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Abstract

The separation of propylene—propane mixture is an energy intensive operation commercially practiced using cryogenic distillation. The
separation by pressure swing adsorption has been studied as an alternative. A fixed-bed pressure swing adsorption yields the heavy componer
as a pure product. The product recovery and the productivity are not high. In a moving-bed process, because of the counter-current solid—gas
contact, the separation achieved is similar to that of the fractionation by distillation. Although the moving-bed operation offers the upper limit
for the performance of a cyclic adsorptive process, due to mechanical complexities in the handling of solids the ‘simulated’ moving-bed is
preferred. By moving the inlet and outlet ports of streams located along the length of the bed, a moving-bed process can be realized in a fixed
bed. We describe here a ‘moving-port’ system which permits injection or withdrawal of the fluid along the axial direction in a fixed bed.

A fixed bed embedded with the moving-port systems emulates a simulated moving-bed adsorber. The proposed adsorber can fractionate a
binary gas mixture into two product streams with high purities. It is similar to the Sorbex process of UOP but does not have the eluent as an
additional separating agent. A parametric study indicates that high purity products and a higher productivity by an order of magnitude can be
achieved with simulated moving-beds compared to the fixed beds.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction moving-bed process which he called as hypersorption. In the
hypersorption process the regeneration was done by thermal
Adsorption, unlike distillation, is mostly carried outin a swing and it was used for recovering ethylene from refinery
fixed bed or a multitude of fixed beds, as a batch or a cyclic off gases. The hypersorption process can fractionate a bi-
process. In the fixed-bed adsorption, a sharp mass-transfenary mixture into two nearly pure products as in distillation.
zone is formed and it traverses from one end of the bed to theKapfer et al[3] carried out experimental studies on the frac-
other. The driving force for the mass transfer in this zone is tionation of a gas mixture in a moving-bed adsorber. Szirmay
small and it is virtually negligible on either side of the zone, [4] proposed a moving-bed process similar to the hypersorp-
as the flowing fluid is almost in equilibrium with the solid tion but with batchwise desorption for the separation of the
phase. As a consequence, the amount of stationary (solid)ethylene—ethane mixture. The desorption of the adsorbent by
phase required is very high compared to that of a continuousvacuum, direct heating or steam heating was proposed. He
counter-current proce$s]. showed that the fractionation in a moving-bed is economical
A moving-bed permits the counter-current contact of the compared to distillation. However, the problems associated
solid and the gas, which enables to achieve a high driving with the solid handling and the loss of adsorbent by attrition
force for interphase mass transfer, which in turn leads to has made the moving-bed contactors less attractive.
high product purities and productivities. B4&j proposed a The ‘simulated’ moving-bed (SMB) can overcome these
difficulties associated with the moving-beds. UOP (Des
* Corresponding author. Plaines, USA) successfully commercialized the SMB tech-
E-mail addressdprao@iitk.ac.in (D.P. Rao). nology for the separation of liquid mixtures. These processes
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are known by the generic name Sorbex processes. The SorbeRressure swing was employed for the regeneration of the ad-
process employs two separating agents, namely, the eluensorbentand is referred to as pressure swing adsorption (PSA).
and the adsorbent. The eluent can either be a gas or a ligdt led to a phenomenal growth of the adsorptive gas separa-
uid. Both products are diluted with the eluent and additional tion. The original PSA cycle proposed by Skarstrom is for
separation processes, like flash or fractional distillation, are drying of air. Later he used the same cycle for recovering
required to get pure products. oxygen from air[11]. In the former process, there is only

In principle, the Sorbex process could be adopted for the one component, namely moisture, which is transferred from
separation of a gas or vapor mixture. However, it is mostly one phase to the other, whereas in the other both oxygen and
used to separate liquid mixtures since its commercialization nitrogen are exchanged between the two phases. The drying
in 1963. Storti et al[5] used a six-port SMB for the va-  of air is similar to absorption and the separation of air by

por phase separation of a mixturerofxylene ando-xylene. adsorption is similar to distillation. The recognition of this
They used isopropyl benzene as the eluent and KY-Zeolite distinction is important in the process design.
as the adsorbent. Morbidelli and coworkfgksdemonstrated The propylene—propane mixture is difficult to separate by

the separation of a-pentane andso-pentane mixture in a  ordinary distillation. Cryogenic distillation is used to sepa-
six-port vapor phase SMB pilot plant usingheptane as the  rate this mixture using a large reflux ratio in the range of
eluent and 5A-Zeolite as the adsorbent. They reported that10—-20, and the number of trays is in excess of 100. Itis one of
the separation efficiency is higher in a vapor-phase SMB the most costly separations practiced in the chemical process
unit compared to the liquid phase separation. Raghuramindustry. Alternately, several variants of the Skarstrom cycle
and Wilcher[7] compared and contrasted the separation of have been employed for the separation of propylene—propane
n-alkanes from a mixture of alkanes by the UOP’s liquid- gas mixturg§12—16] Table 1lpresents the experimental stud-
phase Sorbex process and the Union Carbide’s vapor-phasées on the separation of propylene—propane mixture by PSA
Isosiv process. They concluded that the determination of in fixed beds. These studies indicate that propylene of about
the technology that best suits a particular situation needs an99.0 mol.% purity can be obtained. However, the product re-
evaluation on a case-by-case basis. Ruthven and G&8Jjng covery and productivity are low. The separation achieved
presented a state-of-art review of the moving-bed and simu-using the r-complexed adsorbentsAgNOsdispersed on
lated moving-bed adsorbers. SiOgsubstrate developed by Rege and Yanjg5] showed

In the above processes an eluent has been used to regerimprovement in the product recovery. Though there is en-
erate the adsorbent. However, LaCgjused the principles  hancement in product recovery, both the products are not of
of pressure swing to regenerate the adsorbent in a continuouigh purities.
counter-current adsorber. Only one separating agent, i.e. the In this work, we:
adsorbent was employed. This process was named contin-
uous counter-current pressure difference-driven adsorption(1) Classify adsorptive separation processes into absorption-
processes (CCPDDAP). The production of high purity oxy- like and distillation-like processes.
gen from an oxygen-rich mixture was studied. The advan- (2) Describe a moving-port system to simulate a moving-bed
tages of these processes over the conventional PSA interms  operation in a fixed bed.
of specific production and power requirements have been re-(3) Presentsimulated moving-bed processes to achieve sharp
ported. separation.

The advent of the Skarstrom cycle for air dryifid] is (4) Assess the potential of the proposed processes for the
considered to be a milestone in the adsorptive separation.  separation of the propylene—propane mixture.

Table 1
Compendium of the literature on the fixed-bed PSA separation of propylene/propane
Ref.  Adsorbent Pressure (bar) Bed parameters Step tinTe F‘SLPM’ C3Hg Productivity
° - 1p-1
PH PL L(m) D(m) s) ) Purity ~ Recovery (molkg (ads.y"h™)
(%) (%)
[16] Z4A 1.7 0.1 - - 100 90 6.13 960 974 1.817
Z 13X 10.28 900 87.6 2.744
[12] Ag*resinin  1.01 0.03 35 2.0 26 11855 >90 <10
packed bed
Ag* resinin 2.0 2.0 4800 12000 95 450
magnetically
stabilized bed
[13] AgNOs/SIO; 1.0 0.1 3.0 1.0 1600 70 3770 905 4358 0.015
Z4A 2400 1000 1885 9998 2729 0.0035
[14] Z13X 5.0 0.5/0.1 0.8 0.016 480 1 2 993 125 0.822
[15] AgNOs/SIO; 7.09 0.20 3.0 0.50 240 120 235.6 982 7165 0.062

AIPO;-14 1178.0 9%5 6391 0.014
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2. Mechanism of fractionation with pressure swing ponent as adsorbate to the stripping zone is similar to the
regeneration vapor flow from the reboiler to the column. The role of these
refluxes in separation processes has been discussed by Rao
In the following section, we bring out the salient differ- [17].
ences between distillation-like and absorption-like adsorptive  In distillation-like processes, if the amount of adsorbate
processes to understand the mechanism of adsorptive sepds constant, then equimolar counter exchange of A and B

rations. takes place. Further, near isothermal conditions prevail in the
enriching and the stripping zones even in the absence of a
2.1. Distillation-like processes provision for cooling or heating of the beds, if the heats of

adsorption of both components are equal. Szirf#yhas
Consider the adsorption equilibria of a gas mixture of com- also discussed this aspect. On the other hand, there would be

ponents A and B in which both the components get adsorbed.conSiderable gooling in the desorption section and heating in
At saturation, the amount of A in the adsorbate influences the (€ Presaturation section.

amount of B that can get adsorbédg. la depicts the equi-

libria on thex-y diagram, wherex andy are the mole or ~ 2.2. Absorption-like process

mass fractions of the gas and the adsorbate, respectively. To

completely represent the adsorption data, we need an addi- Now consider that only B is adsorbed. The adsorption
tional diagram, i.e¢$ versusy or x diagram which is similar ~ equilibrium is similar to the absorption where only one com-
to the enthalpy—concentration diagram. We can define theponent gets absorbed. The equilibrium diagram can be rep-
separation factor as = (ya/xa)(xg/yg) and itis analogous  resented in terms of andY as shown irFig. 2a. Here X is

to the relative volatility. The separation of such a gas mix- the mass or mole fraction of B in the gas phase 4i&lthe

ture in a moving-bed adsorber and in a distillation column mass or mole fraction of B in the solid phase (or mol/kg of
is shown inFig. 1b and c. To bring out the similarities, the adsorbate may be used). It can be shown that the separation
solids were shown to flow upwards. Refluxes are required atfactor is infinite for such gas mixtures.

both ends of the adsorber as in the distillation column. The  The similarity of a moving-bed adsorber with an absorber
enriching and stripping zones are similar to the enriching is shown inFig. 2o and c. For the absorption-like process,
and stripping sections of a distillation column. The adsor- there is only adsorption section and the refluxes at the ends
bent can be regenerated in desorption section by applyingof the adsorber are not required to obtain high purities. There
vacuum or heating. The desorption section is similar to the can be arise in temperature in the adsorption zone due to the
condenser in its function. A part of the gas stream is drawn heat of adsorption and an isothermal operation is not possible
from the desorption section as extract product and the restwithout cooling. The desorption section is similar to a solvent
is refluxed to the enriching zone. This reflux is identical to regenerator used to regenerate the solvent. However, there is
the reflux at the top of a distillation column. A part of the no need to saturate the adsorbent that is being recycled as in
gas is drawn from the stripping zone as the raffinate prod- the distillation-like process.

uct and the rest is refluxed to presaturate the fresh adsorbent Identifying the nature of the adsorption equilibria and the
with the light component (less adsorbable component) be- classification into distillation-like and absorption-like pro-
fore it enters the stripping zone. This flow of the light com- cesses helps in the design of the adsorber.
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Fig. 1. Similarity of fractionation of gas mixtures in moving-bed adsorber with pressure swing and distillation.
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Fig. 2. Similarity of gas stripping in a moving-bed adsorber and absorption.
3. Moving-bed adsorber 3.1. Moving-port systems

In this section, we describe as to how one can achieve sim- A sketch of a moving-port system is given kig. 4. It
ulated moving-bed processes for carrying out the distillation- consists of two closely fitting circular tubes. The outer one
like and the absorption-like processes. Consider a circular has a straight slot along its length and the inner one a helical
moving-bed adsorber as shown kig. 3. A true counter- slot. A diamond-shaped port is formed where the slots cross
current contact can be achieved when the circular bed is ro-each other. If either one of the tubes is rotated, the port moves
tated as a whole in the direction opposite to the flow of the from the left to the right or the other way depending on the
fluid, holding the inlet and the outlet ports stationary. Thereby direction of rotation. The speed of rotation sets the port ve-
the different zones within the bed can be made stationary. locity. When the port reaches one end of the slot, it abruptly
In accomplishing a distillation-like process four zones are shifts to the other end and continues to move in the same
formed as depicted iRig. 3. On the other hand, only the ad- direction. It is possible to introduce or withdraw a fluid from
sorption and desorption zones are formed in an absorption-a bed of solids if the moving-port system is embedded in the
like adsorptive process. bed. By connecting the inner tubes of the systems to a train of

Alternately, we can achieve the same counter-current ef- gears driven by a motor or to individual stepper motors, the
fectif the bed is held stationary and the ports are moved in the movement of ports could be synchronized. A suitable sealant
direction of flow of the fluid. In this mode of operation, the has to be used to prevent the leakage of fluids into or out
different zones move along with the ports. A circular bed is of the bed along the slots. It appears that several variants of
rather difficult to construct as compared to a straight bed. We moving-port systems are possible which facilitates the uni-
propose to move the inlet and the outlet ports along the axial form injection or withdrawal across the cross section of the
direction of a fixed bed to simulate the moving-bed opera- bed (a patent pending on the variants and the applications
tion. The movement of the ports is achieved using devices, of the moving-port systems). Using these moving-port sys-
hereafter; referred to as moving-port systems. We describetems we can construct simulated moving-bed adsorbers of
below one such moving-port system. different configurations.

Raffinate B

3.2. Single-bed configuration

A conceptual simulated moving-bed adsorber suitable for
the fractionation of a gas mixture by distillation-like process
is depicted irFig. 5. There are five moving-port systems em-
bedded in a fixed bed, one each for the inlet and the exit

Stripping Presaturqtion

Feed A+ B

~— e .

OUTER TUBE WITH HELICAL SLOT

INNER TUBE WITH STRAIGHT SLOT

o J

STRAIGHT SLOT TUBE WITHIN
Extract A HELICAL TUBE

Fig. 3. Conceptual simulated moving-bed adsorber. Fig. 4. Moving-port system with straight and helical slots.
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Fig. 5. Adsorptive fractionation of a gas mixture in a fixed bed adsorber the raffinate. As the enriching zone leaves the bed, itis set for
embedded with moving ports. regeneration, purge and presaturation. From the regeneration
section, the gas is withdrawn as the extract product by reduc-
streams. The moving-port systems are depicted as lines andng the pressure using a vacuum pump and a part is sent to
the ports as thick slanted lines. The feed is introduced throughthe other bed as the extract reflux after compression. A part
port 3 at a pressurier. The zones between the ports 2 and 4 of the raffinate stream is used to purge the regenerated bed.
correspond to the stripping and the enriching zones. The feedThe purge effluent can be recycled along with the fresh feed.
flows towards port 4 due to the high pressure in the enrich- The regenerated bed is then presaturated by pressurizing the
ing zone. In the desorption zone, the desorbed gas is drawrbed with the raffinate to the adsorption pressure. The strip-
through port 1. A part of the extract product is compressed ping, enriching, regeneration by pressure swing, purge and
and refluxed back at a pressiie, which is slightly higher pressurization steps are staggered in between the two beds.
thanPe to the enriching section through port 2. These zones The switching of the streams in between the two beds can be
move with the same velocity from the left to the right and accomplished using solenoid valves.
the gas in the opposite direction. A part of the gas from the  Rao et al[18] discussed the thermal regeneration in SMB
stripping section is drawn as the raffinate and the rest is usedwith moving-port systems. The thermal regeneration can
to purge and to presaturate the purge section. The loop linebe accomplished in a shorter time compared to fixed beds
for the flow of the gas shown in the figure ensures smooth because of the moving-port systems. The direction of gas
transfer of the sections from one end to the other. The pres-withdrawal in the regeneration step can be done either in a
sure profile along the adsorber is showifrig. 5. Due to the co-current or counter-current to the direction of the gas flow.
adverse pressure difference present in a single bed, it is dif-The latter mode appears to have advantage and requires eval-
ficult to realize such operation. However, this configuration uation. It may be mentioned that it is feasible to carry out con-
can be used to assess the potential for realizing high productinuous distillation-like process using four fixed bg9)].

purities and productivities. For the absorption-like process only two moving-ports are
required in each bed and only the stripping zone is formed.
3.3. Two-bed configuration To assess the potential of the proposed adsorber in achiev-

ing high product purities with an increased productivity, we
In order to overcome the difficulty mentioned above, we have used the separation of the propylene—propane mixture
propose a two-bed scheme which can be realized in practiceusing silica gel as adsorbent. The adsorption phase equilibria
as shown irFig. 6. Each bed has three moving-port systems. indicate that the separation has to be carried as a distillation-
In the regeneration section, the moving-ports are inactive andlike process. We have employed the single-bed configuration
they have not been shown for clarity. adsorber for the modeling and simulation studies and the de-
The bed in front of the stripping zone is saturated with tails are given below.
the raffinate and that behind the enriching zone is saturated
with the extract. The raffinate product is withdrawn using
the moving port 3. The moving ports 2 and 1 are used for 4. Mathematical model
introducing the feed and the extract reflux streams, respec-
tively. When the stripping zone is about to move out of the  Fig. 7 shows the process steps involved and the notation
bed, the raffinate withdrawal is stopped and the zone is al- employed in the modeling and simulation. The gas and ad-
lowed to move into the other bed which was saturated with sorbate flow rates are representedLbgndV, respectively,
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Regenerated Solid used, one for each component. This amounts that the adsorp-
tion of one component is unaffected by the other which is
contrary to what is implied in the use of the extended Lang-

A

i Vs Vs Ve e ) muir equation. Which of these is valid in reality requires an
| [ [ Swaration | | Seipuing [Ny | Eoiching [l | Blowdown evaluation based on the carefully designed experimental in-
| Lp Lg L i Le vestigation.

v F v To evaluate the diffusional flu};, we have assumed that
:P B, Raffinate D. Extract the pore diffusion is rate controlling, and the flux for the
. adsorption in a particle can be satisfactorily represented by
F, feed the LDF model and the expression is given below:
— e_ - -
Fig. 7. Schematic of the SMB adsorber. Ji = kqla;i —qi) for i=1.2 )
where
and their subscripts indicate the streams entering and leaving
. . . . . . 159DDC CcT Ax
the various sections. The stripping, enriching and the purgek, = e (5)
sections are considered to be counter-current contactors. pTp 41 AY
The following assumptions are used: In Eq. (5) D¢ is the combined diffusivity and is given as a
(i) Steady-state operation. combination of the molecular diffusivit),,, and the Knud-
(i) Isothermal conditions. sen diffusivity,Dx as given below:
(iii) Plug flow of gas. 1 1 1
(iv) Purge, stripping and enriching sections are at uniform FC = Dmm + Dx (6)
pressure and the adsorbent is at saturated condition. o .
(v) The “linear driving force” (LDF) approximation is ap- _ Similarly, a mass balance of componehiti the gas phase
plicable[20]. yields
Fig. 8shows a differential volume of lengthzdn the bed. ~ d(¢i) _ (1 —eb) (;NT+J)=0 fori=1,2 @)
A mass balance of componeiitih the solid phase gives: dz €
dg; Summing up for all the components, we get
vsd—’ =N; fori=12 (1) q b (e
‘ — &
‘ vl 4o — = PINr =0 fori=1,2 €)
and dz dz £p
Ni—x:Nt+J fori=12 ?) When the pressure is uniform across a sectiéa, (5)

P AT o reduces to
where,N; is the interphase transfer rate (taken as positive if ¢y 1 (1 — ¢p)
the transfer is from the gas to the solid) ae(i.e.>""_, N;) i ;TNT ©))
is the net rate of moles exchanged across the interphase and o _
is determined as given below: Substitutingeq. (9)in Eq. (8) we get

dgt dei _1@—ev), 45 10
Nt = USd_Z (3) dz v &p ! ! ’ ( )

Under the saturated condition, strictly speaking, a single 10 obtain the interphase transfer rates, velocity and the
mass-transfer coefficient has to be used in estimakjir@n ~ composition profiles of the gas and the solid phase in
Eq. (2) for the binary system as is done for distillation. How- the stripping, enriching and purge sectiois)s. (1), (9)

ever, in the literature two mass-transfer coefficients have beenf;‘”:j (10)are to be solved with the initial conditions given
elow:

Direction of solid flow L .
Stripping section :

b !
| |
i T I.C.atz=0, x=x5,y=ys, V=0 11
Solid inlet rate | Interphase iSolldaur[etmte < si» Y Ysi 0 ( )
) i transport | . . i
i i Enriching section :
Fluid outlet rate E o W ] Fluid inlet rate
L L
< oo tatetetetetetatatetell S I.C. atz=0, x=x5,y=yfi,v="0 12
Sleteieteteieleteteretet : fis ¥ = Vi, 0 12)
_ | | - .
o0 S S - gzrd 2oL Purge section :
Direction of fluid flow
I.C. at z =0, X = Xpi, Y = Ybi, V = V0 (13)

Fig. 8. Differential volume of a counter-current bed adsorber.
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The saturation by pressurization and the evacuation can betial conditions the enriching section zone length, flow rates
rigorously modeled as transient process. For the sake of sim-and the compositions were obtained by integrating the equa-
plicity, we have considered these processes as similar to flashions till xp is reached.

distillation or a single equilibrium stage process. Therefore,

the streams leaving the stage are considered to be in equilib5.2. Partial regeneration with a raffinate purge

rium.

The solid-phase equilibrium concentratigican be esti-

mated by the extended Langmuir isotherm given below.

= qsibi Pi
! 1+ Z?:lbjpj

5. Simulation of the SMB adsorber

i=12andn=2 (14)

Inthe case of partial regeneration the bed is not completely
regenerated/, was computed by setting the adsorbate com-
positionyg to be in equilibrium with the extract composition
Xp. We require the initial conditions and th& and Lg to
solve the purge section. We have fouhd from the purge
ratio. Setting their compositions &g, we have found the,
andxp from the material balance. Using thg, y,, Lp andxp
as the initial conditions, the end streams of the purge section

were found by solvindg=gs. (1), (9) and (10by the fourth

We have simulated the performance of the SMB adsorber 44er Runge—Kutta method. The material balance around the

for the two cases as given below:

(i) Complete regeneration.

(ii) Partial regeneration with a raffinate purge.

The parameters used in the simulations are givérabie 2
The specification variables for the simulation dfexg, Xg,

VS! PHv PL: pr T

5.1. Complete regeneration

saturation section was made as mentioned earlier to obtain
the initial conditions of the stripping section. The integration
was performed using the fourth order Runge—Kutta method
to simulate the stripping and enriching sections. The recycle
and the feed streams have been added into the calculations at
appropriate locations as shownHig. 7.

The productivity is calculated as the amount of extract
obtained per unit weight of the adsorbent per unit time. The
theoretical energy requirements are calculated based on adi-
abatic compression and the method is outlined by K224

In this case there is no need of purge, and blowdown sec-
tion is equivalent to a total condenser. We have sevthi
be zero and the streams B and D were calculated from theg. Results and discussions
over all material balance. Thé was estimated by consider-
ing the adsorbent is saturated with the gas of composiion 6.1, Complete regeneration
Using theVs, Ls as the initial conditionsigs. (1), (9) and
(10) were solved till the gas composition reached the feed  \We have set the desired purities of the extract and the
composition to obtain the stripping length, the gas and the raffinate products as 99.0 mol.% propylene and 99.0 mol.%
adsorbate flow rates and the compositions using the fourthpropane and simulated the performance of the adsorber.
order Runge—Kutta methd@1]. Using theVy, Lt as the ini- The flow rates and compositions of the streams in differ-
ent sections can be graphically depicted on the well known

-Il;:ll:laemzeters used for the fractionation of propylene—propane on siliigel McCabe-Thiele diagraf23]. Fig. 9depicts the performance

~ of the adsorber on the McCabe—-Thiele diagram. The operat-
ing lines for the enriching and the stripping sections were

Physical properties of adsorbent

SZZ‘;Z&S& ?f adsorbent Olggg kmg?m plotted from the mole fractions of propylene in the gas and
Bed void fraction 04 the solid phases computed along these sections as discussed
Tortuosity factor 25 in the previous section. It can be seen that both the operat-

Particle radius
Particle porosity

Langmuir isotherm model parameters

0.5mm, 0.25mm
0.4

ing lines meet on the vertical line passing through the feed
compositionxg. It is the ‘g-line’ for adsorption. It may be
noted that the operating lines are not straight lines, as to be

b 0.2778 nd/mol i : . .

bii:i 0.1307 rd/mol expected, sincef varies with the mole fraction of propy-

GsCaHe 2000 mol/n? lene. They would have been straight lines &deen con-

dsCsHg 1429 mol/nt stant. However, the operating lines are nearly constant and
Operating variables the McCabe—Thiele assumptions appear to hold good for this

Feed composition 50%4Els iy . . .

" system. With increase in the extract reflux ratio, the operating

Extract composition 99% £He . . . .

Raffinate composition 99%Elg lines moved towards the-y !me. Itis pos&b!e to operate the

Temperature 303K adsorber at total reflux as in the case of distillation.

Adsorption pressure 1.0atm Fig. 10 shows the variation of the mass-transfer zone

Molecular diffusivity
Knudsen diffusivity

6.0x 10 %m?/s at 1atm
5.6x 10’ m?/s

lengths with the extract reflux ratio. It can be seen that the
zone lengths pass through minima. It is counter intuitive
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Fig. 9. Performance of the adsorber in the McCabe—-Thiele diagram.
Fig. 11. Effectofextractreflux ratio on productivity and energy requirement.

because the McCabe-Thiele diagram indicates the required

number of stages or transfer units is infinite for the minimum  Fig. 11 shows the variation of productivity and the theo-
reflux and decreases monotonically as the reflux approachesetical energy requirements. The latter has been computed by
the total reflux. But, the implicit assumption is that the stages settingP_ = 0.0001 atm at which the bed is almost free from
are equilibrium stages or the height of the transfer unitis held the adsorbate (1 atm = 101,325 Pa). The productivity is in the
constant by varying the diameter. In the present case, the di-range of 100-300 mol kgt h~1, whereas the productivity in
ameter is held constant. Therefore, as the reflux increasedconyentional PSA is 3 mol kg h~1 or less. This is because

from the minimum reflux, the flow rate of gas increased and of the driving force with the counter-current flow is higher
the number of transfer units decreased but the height transfetinan the one in the conventional PSA.

unitincreased even more. Therefore, the zone lengths passed
through a minimum. A similar trend is expected for distilla-
tion in a packed column. 6.2. Partial regeneration with a raffinate purge

The regeneration at high vacuum is not cost effective. As
Feed rate: 120 SLPM the regeneration pressure increases, a significant amount of
800 e e propylene is carried by the adsorbent to the saturation sec-
05 tion. This leads to the lowering of the raffinate purity and
700 - xp 099 hence the recovery of propylene. We have explored how the
zEa-0. 0] regeneration pressure affects the product purities. The re-
covery of propylene can be increased purging the bed with
propane as showrig. 7. Fig. 12shows the operating lines on
the McCabe-Thiele diagram. The purge operating lines are
above thex-y line because the propylene is getting stripped
from the bed using the raffinate as eluent. It can also be seen
Stripping Enriching that the lines are highly curved indicating that the gas and
the adsorbate flow rates vary substantially along the purge
section. The end of the stripping operating line is away from
the diagonal as the adsorbent retained propylene even after
the purge.
The effect of the extract reflux ratio on the performance
o - of the adsorber with purge at a regeneration pressure of
00 035 1.0 15 20 25 30 35 40 45 50 55 0.01 atm has been shown ffgs. 13 and 14For the par-
Extract Reflux ratio (Ry;) ticle diameter of 1 mm, the zone lengths were in the range of
3700-5800 mm and the productivities were in the range of
Fig. 10. Effect of the extract reflux ratio on zone lengths. 20-32molkgth—1.

900

4,195

Kquve
600 i

500 4 Total Zone Length

400 A

Zone Length (mm)

300 4

200

100 A




D.P. Rao et al. / J. Chromatogr. A 1069 (2005) 141-151 149

1 —| 40 0.040
0.9 J[Re: 0408 N
35 + 0035 37
s
0.8 - B
) 30 4 10030 =
% Purge o v ©
—E_ 0.7 lines fa s} :;a
= O 251 0025 ¥
S 0.6 g Feed rate: 120 SLPM =
g = . e
o o 20 4 P“ : 1 atm 1 0.020 E
5 051 - P, :0.01atm £
g E o =
g 044 E 15 T B too1s =
. L
5 Feed-120 SLPM ‘E‘ x, 1099 £
5 0.3 - i)!if(;:l:;tily:l,\(l mm/s § 10 4 x, :0.01 Looo £
= 5:2.05 (2 Ryyp) =] R, : 1.0 g
E Py:1 atm E LIE e
3 0.21 P001 am 5 4 B R +0.005 2
= T:303K Dp :1.0mm 2
0.1 4 m
0 r T T T T T 0.000
o . ‘ ‘ . . . . ‘ 1.6 1.8 2.0 2.2 24 2.6 2.8 3.0
X001 Xp:0.50 Xp:0.99 .
0 01 02 03 04 05 06 07 08 09 1 Reflux ratio (Rp)

Molefraction of propylene ingas phase
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Fig. 12. Performance of the adsorber with purge in the McCabe-Thiele requirement for the adsorber with purge.
diagram.

As the zone lengths were very high, we have examined

if these zone lengths could be decreased by decreasing the !20%1 \w/
particle diameteiFigs. 15 and 1@resent the variation of the 10000 1 LSRR 2y
zone lengths with the reflux and purge ratios for the parti- = TR R4
. . Feedrate: 120 SLPM
cle diameters of 1 mm and 0.5 mm at three diffef@nt For £ 8000 by lem A0l RR0 )
both ratios the zone lengths exhibited minima. The total zone % oo e PLO.QSatmRP:3.2)
lengths (sum of the enriching, stripping and purge zones) for — 6091 xe  :001 oo PLOGMMRPL4
the lower size particle were smaller than the larger size par- § , . T <e-Ace- PLODOLatm RP0.5
. . .. . . 7 DP:0.5 mm
ticle since the mass-transfer coefficient increased with the NS
. . . . . . . AR T 20
decrease in the particle size. For the particle size of 0.5mm, 2000 iy
the zone lengths became smaller by four times. The pressure EYWWWY
drop for smaller size was found to be lower as zone length 0 A A e 5
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Fig. 17. Effect of reflux ratio on productivity and energy requirement.
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was lower though the pressure drop per unit length was largerN;
with smaller size particles.

The effect of the extract reflux ratio and the purge ra- Nt
tio on productivity and the energy requirement are shown n
in Figs. 17 and 18The productivity exhibits a maximum  Pa
with the variation of both purge and reflux ratios. We did not Pg
consider the pressure drop across the sections in the energ¥p
requirement calculations. Therefore, the energy requirementPg
calculated was independent of the particle diameter. For re-Py
alistic case, the optima of reflux ratio, purge ratio, particle P_
diameter andP_ have to be determined considering the pres- P
sure drop across the zones as well. The purge ratio increased
withincrease i, to obtain the specified separation. Withthe g;
increase in purge ratio the energy requirement increased and
the productivity decreased. It is desirable to employ as high ag;
P. though its optimum value has to be determined based on
economic considerations. It was found that we can employ ¢°
0.03 atm to get desired separation. The pressure higher than

0.03 atm led to lower values of purity of the products. Osi
ats

7. Conclusions R
Re

We have presented a moving-port system which, when em-Rp
bedded into a fixed bed, facilitates the continuous movementr,
of the port along the bed for the injection and withdrawal ofa T

fluid. We have described how to realize the simulated moving-
bed process in practice for fractionation of a gas mixture using
pressure swing for regeneration. To assess the performance of
the idealized simulated moving-bed adsorber, we studied the
fractionation of the propylene—propane mixture. It is shown

that it is possible to achieve clean separation of the mixture.
The productivity of the idealized adsorber is a few orders of

magnitude compared to the conventional PSA process. The
proposed adsorber appears to hold high promise as an alter-
0.00 native to conventional PSA and cryogenic distillation.

8. Nomenclature

cross-sectional area of the adsorber be#) (m
moles of the raffinate (mol/s)

Langmuir constant of componeingmol/m3)—1

total gas-phase molar concentration (md&ym
gas-phase molar concentration of componéent
(mol/md)

moles of the extract (mol/s)

combined diffusivity (m/s)

Knudsen diffusivity (m/s)

molecular diffusivity (nf/s)

extract flow rate (mol/s)

feed flow rate (mol/s)

diffusional flux of componenit(mol/s)
mass-transfer coefficient ()

molar flow rate of the gas in the adsorber (mol/s)
molar rate of interfacial transfer for componént
(mol/s)

total molar flux (mol/s)

number of moles in the gas phase (mol)

stripping section pressure (atm)

enriching section pressure (atm)

desorption section pressure (atm)

feed gas pressure (atm)

high pressure (atm)

low pressure (atm)

total pressure inthe fluid phase (atm), moles of purge
effluent (mol/s)

solid-phase molar concentration of componeént
(mol/m?)

average solid-phase molar concentration of compo-
nenti (mol/md)

solid-phase molar concentration in equilibrium with
G (mol/m?3)

saturation constant of componeérftmol/m?3)

total solid-phase molar concentration at saturation
(mol/md)

universal gas constant (atmfigmol1 K1)

extract reflux ratio

purge ratio

radius of the adsorbent particle)

temperature (K)
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\% molar flow rate of the adsorbate in the adsorber n number of components
(mol/s) p purge
v interstitial fluid velocity (m/s) S saturation
Vo local interstitial fluid velocity (m/s) S stripping
Vs solid velocity (m/s)
X mole (mol/kg adsorbate) or mass fraction (kg/kg ad-
sorbate) in the gas phase References
X mole fraction of heavy component in gas phase
XD extract purity [1] D.M. Ruthven, Principles of Adsorption and Adsorption Processes,
XB raffinate purity Wiley, New York, 1984.
Y mole (mol/kg adsorbate) or mass fraction (kg/kg ad- [2] C. Berg, Chem. Eng. Prog. 47 (1951) 585.
. . [3] W.H. Kapfer, M. Malow, J. Happel, C.J. Marsel, AIChE J. 2 (1956)
sorbate) in the solid phase 456,
y mole fraction of heavy component in solid phase 4] L.v. szirmay, AIChE Symp. Ser. 71 (1975) 104.
Vi mole fraction of the adsorbed componenin gas [5] G. Storti, M. Mazzotti, L.T. Furlan, M. Morbidelli, S. Carra, Sep.
phase Sci. Technol. 27 (1992) 1889.
ZT total zone length (mm) [6] R. Baciocchi, M Mazzotti, G Sorti, M. Morbidelli, in: M.D. LeVan
. . (Ed.), Proceedings of the Fifth International Conference of Adsorp-
z axial distance (m)

Greek letters

o separation factor

&p bed voidage

ep particle voidage

w viscosity of the fluid phase (kgmt s™1)
P density of the fluid phase (kgfn

Tp tortuosity factor

Superscripts

e equilibrium condition
Subscripts

B raffinate

b blowdown

D extract

e enriching

F fresh feed

F fresh feed + recycle

f enriching gas outlet/solid inlet
i number of components
] number of components

tion, Kluwer, Boston, 1996, p. 75.
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