Theory (47, 54, 55). The separation region

presented in the (g2 � g3) plane is a rectangular triangle for linear adsorption

isotherms cases or a triangular shaped form for non linear isotherms cases.

Figure 2 represents the separation region and regeneration zones for the

linear adsorption isotherms case (case study from Leão and Rodrigues

(56)), where the separation triangle upper limit is defined by (12 1b)/
(1b)KA, and the lower limit by (12 1b)/(1b)KB, while for the regeneration

zones the g1 lower limit is (12 1b)/(1b)KAand the g4 upper limit is
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(12 1b)/(1b)KB. The Ki is the species i Henry constant for the linear adsorp-

tion isotherms here considered.

The TMB and SMBmodels consider a convective fluid flow with axial dis-

persion, counter current solid plug flow (in the case of TMB), negligible thermal

effects, constant values for the bed void fraction 1b, particle radius Rp, axial dis-

persion coefficient Dbj, particle effective diffusivity Dpe and film mass transfer

coefficient kf; diluted solutions and therefore constant values for the flow rates/
interstitial velocities in each section, and also negligible pressure drop.

Modelling of an TMB in Presence of Mass Transfer

It is possible to simulate an TMB model using a more complete model,

detailing the particle diffusion and/or film mass transfer as stated for

reactive systems (57). However, in this work the Linear Driving Force

(LDF) concept (58), will be applied; it is an approximation to the intraparticle

mass transfer, averaging the intraparticle concentration.

The TMB model nodes balances,

Eluent node : Cbið4;x¼ 1Þ ¼
u1

u4

Cbið1;x¼ 0Þ ð2aÞ

Extract ð j ¼ 2Þ and Raffinate ð j ¼ 4Þ nodes : Cbið j� 1;x¼1Þ

¼ Cbið j;x¼ 0Þ ð2bÞ

Feed node : Cbið2;x¼ 1Þ ¼
u3

u2

Cbið3;x¼ 0Þ �
uF

u2

CF
i ð2cÞ

Figure 2. Triangle theory applied to the design of an TMB unit: constraints for the

separation region and regeneration zones.
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and,

u1 ¼ u4 þ uE Eluent(E) node; ð3aÞ

u2 ¼ u1 � uX Extract(X) node; ð3bÞ

u3 ¼ u2 þ uF Feed(F) node; ð3cÞ

u4 ¼ u3 � uR Raffinate(R) node: ð3dÞ

The species mass balances are:

for the bulk fluid:

@Cbij

@u
¼

gj

nj

1

Pej

@2Cbij

@x2
�

@Cbij

@x
�

ð1 � 1bÞ

1b

aijðq
�
ij � kqijlÞ

� �
ð4Þ

and for “solid phase”:

@kqijl
@u

¼
1

nj

@kqijl
@x

þ
gj

nj

aijðq
�
ij � kqijlÞ ð5Þ

with the initial and boundary conditions,

Cbijðx; 0Þ ¼ 0;
kqijðx; 0Þl ¼ 0;

�
ð6Þ

x ¼ 0 : Cbið j;x¼ 0Þ ¼ Cbijð0; uÞ �
1

Pej

@Cbij

@x

����
x¼ 0

ð7Þ

x ¼ 1 :
@Cbij

@x

����
x¼1

¼ 0 ð8Þ

and

x ¼ 1
kqijl ¼ kqið jþ1;x¼ 0Þl; for j ¼ 1; 2; 3;
kqi4l ¼ kqið1;x¼ 0Þl

�
ð9Þ

and the adsorption equilibrium isotherm defined as:

q�
ij ¼ fiðCbij;CbkjÞ withk = i and for all species i and in section j ð10Þ

where Ci
F is the species i feed inlet concentration, u ¼ (t)/(ts) is the dimen-

sionless time normalised by the SMB ports switching time ts, x ¼ (z)/(Lj) is

the dimensionless axial coordinate with respect to Lj ¼ Lcnj is the j section

length, gj ¼ (uj)/(us) is the ratio between fluid and solid interstitial velocities,

Pej ¼ (ujLj)/(Dbj) is the section j Peclet number, tj ¼ (Lj)/(uj) is the fluid

phase space time, and aij ¼ kLDF
. tj.
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Modelling of an SMB in Presence of Mass Transfer

In the case of reduced number of columns a more realistic SMB model should

be applied, where after each switch interval the boundary conditions for each

column are synchronously changed, and therefore respecting always the nodes

mass balances,

Eluent node : Cbið4;x� ¼ 1Þ ¼
u�
1

u�
4

Cbið1;x� ¼ 0Þ ð11aÞ

Extract ð j ¼ 2Þ and Raffinate ð j ¼ 4Þnodes : Cbið j� 1;x� ¼ 1Þ

¼ Cbið j;x� ¼ 0Þ ð11bÞ

Feed node : Cbið2;x� ¼ 1Þ

u�
3

u�
2

Cbið3;x� ¼ 0Þ �
uF

u�
2

CF
i ð11cÞ

where,

u�
1 ¼ u�

4 þ uE EluentðEÞ node; ð12aÞ

u�
2 ¼ u�

1 � uX ExtractðXÞ node; ð12bÞ

u�
3 ¼ u�

2 þ uF FeedðFÞ node; ð12cÞ

u�
4 ¼ u�

3 � uR RaffinateðRÞ node; ð12dÞ

with uj
� representing the fluid interstitial velocity in section j of the SMB

equipment. This time-dependence of the boundary conditions for each

column in each section j leads to a cyclic steady-state (CSS), instead of the

real steady-state achieved for the true moving bed (TMB).

Transient mass balances for each species i in each column c, of section

j, are:

in the bulk fluid phase,

@Cbic

@u
¼ g�j

1

Pe�c

@2Cbic

@x�2
�

@Cbic

@x�

� �
�

ð1 � 1bÞ

1b

a�
icðq

�
ic � kqiclÞ ð13Þ

and in the bed “solid-phase”,

@kqicl
@u

¼ a�
icðq

�
ic � kqiclÞ ð14Þ

Effect of Adsorbent Ageing on SMB Operation 3563
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The initial and boundary conditions are:

Cicðx
�; 0Þ ¼ 0;

kqicðx
�; 0Þl ¼ 0;

�
ð15Þ

x� ¼ 0 : Cbicð0
�; u Þ ¼ Cbicð0; uÞ �

1

Pe�c

@Cbic

@x�

����
x� ¼ 0

; c ¼ 1 to Nc ð16Þ

x� ¼ 1 :
@Cbic

@x

����
x�¼1

¼ 0 ð17Þ

and the adsorption equilibrium isotherm is defined by Eq. (10).

In the above model equations Cbic(0
2, u) represents the inlet concen-

tration of species i in column c, x� ¼ (z)/(Lc), gj
� ¼ (uj

�)/us) (ratio between

SMB fluid and equivalent solid interstitial velocities), Pec
� ¼ (uj

�Lc)/(Dbj) is

the Peclet number, and aic

�

¼ kLDF
. ts is the number of intraparticle mass

transfer units in the SMB model.

Alternatively all mass transfer resistances and axial dispersion effects can

be included in a pseudo-LDF equivalent number of intraparticle mass transfer

units (59),

1

kLDFKi

¼
Dbj

u2
j

1 � 1b

1b

� �
þ

Rp

3kf

þ
R2

p

15D peKi

ð18Þ

For SMB a global kLDF

�

based on uj

�

should be used.

Equation (18) results from the equivalence of the model represented by

Eqs. (4) and (5) (or 13 and 14), and a simpler one which considered plug

flow for the fluid phase and lumped all kinetic effects in a pseudo-LDF

parameter (kLDF or kLDF

�

). This is an extension of the Glueckauf approximation

for linear systems in which more than one mass transfer resistance and axial

dispersion are significant and based on the equality of moments of impulse

responses for both models. The term (1)/(Pej) (@2Cbij)/(@x2) in Eq. (4) or

(1)/(Pec
�) (@2Cbic)/(@ x�2) in Eq. (13) is then neglected, since the axial dis-

persion contribution is already considered in Eq. (18).

Performance Parameters

The SMB outlet/inlet flow rates must satisfy purity and recovery specifica-

tions, the so-called performance parameters. The definitions of extract

purity (PUX, %), raffinate purity (PUR, %), recovery i species in the extract

current (REX, %), recovery of the i species in the raffinate (RER, %), and

the unit productivity in terms of A in the extract (PRX
A) or B species in

raffinate (PRR
B), that characterize each SMB unit performance, operating at

P. Sá Gomes et al.3564

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
2
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



certain conditions for the SMB model at cyclic steady state, are given below,

PUXi ¼ 100ð%Þ

Ð uþ1

u
CX

biduPNC
k¼1

Ð uþ1

u
CX

bkdu
ð19aÞ

REXi ¼ 100ð%Þ
QX

Ð uþ1

u
CX

bidu

QF

Ð uþ1

u
CF

i du
ð19bÞ

PRi
X ¼

QX

Ð uþ1

u
CX

bidu

Vbedð1 � 1bÞ
¼

REXi � QF

Ð uþ1

u
CF

i du

Vbedð1 � 1bÞ
ð19cÞ

where QX and QF are the extract and feed flow rates respectively, and Vbed the

adsorbent volume. Similar definitions hold for purity, recovery and pro-

ductivity of the raffinate.

Numerical Solution Strategy

The TMB and SMB model equations were numerically solved using the

gPROMS v3.0.2 a commercial package from Process Systems Enterprise,

(www.psenterprise.com). The mathematical models, composed by systems

of PDE (Partial Differential Equations), ODE (Ordinary Differential

Equations) and AE (Algebraic Equations), were solved using the discretiza-

tion methods available in gPROMS. The PDE were discretized in axial

direction using OCFEM (Orthogonal Collocation on Finite Elements)

method, with 2 collocation points per element and 100 elements per each

zone/section. After the axial discretization step, the time integration of the

ODEs system is performed using the variable time step SRADAU solver, a

fully-implicit Runge-Kutta method. Finally, the resulting system of

equations is then solved with the gPROMS BDNSOL (Block decomposition

NonLinear SOLver).

It is assumed that an SMB simulation has reached the CSS, when the

columns profiles in two consecutive cycles have less than 1.0% of relative

deviation, the global mass balance is verified with less than 1.0% of relative

error, the global numeric error between iterations being lower than 1025.

ADSORBENT AGEING PROBLEM

Adsorbent/catalyst deactivation is generally the result of a number of

unwanted chemical and physical changes (20). The causes of deactivation

can be divided in three major categories: chemical, thermal, and mechanical.

In this work the thermal effects, generally associated with high amplitude

changes of the operating temperature, will not be considered.
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The mechanical deactivation, as a result of physical breakage, attrition, or

crushing of the adsorbent particle is an important deactivation phenomenon in

the SMB separation field. Associated with particle size changes during the

SMB unit operation are the increased columns packing heterogeneity, the

formation of preferential paths (channelling), the stagnant zones problems,

the increase of pressure drop and dispersion, which lead to substantial drop

of columns efficiency. Nevertheless, in terms of consequences, the establish-

ment of preferential paths or dead volumes can be associated with a “global

adsorbent capacity” decline (and treated as adsorbent capacity decline), and

particle size redistribution associated with the LDF mass transfer coefficient.

Chemical and mechanical deactivation mechanisms may affect both the

adsorbent capacity and the intraparticle kinetics. Therefore, instead of studying

each adsorbent ageing mechanism separately, the definition of compensation

strategies for the two major consequences of the adsorbent deactivation (loss of

adsorbent capacity or increase of the mass transfer resistances), is taken as the

principal objective to this work. First of all it would be needed to observe the

impact of both the adsorbent deactivation consequences on the operation of a

regular SMB unit. Secondly, on the basis of the conclusions from these studies,

somecompensationprocedures toovercomeageingproblemswould be proposed.

Adsorbent Capacity Decline Due to Adsorbent Deactivation

Under the assumption of the Equilibrium Theory, in Fig. 2 it can be noted that

each SMB design problem is based on the adsorption isotherms. The adsorbent

deactivation considered here is only the adsorption capacity decline; it will

change the adsorption equilibrium isotherms and therefore the whole design

problem. To maintain the same or similar SMB performance parameters it

would be needed to recalculate new operating parameters. In this way, it is

important to study the influence of the adsorbent capacity decline on the sep-

aration triangle region, and the rectangular regeneration zones shape

(see Fig. 2), in order to formulate corrective strategies for the operating par-

ameters to overcome the ageing problem and to maintain the SMB perform-

ance parameters the closest possible to the initial ones.

Linear Isotherms Case

Considering a linear isotherm as general case presented with Eq. (20),

q�
i ¼ KiCbi ð20Þ

it can be assumed that for a constant feed concentration, the adsorbed capacity

decline due to the adsorbent ageing mechanisms, can be represented by the

decrease of the value of Henry’s adsorption isotherm constant Ki, as
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represented by Eq. (21):

Ki ¼ K0
i � f ðtÞ ð21Þ

where Ki
0 represents the initial value of the Henry’s adsorption isotherm

constant and f (t) is a general law of the adsorbent ageing as a function of time.

With the adsorbent capacity decline due to ageing problems, for binary

adsorption three general scenarios can happen:

i. the deactivation is the same for the different species;

ii. it is higher for the more adsorbed species;

iii. it is higher for the less adsorbed species.

For one species deactivation cases (ii or iii), it is simple to see how the separ-

ation zone triangle will be reduced by the upper limit ((12 1b)/(1b)KA) due to

the decrease of KA value, if the case is species A deactivation only, or will

augment by the lower limit ((12 1b)/(1b)KB) due to the decrease of KB

value, if there is only B species deactivation. These cases are quite specific

and almost theoretical, since the more common ageing problems are conse-

quence from adsorbent deactivation of both species. Therefore, in this study

only the case (i) will be considered, where both species have the same deac-

tivation rates. In this case, the decrease of adsorbent capacity for both species

results in migration of the separation zone downwards to lower values of g2
and g3, well represented by the change of the vertex point position, where

(g2, g3) ¼ ((12 1b)/(1b)KB, (12 1b)/(1b)KA), as shown in Fig. 3.

A classic SMB binary separation with linear adsorption isotherms, as the

one presented by Leão and Rodrigues (56) for the separation of a mixture with

Fructose (A) and Glucose (B), characterized by the model parameters and

optimized operating conditions presented in Table 1 and 2, is considered.

Figure 3. Triangle theory applied to an TMB design problem: new adsorbent (black)

and the capacity decline effect due to aged adsorbent (gray), considering the case (i).
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In this case study, the film mass transfer coefficient was considered to be

negligible, and all mass transfer resistances for both species are represented by

the kLDF calculated according Eq. (18).

The linear isotherms are:

q�
A ¼ 0:5634CbA ð22aÞ

q�
B ¼ 0:3401CbB ð22bÞ

Let us assume various levels of adsorbent ageing, by reducing the Henry

constant for both fructose and glucose by 2, 4, 6, and 8%, and keeping the

same operating conditions as those presented in Tables 1 and 2. The

internal concentration profiles at half switching time in the CSS and SMB per-

formances at different levels of adsorbent deactivation (percentage of

adsorbent capacity lost) are presented in Fig. 4 and Table 3, respectively.

As can be observed in Fig. 4 the tendency of concentration profiles change

is not the same in each section, even if the adsorbent capacity decline is the

same for both species. With the adsorbent capacity decline the bulk concen-

tration fronts moved from left to the right. It is also interesting to observe

that when the solute is essentially “moving” with the solid (section 4 to

section 1 direction) in zones 3 and 4, the liquid bulk concentration have

increased, while when the solute is being transported by the fluid phase

(zone 1 and 2) the liquid bulk concentration have decreased. This tendency

is noted both in the plateaus zone (zone 2 and 3) and in the regeneration

zones 1 and 4. This behavior is a result of the distance between the

Table 1. SMB unit characteristic parameters (56)

Model

parameters SMB columns

Pe ¼ 2000 Nc ¼ 12 [3 3 3 3]

1b ¼ 0.4; Lc ¼ 11.5 cm

dc ¼ 2.6 cm

SMB operating conditions

kLDF ¼ 0.1 s21 CA
F ¼ 30 g.l21; CB

F ¼ 30 g . l21 ts ¼ 105 s; QE ¼ 8.23 ml . min21;

QX ¼ 5.62 ml . min21; QF ¼ 1.28 ml . min21;

QR ¼ 3.89 ml . min21; Q4 ¼ 19.89 ml . min21

Table 2. The SMB and equivalent TMB section operating conditions (56)

Real SMB Equivalent TMB

gj
� ¼[2.0149 1.6122 1.7039 1.4252] gj ¼ [1.0149 0.6122 0.7039 0.4252]

Qj
� ¼ [28.12 22.50 23.78 19.89]

ml . min21
Qj ¼ [14.16 8.54 9.82 5.93]

ml . min21
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operating point (represented by the set (g2,g3) and (g1,g4)) to the respective

zone constraints, which changed as a result of adsorbent capacity decline.

Also, from Table 3 it can be noted that increasing the deactivation level

the raffinate became more polluted than the extract; as a consequence of the

fronts movement from left to right, as shown in Fig. 4.

Figure 4. SMB concentration profiles of fructose (A) and glucose (B) as result of

adsorbent capacity decline (a) KA ¼ 0.5521 and KB ¼ 0.3333 (less 2%), (b)

KA ¼ 0.5409 and KB ¼ 0.3265 (less 4%), (c) KA ¼ 0.5296 and KB ¼ 0.3197 (less

6%) and (d) KA ¼ 0.5183 and KB ¼ 0.3129 (less 8%), at half time switch in the CSS.

Table 3. SMB performance parameters values for different levels of adsorbent deac-

tivation: 2, 4, 6 and 8% (adsorbent capacity decrease: KA ¼ 0.5521 and KB ¼ 0.3333,

KA ¼ 0.5409 and KB ¼ 0.3265, KA ¼ 0.5296 and KB ¼ 0.3197 and KA ¼ 0.5183 and

KB ¼ 0.3129, respectively)

Deactivation (%) PUXA (%) PURB (%) REXA (%) RERB (%)

0 99.5 99.6 99.6 99.5

2 99.6 99.5 99.5 99.6

4 99.5 99.2 99.2 99.5

6 99.4 98.7 98.7 99.4

8 99.2 97.7 97.7 99.2
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It can be noticed that the concentration plateau for the more adsorbed

species (A) in zone 2 was lower than that of the less adsorbed one (B) in

zone 3, but at a certain adsorbent the capacity decline the level of the concen-

tration plateaus ratio was reversed, becoming the A plateau in zone 2 higher

than the B plateau in zone 3.

This behavior can be justified by the following analysis based on the equi-

librium theory and using the TMBmodel. For the case where all A product fed

to the SMB unit is recovered in the extract and all product B is recovered in the

raffinate, species A will be present only in zone 2 and species B in zone 3, the

solid flow in each zone is in equilibrium with the corresponding fluid flow,

we get:

QSKACbA2 � Q2CbA2 ¼ QXCbAX ¼ QFCbAF

Q3CbB3 � QSKBCbB3 ¼ QRCbBR ¼ QFCbBF

�
ð23 a and bÞ

or:

CbA2

CbB3

¼
CbAF

CbBF

Q3 � QsKB

QsKA � Q2

ð23cÞ

For the same operating conditions the ratio (CbA2)/(CbB3 as a function of the

adsorbent capacity loss (deactivation %) is shown Fig. 5.

It can be observed that for the adsorbent capacity decline higher than 3%

the species A concentration plateau in zone 2 is higher than the concentration

plateau of species B in zone 3 and vice-versa.

Figure 5. Concentration ratio (CbA2)/(CbB3) in plateaus as a function of adsorbent

deactivation (%), assuming the equilibrium theory.
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Non-linear Isotherm Case

It is interesting to test the influence of the adsorbent capacity decrease on the

SMB performances in the case of the non-linear isotherm, as for example the

most common isotherm type in chiral separation: linear plus Langmuir

isotherm:

q�
i ¼ miCbi þ

QmbiCbi

1þ
PNC

i¼1 bkCbk

ð24cÞ

it can be assumed that for a constant feed concentration, the adsorbed concen-

tration decline results from the decrease of the maximum adsorption capacity

(Qm). Of course ageing can also affect the particle porosity and diffusivity.

Nevertheless, only the reduction of the maximum adsorption capacity will

be considered in this study:

Qm ¼ Q0
m � f ðtÞ ð24cÞ

where Qm
0 represents the initial adsorption isotherm constant and f (t) is a law

of the adsorbent ageing as a function of time.

The enantiomer separation presented by Rodrigues and Pais (60) is con-

sidered as a case study for SMB binary separation with non-linear adsorption

isotherms. The interstitial velocity ratios values (gj
� or gj) for sections 1 and 4,

were kept constant and far from the critical values calculated by the equili-

brium theory, needed for complete solid and eluent regeneration in section

4 and 1, respectively. For the sections 2 and 3 the interstitial velocity ratios

were taken from the analysis presented by Rodrigues and Pais based on the

(g3 � g2) separation region for a 99.0% purity criterion with mass transfer

coefficient of kLDF ¼ 0.33 s21. The summary of all operating conditions and

model parameters is presented in Tables 4 and 5.

Table 4. SMB unit characteristic parameters (60)

Model parameters SMB columns

Pe ¼ 1000 Nc ¼ 8 nj ¼ [2 2 2 2]

1b ¼ 0.4; Lc ¼ 9.9 cm

Rp ¼ 2.25 � 1025 m dc ¼ 2.6 cm

Classic SMB operating conditions

kLDF ¼ 0.33 s21 CA
F ¼ 5 g . l21; CB

F ¼ 5 g . l21 ts ¼ 198 s;

QE ¼ 25.038 ml . min21; QX ¼ 17.980 ml . min21;

QF ¼ 0.956 ml . min21; QR ¼ 8.014 ml . min21;

Q4 ¼ 17.790 ml . min21.
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The linear plus Langmuir isotherms in terms of retained concentration in

the particles for both species are:

q�
Ac ¼ 1:35CbAc þ

7:32 � 0:163CbAc

1 þ 0:163CbAc þ 0:087CbBc

ð25aÞ

q�
Bc ¼ 1:35CbBc þ

7:32 � 0:087CbBc

1þ 0:163CbAc þ 0:087CbBc

ð25bÞ

with qij
� in g . Ladsorbent

21 and Cbij in g . L21

Keeping the same operating parameters and running simulations for

different adsorbent ageing rates, it is possible to observe how internal concen-

tration profiles (Fig. 6) and SMB performance parameters (Table 6) are

affected by the adsorbent capacity decline.

The concentration profiles moved to the right as already observed for the

case of linear adsorption isotherms. Again the raffinate purity will decrease for

the higher adsorbent capacity decrease.

Considering the equilibrium theory for non-linear systems it must be

taken into account that the separation region is no more a rectangular

triangle as shown before for the linear case, but has a “triangle shaped

form” (52), here, and for simplicity, without the curved lines (Fig. 7).

As can be perceived from Fig. 7, and was observed before for the linear

isotherm case, the separation region moves downwards in the (g2 � g3) plan

when the adsorbent capacity decline increases.

Increase of Mass Transfer Resistances due to Adsorbent Ageing

Problems

The influence of the increase of mass transfer resistances on the SMB perform-

ance will be studied by analysing the consequences of kLDF value decrease:

kLDF ¼ k0LDF � gðtÞ ð26Þ

where kLDF
0 represents the initial mass transfer coefficient and g(t) a general

law of the mass transfer resistance increase due to adsorbent ageing

problem as a function of time.

Table 5. The SMB and equivalent TMB sections operating conditions

Real SMB Equivalent TMB

gj

�

¼ [6.722 3.900 4.050 2.793] gj ¼ [5.722 2.900 3.050 1.793]

Qj

�

¼ [42.828 24.848 25.804 17.790]

ml . min21
Qj ¼ [36.458 18.477 19.433

11.420] ml . min21

Qs ¼ 9.557 ml . min21
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Linear Isotherms Case

Various adsorbent ageing levels, due to the increase of the mass transfer limit-

ation, have been simulated by reducing the mass transfer coefficient values for

both fructose and glucose by 10, 20, 30, and 40% of its initial value, keeping

the same operating conditions as those presented in Tables 1 and 2. The

Figure 6. SMB concentration profiles of the enantiomers as result of aged adsorbent

(a) Q ¼ 7.17 (less 2%), (b) Q ¼ 7.03 (less 4%), (c) Q ¼ 6.88 (less 6%) and (d)

Q ¼ 6.73 (less 8%), at half time switch in the CSS.

Table 6. SMB performance parameters values for different levels of adsorbent deac-

tivation: 2, 4, 6 and 8% (adsorbent capacity decrease: Q ¼ 7.17, Q ¼ 7.03, Q ¼ 6.88

and Q ¼ 6.73, respectively)

Deactivation (%) PUXA (%) PURB (%) REXA (%) RERB (%)

0 99.0 100.0 100.0 99.0

2 99.4 100.0 100.0 99.4

4 99.6 100.0 100.0 99.7

6 99.8 99.7 99.6 99.9

8 99.9 99.8 99.4 100.0
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concentration profiles at half switching time in the CSS and SMB performance

parameters are presented in Fig. 8 and Table 7, respectively.

As can be observed from Fig. 8, with the increase of mass transfer limit-

ation the concentration plateaus of both species remain unchanged, but the

concentration profiles become more dispersed, leading to SMB products con-

tamination and decline of the product purities and recoveries (see Table 7).

Non-Linear Isotherms Case

The same procedure is now applied for the non-linear case, considering 10, 20,

30, and 40% decrease of kLDF for both species; the remaining operating con-

ditions are kept constant as those presented in Tables 4 and 5. The effect of

different levels of mass transfer resistance increase on the enantiomers con-

centration profiles at half switching time in the CSS and SMB performances

are presented in Fig. 9 and Table 8, respectively.

Again, from Fig. 9 and Table 8 it can be noted that when mass transfer

resistances increase, due to adsorbent ageing, lower purity and recovery

were obtained, either for the more retained product in the extract or for the

less retained one in the raffinate. In this case, as in the case of linear

isotherm, the plateaus remain unchanged, but the concentration profiles

become more dispersed, the contaminating fronts have been stretched

leading to SMB products contamination.

At this point it is interesting to observe that the adsorbent capacity decline

or mass transfer resistance increase, have different influence on the concen-

tration profiles in certain zones. Both ageing consequences led to similar

behaviors on concentration profiles for the more retained component in

section 3 and the less retained species in section 4. Namely, the contaminating

Figure 7. Nonlinear separation region for the studied enantiomer separation, different

ageing adsorbent rates (0%, 2%, 4%, 6%, 8% and 10% adsorbent capacity decrease).
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or collection fronts in sections 3 and 4 have moved to the right. Therefore, if

the two ageing factors are present at the same time it is difficult to know which

one is the dominant. On the other hand, the changes in concentration profiles

as a result of adsorbent capacity decline and mass transfer resistance increase

are different in sections 1 and 2; in fact, with the adsorbent capacity decline,

Table 7. SMB performance for different levels of adsorbent deactivation: 10, 20, 30

and 40% (adsorbent mass transfer resistance increase: kLDF ¼ 0.09s21,

kLDF ¼ 0.08s21, kLDF ¼ 0.07s21 and kLDF ¼ 0.06s21, respectively)

Deactivation (%) PUXA (%) PURB (%) REXA (%) RERB (%)

0 99.5 99.6 99.6 99.5

10 99.3 99.4 99.4 99.3

20 98.9 99.0 99.0 98.9

30 98.2 98.4 98.4 98.2

40 97.2 97.3 97.3 97.2

Figure 8. SMB concentration profiles of fructose (A) and glucose (B) as result of

mass transfer coefficient decrease (a) kLDF ¼ 0.09s21 (less 10%), (b) kLDF ¼ 0.08s21

(less 20%), (c) kLDF ¼ 0.07s21 (less 30%) and (d) kLDF ¼ 0.06s21 (less 40%), at

half time switch in the CSS).
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the mentioned fronts are moving to the right while in the case of ageing

leading to mass transfer resistances increase, the same fronts move to the

left. So, the movement of fronts in section 1 and 2 can be used for the

diagnosis of the dominant ageing factor.

Table 8. SMB performance parameters for different levels of adsorbent deactivation:

10, 20, 30, and 40% (adsorbent mass transfer resistance increase: kLDF ¼ 0.30s21,

kLDF ¼ 0.26s21, kLDF ¼ 0.23s21 and kLDF ¼ 0.20s21, respectively)

Deactivation (%) PUXA (%) PURB (%) REXA (%) RERB (%)

0 99.0 100.0 100.0 99.0

10 98.7 100.0 100.0 98.7

20 98.3 100.0 100.0 98.4

30 97.8 100.0 99.9 97.9

40 97.0 99.9 99.8 97.1

Figure 9. SMB concentration profiles for enantiomers separation with increasing

mass transfer resistance (a) kLDF ¼ 0.30 s21 (less 10%), (b) kLDF ¼ 0.26 s21 (less

20%), (c) kLDF ¼ 0.23 s21 (less 30%) and (d) kLDF ¼ 0.20 s21 (less 40%), at half

time switch in the CSS.
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CORRECTIVE STRATEGIES

Adsorbent Capacity Decline Due to Adsorbent Deactivation

From Figs 3. and 7, it can be concluded that to have similar SMB performance

with aged adsorbent as those with fresh absorbent, the gj operating parameters

should be decreased, keeping the same relative distance to the respective con-

straints (triangle borders).

Keeping the same inlet and outlet flow rates, two straightforward correc-

tive strategies to decrease the gj values are possible:

i. decrease the SMB switching time (increase of the solid velocity); and

ii. decrease the recycle flow rate (Q4).

The paths of these corrective measurements presented in (g2, g3) plane are

shown in Fig. 10. The switching time corrective path (c), follows the adsorbent

ageing pathway, (see the vertex line in Figure 10). On the other hand, the

recycle flow rate corrective measurement lead to corrective path (p) parallel

to the g2 ¼ g3 line in the separation zone plan.

Also, it is quite simple to understand that the adsorbent deactivation can

be compared to the decrease of the “active” solid flow rate and a simple way to

compensate it is to increase the solid flow rate.

Figure 10. Comparison between two possible corrective measures to adsorbent

capacity decline, the switching time decrease (solid flow rate increase, path (c)) and

internal flow rate decrease, path (p).
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A better visualization of this assumption can be obtained by reformulation

of Fig. 2, presenting the equilibrium theory constraints in terms of fluid phase

flow rates. In Fig. 11 the separation zone is presented in (Q2 vs. Q3) plane and

the regeneration zone is presented in (Q1 vs. Q4) plane. The separation region

constraints are now KBQs ,Q2 , Q3 , KAQs; the constraints for the regener-

ation zones are now Q4 , KBQs and Q1 . KAQs.

At this stage, it becomes quite easy to understand that a simple and direct

corrective measure of the adsorbent capacity decline in the SMB units

operating under equilibrium conditions could be the decrease of the SMB

switching time (increase of the solid flow rate). Although, in the SMB separ-

ations where mass transfer limitations are present, the solution of the

adsorbent aging problem related to the adsorption capacity decline will not

be as simple as can be observed from Fig. 11.

The separation regions for the fructose/glucose SMB separation (56) for

different product purities requirements calculated with the LDF-TMB model

are presented in Fig. 12 for a fresh adsorbent.

In this case, the separation region is not a rectangular triangle for a given

purity value as stated by the Equilibrium Theory, but has a rounded shape,

similar to the one mentioned in the separation volume methodology (61).

This rounded shape is also a function of the solid flow rate. Namely, when

higher values of the solid flow rates are used the mass transfer resistances

become more important and the deviation from the separation regions

defined by the Equilibrium Theory becomes more significant. In fact, the

solid residence time becomes shorter and the ratio between the switching

time (solid residence time) and the tp (intraparticle mass transfer time

Figure 11. Separation and regeneration zones represented in (Q2,Q3) and (Q1,Q4)

plane, respectively: black dots are vertexes for different solid flow rates, grey dots

are possible operating point (Qs ¼ 100 ml . min21).
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constant tp ¼ (1)/(kLDF) decreases. Therefore the corrective strategies to be

studied will take into account the mass transfer limitations described by the

TMB model with LDF.

Initially, the SMB(TMB) inlet/outlet flow rates [QD QX QF QR] ¼

[8.23 5.62 1.28 3.89] ml . min21 and thezoneflowrateswill bekept constant.

The analysis on the corrective measure is done by applying a one degree

of freedom (DOF) analysis, decreasing the operating parameters gj, varying Qs

and observing the performance parameters evolution for different values of

adsorbent deactivation.

By increasing the solid flux Qs (decrease of switching time), it is possible

as a first approach, to reach the new optimum operating conditions obtaining

performance parameters near to those predicted when using fresh adsorbent.

Consequently, it becomes interesting to observe the performance parameters

dependence on the switching time at different levels of deactivation,

presented in Fig. 13. The influence on the productivity parameters is similar

to the recovery, as stated in Eq. (19c).

Anyhow, the adsorbent capacity decline leads to a decrease of the SMB per-

formance, evenwhen the optimumswitching time is used for the compensation at

each degree of adsorbent ageing. However, there is a narrowplateau (in the range

between 0% andþ/230% of adsorbent capacity decline) where the variation of

the time switch helps in the ageing problem compensation, as shown in Fig. 14.

Mass Transfer Resistances Increase Due to Adsorbent Deactivation

The TMB and SMB mass balances model equations have been rewritten con-

sidering the alternative kLDF formulation defined by Eq. (18).

Figure 12. Separation zone for different product purities requirements for the case of

glucose/fructose SMB separation (56), Qs ¼ 20.93 ml . min21.
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In the TMB model steady state operation ((@Cbij/@u) ¼ 0 (@kqijl)/
(@u) ¼ 0), is also assumed: the bulk fluid mass balance,

0 ¼ �
dCbij

dx
�

ð1 � 1bÞ

1b

kLDF

uj

Ljðq
�
ij � kqijlÞ ð27aÞ

Figure 13. Effect of switching time analysis for different values of adsorbent ageing deac-

tivation values (percentage of adsorbent capacity decrease), in the SMB performance par-

ameters, (a) A purity in the extract, (b) B purity in the raffinate, (c) A recovery in the

extract and (d)B recovery in the raffinate, linear isothermscase fromLeãoandRodrigues (56).

Figure 14. Solid flow rates optimum values, leading to the highest possible purity for

different adsorbent ageing deactivation values (percentage of adsorbent capacity

decrease) (a), and recovery (b). The Qs equivalent solid flow rate and Qs0 is the

solid flow rate for fresh adsorbent).
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the “solid phase” mass balance,

0 ¼
dkqijl

dx
þ

kLDF

us

Ljðq
�
ij � kqijlÞ ð27bÞ

In the transient state SMB model the mass balances equations now are: the

bulk fluid mass balance,

@Cbij

@u
¼ �

u�
j ts

Lc

@Cbij

@x�
�

ð1 � 1bÞ

1b

k�LDFtsðq
�
ij � kqijlÞ ð28aÞ

the “solid phase” mass balance,

@kqijl
@u

¼ k�LDFtsðq
�
ij � kqijlÞ ð28bÞ

It can be easily understood that a kLDF (or kLDF

�

) decrease can be compensated

by a same amplitude decrease on uj (or uj

�

) and us (or ts increase) values, and

therefore, maintaining the unit purity and recovery values. Nevertheless, this

compensation measure leads to a productivity value decrease, with the same

amplitude as for the mass transfer coefficient decrease. For example, if the

mass transfer coefficient decreases 10% the productivity will also decrease

around 10%. This strategy will maintain the same dimensionless operating

parameters gj (or gj
�), since uj (or uj

�) and us values decrease is done by the

same factor, equal to that of kLDF (or kLDF

�

). For the corrected values of uj

(or uj
�) and us (or ts), the separation region (g2 � g3) will be the same as the

one obtained when new adsorbent is used.

With this short cut strategy it is impossible to maintain the same pro-

ductivity value as the one calculated for a fresh adsorbent unit, but it is

easy to understand and operate the unit keeping the purity requirements. A

more complete analysis would be necessary to compensate the mass transfer

resistance increase and at same time guarantee maximum productivity;

however, it would require a considerable effort considering all operating con-

ditions, solid and all liquid flow rates, and therefore, a more complex compen-

sating measure.

The calculation effort will be therefore almost the same as designing a

new unit. With the re-optimization, new values of the solid and liquid flow

rates will be established in a manner like mass transfer resistances increase

compensation without losing too much in unit productivity, but losing in

other performance parameters, either the extract purity and raffinate

recovery or vice-versa.

Once again the glucose/fructose SMB separation (56) is used as a case

study in this analysis. The concentration profiles and unit performances

obtained for the case simulation presented in Fig. 8b, when adsorbent mass

transfer resistances increases for 20% and 20% decrease correction is

applied for both uj

�

as us (time switch increase), are presented in Fig. 15 and

Table 9, respectively.
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As can be observed from Fig. 15 and Table 9, with the application of the

proposed straightforward compensating measure is was possible to obtain the

same concentration profiles as the ones obtained when the adsorbent was

fresh, keeping the same product purity and recovery performances. As was

expected the productivity drops for 20%.

UNIT REARRANGEMENT

The strategies presented above are dynamic and can be applied continuously if

the ageing law is well know. In the case of adsorbent capacity decline some

sections have improved their function (see Fig. 4), namely sections 1 and 2,

where the length needed now for solid regeneration and extract purification

is shorter than the one needed when the adsorbent was new. The opposite is

observed for sections 3 and 4. A simple corrective measure to the adsorbent

capacity decline due to ageing could be the utilization of the “non-used”

columns from sections 1 and 2 in sections 3 and 4, where they are needed

Figure 15. Concentration profiles for fresh adsorbent and 20% deactivation with

mass transfer compensation (both profiles are coincident): linear adsorption isotherms.

Table 9. Performance parameters for fresh adsorbent, 20% deactivation by mass

transfer resistance increase and compensated case: linear adsorption isotherms

Deactivation (%) PUXA (%) PURB (%) REXA (%) RERB (%)

0 99.5 99.6 99.6 99.5

20 98.9 99.0 99.0 98.9

20 (corrected) 99.5 99.6 99.6 99.5
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most. Nevertheless, the practical application of the SMB columns distribution

re-arrangement would be difficult to implement, since this corrective measure-

ment would require more problematic unit stabilization (the achievement of a

novel cyclic steady-state). It would be possible to realize the SMB columns

relocation in the cases where the adsorbent capacity decline law is smooth,

namely, a long time is required to loose the adsorbent capacity and the unit

has a large number of columns, then it would be possible to implement it.

Otherwise, the only way for its implementation is to use variable switch

time values in Varicol strategy. Applying the variable time switches in the

Varicol operational mode would be possible to change the number of

columns per section as corrective measure for the adsorbent ageing

problem, for example passing from [2 2 1 1] configuration to

[1.5 1.5 1.5 1.5] and [1 1 2 2], etc.

This corrective strategy will be analysed for the SMB enantiomer separ-

ation studied by Pais and Rodrigues (62) where the adsorption isotherms

measured at 258C are represented by the linearþ Langmuir competitive

model:

CsAc ¼ 0:90C pAc þ
7:32 � 0:163C pAc

1 þ 0:163C pAc þ 0:087C pBc

ð29aÞ

CsBc ¼ 0:90C pBc þ
7:32 � 0:087C pBc

1 þ 0:163C pAc þ 0:087C pBc

ð29bÞ

with Csic in g . Ladsorbent
21 and Cpic in g . L21 or the equivalent isotherms in

terms of retained concentration in the particles presented by Eq. (30).

The SMB unit characteristics parameters are presented in Table 10 and

Table 11.

This case study is simulated by the SMB model for the corresponding

[1 1.5 1.5 1] Varicol configuration and [1 1.75 1.25 1] Varicol con-

figuration, in the case of fresh adsorbent. When the [1 1.75 1.25 1]

Varicol configuration used in all concentration fronts will move to the left,

as presented in Fig. 16.

Table 10. SMB characteristic parameters and operating conditions from (62)

Model parameters SMB columns

Pe ¼ 1600 Nc ¼ 5

1b ¼ 0.4; 1p ¼ 0.45 Lc ¼ 15.84 cm

Rp ¼ 2.25 � 1025 m dc ¼ 2.6 cm

SMB operating conditions

kLDF ¼ 0.4 s21 CA
F ¼ 5 g . l21; CB

F ¼ 5 g . l21 ts ¼ 317 s; Qs ¼ 9.54

ml . min21 QE ¼ 25.02 ml . min21; QX ¼ 17.34

ml . min21; QF ¼ 0.66 ml . min21; QR ¼ 8.34 ml . min21;

Q4 ¼ 17.76 ml . min21.
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This is important since the adsorbent ageing problem (capacity decline)

will do the opposite, the “problematic” containing fronts will move to right.

Figure 17 shows the [1 1.5 1.5 1] Varicol simulation values for the

example described by the adsorption equilibrium for the aged adsorbent:

q�
Aj ¼ 1:31CbAj þ

7 � 0:163CbAj

1 þ 0:163CbAj þ 0:087CbBj

ð30aÞ

q�
Bj ¼ 1:31CbBj þ

7 � 0:087CbBj

1 þ 0:163CbAj þ 0:087CbBj

ð30bÞ

In Eq. (30) the adsorbent capacity was decreased in the Langmuir part as

in the linear part. The initial adsorbent Eq. (29) and the aged ones Eq. (30)

simulated results for the [1 1.5 1.5 1] Varicol strategy is presented in

Fig. 17.

Similarly to the analysis of the standard SMB configuration, the concen-

tration profiles with aged adsorbent, appear to the right from those obtained

with fresh adsorbent. Also, the enantiomer concentration plateau has

Table 11. SMB and equivalent TMB section operating conditions

Real SMB Equivalent TMB

gj
� ¼ [6.722 4.000 4.100 2.793] gj ¼ [5.722 3.000 3.100 1.793]

Qj
� ¼ [42.78 25.44 26.10 17.76]

ml . min21
Qj ¼ [36.42 19.08 19.74 11.40]

ml . min21

Figure 16. Enantiomers concentration profiles for [1 1.5 1.5 1] and

[1 1.75 1.25 1] Varicol configuration, at half switching time in CSS (fresh

adsorbent).
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increased in section 2 and decreased in section 3, as result of the adsorbent

capacity decline.

In order to avoid the raffinate contamination, a new [1 1.75 1.25 1]

Varicol configuration has been tested for the case of aged adsorbent. In Fig. 18,

the concentration profiles in the case of aged adsorbent Eq. (30) for

[1 1.5 1.5 1] and [1 1.75 1.25 1]Varicol configurations are presented.

In this case, only by changing the feed strategy (during 0.75 of switch

time feed is in column 3 inlet and remaining time in the column 4 inlet),

Figure 17. Concentration profiles for [1 1.5 1.5 1] Varicol configuration: new

adsorbent-solid line; aged adsorbent-dashed line, at half switching time in CSS.

Figure 18. Enantiomers concentration profiles for aged adsorbent: [1 1.5 1.5 1]

Varicol configuration–dashed line and [1 1.75 1.25 1] Varicol configuration–

solid line, at half time switch in CSS.
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the problem caused by the adsorbent ageing was almost compensated. A more

detailed study of this strategy, including optimization and considering also

deactivation with the increase of the mass transfer resistance, might reveal

more potential in the use of variable time switches (variable columns distri-

bution) as a compensating measure to ageing problems, and therefore shall

be a matter of further studies.

CONCLUSIONS

The consequences of adsorbent deactivation described by adsorbent capacity

decline or mass transfer resistances increase are presented. The operation of

SMB units has been studied for two different systems:

i. linear isotherms case and ageing by adsorbent capacity decline and

increased mass transfer resistance;

ii. non-linear isotherms case (linearþ Langmuir isotherms) for ageing with

adsorbent capacity decline only.

The systems were modelled by the SMB model with the LDF approach and

solved with the commercial gPROMS package from Process System Enter-

prise. In both cases it has been observed that there is a decrease of purities/
recoveries and therefore unit productivity as a result of adsorbent ageing.

Corrective strategies to the ageing problem were developed:

i. To compensate the adsorbent capacity decline it has been found that

decreasing switching time it is possible to maintain the initial SMB per-

formance, until the limit when mass transfer limitations become

important due to short solid residence time;

ii. To compensate the mass transfer resistances increase it has been shown

that the decrease of solid and internal flow rates would lead to the same

purity and recovery; however, the productivity will decrease;

iii. Also, it was shown how a variable switch times use in the non-conven-

tional application of Varicol strategy could compensate the loss of

adsorbent capacity.

NOTATION

Cb bulk fluid phase concentration mol . m23

CF feed concentration mol . m23

,qij. average particle concentration mol . m23
solid

Db axial dispersion coefficient m2 . s21

Dpe particle effective diffusivity m2 . s21

dc Column diameter m

K linear adsorption isotherm Henry constant m3 . kg21
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Lc column axial length m

Lj section axial length m

nj number of columns per section

Nc total number of components

Pe Peclet number

Prx unit productivity g . (s . m3
solid)

21

Pux purity %

Q fluid/solid flow rate m3 . s21

q� solid retained concentration mol . m23
solid

Rex recovery %

Rp particle radius m

t time variable s

tj bulk fluid space time s

ts solid space time (switching time) s

uj interstitial fluid velocity in j section m . s21

us solid interstitial counter-current velocity m . s21

x dimensionless axial column coordinate

z axial column coordinate m

Greek Letters

a dimensionless mass transfer resistance parameter

g ration between fluid and solid interstitial velocities

1b bed porosity

1p particle porosity

u time normalise by the switching time

Indexes
� in the SMB model

A more retained species

B less retained species

b bulk

p particle

s solid

c column

i chemical species

j SMB/TMB section

E eluent stream

F feed stream

R raffinate stream

X extract stream

Abbreviations

AE Algebraic equations

CSS Cyclic steady state
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DAE Differential-Algebraic equations

LDF Linear driving force

OCFEM Orthogonal collocation in finite elements method

ODE Ordinary differential equations

PDAE Partial differential algebraic equations

PDE Partial differential equations

SMB Simulated moving bed

TMB True moving bed

LSC Lower solvent consumption (point)
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