
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Operation of irreversible series reactions in pressure swing reactors

Kodde, A.J.

Publication date
2001

Link to publication

Citation for published version (APA):
Kodde, A. J. (2001). Operation of irreversible series reactions in pressure swing reactors. [,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/operation-of-irreversible-series-reactions-in-pressure-swing-reactors(8367cb68-74fb-4d1e-9b63-f4d84c04bae6).html


Chapter 2 

S activity Enhancement in Series Reactions by Removal 

of the Intermediate Product and PSA operation 

Pre re swing operation of a packed bed reactor filled with a physical mixture of catalyst 

ent can potentially be used to enhance yields and selectivity in either equilib-

riur limited or competitive sequential reaction paths. Presently, we address the use of the 

PSR reactor for selectivity improvement in competitive sequential reactions by removal of 

the 21-mediate product. It will be shown that selectivity enhancement for a competitive 

sequential reaction is indeed feasible, but when using alternative cycles to the classical 

Skarstrom variant. Using mathematical modeling, preferred operating regimes are identi

fied and discussed. A classical plug flow reactor and a pressure swing reactor are compared 

on : basis of their selectivity-conversion behavior and productivity. 

!J this chapter have been published as: A.J. Kodde and A. Bliek, "Selectivity En-

ement in consecutive reactions using the Pressure Swing Reactor", Stud. Surf. Sei. 

Cat., 109,419-428(1997) 
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38 Chapter 2 

2.1 Introduction 

In situ separation is a well known method to improve the performance of chemical re

actors. Equilibrium-limited reactions can be driven to completion by separation of the 

products, and the removal of the intermediate product from the reactive phase in consecu

tive reactions may improve the selectivity towards this product. These principles have been 

demonstrated in membrane reactor technology (Agarwalla and Lund, 1992; Hsieh, 1996). 

In-situ separation can also be achieved by selective adsorption on an adsorbent. Compared 

to a membrane, a mixture of catalyst and adsorbent offers a much larger interfacial area 

although the component is not permanently removed from the unit and is obtained in the 

regeneration step. Regeneration is possible by lowering of the overall pressure. With the 

alteration of high and low pressure, a pressure swing cycle is imposed on the unit and the 

pressure swing reactor (PSR) is operated in cyclic mode. The PSR, membrane reactors, 

simulated- and counter current moving beds are all equivalent competitive techniques for 

in-situ separation in catalytic reactors. 

In the present contribution we explore the possibilities to enhance the selectivity in a 

consecutive reaction: 

A —> B reaction I 

B —> C reaction II 

through pressure swing operation. In the case investigated, the feed is pure A and B is 

the desired product. Potentially interesting applications include hydrogénations which are 

catalyzed at temperatures suitable for adsorbents. 

For cyclically operated systems, such as the PSR, the number of operating variables 

is substantial and its characteristic cycle invariant state (CIS) cannot be determined in a 

straightforward manner but requires some iterative method. Thus, optimization of individ

ual parameters requires an excessive computational effort. In earlier work a general frame

work has been developed for the design of PSA cycles for adsorber columns (Ruthven 

et al, 1994; LaCava et al, 1998). Phenomena like separation reversal (Vaporciyan and 

Kadlec, 1989), where the product composition is determined by reaction kinetics rather 

than sorption equilibria, indicate that different design rules apply for PSR as compared to 

PSA units. 

Sheikh et al. (1998) have derived analytical solutions of a single stage model of a 

generalized moving bed adsorptive reactor. For the consecutive reaction studied here, 

they show that selectivity enhancement can be obtained when product intermediates (B 
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HP product 

III 

Feed LP product 

Figure 2.1: Single bed version of the 
Skarstrom cycle. Cycle steps: I: pressur-
ization, II adsorption, III depressurization, 
IV purge, S: stirred storage tank. The PSR 
is filled with a mixture of catalyst (O) and 
adsorbent (•). 

in the example given above) is preferentially adsorbed. In this work we emphasize that 

the generation mode (co-current versus counter-current) is important and show that a 

trad; onal PSA cycle does not yield a superior intermediate product selectivity compared 

to a steady state plug flow reactor (PFR) whereas a newly developed cycle does. The 

infli :nce of key operating parameters is presented. 

2.2 Model Development 

Factors which influence the performance of a PSR unit are discussed in the section below. 

Each is evaluated on its relevance to this study. 

ough all pressure swing cycles have common characteristics, there can be one or 

more pressure-equalization steps, co- or counter-current, blow down-, purge- and backfill-

steps and arrangements ranging from 1 to 12 beds. In this exploratory study the starting 

point ; the single bed version of the classical four step Skarstrom (1960) cycle, where part 

of the product gas is stored in a storage tank and used as purge gas later on (Figure 2.1). 

An alternative cycle with co-current blow down and purge steps has also been investigated. 

The parameters in the packing of the bed are the overall ratio of adsorbent and catalyst and 

the 'ibution profile. A non-uniform packing is easily realized but its influence is hard 

to predict a priori. A perfect mix of the catalyst and sorbent is assumed. The effective ad-

sorpt on capacity is demarcated by the adsorption equilibrium within the boundaries of the 

imposed pressure cycle and is determined by the multi-component adsorption isotherm and 

the pre \sure range. A Langmuir type isotherm is assumed. The isotherm parameters used 

in thi work represent very modest adsorption capacity. The Henry constant of the isotherm 

(6 6 mol kg~'Pa~') is in between the values for Nitrogen on zeolite 5A (3.08 10~6 
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1° Chapter 2 

mol kg~'Pa" ') and ethene on activated carbon (8.39 1(T5 mol k g ^ P a - 1 (Valenzuela and 

Myers, 1989, page 92)). The flow rate during the adsorption step governs the conversion 

and was set to ensure a low conversion. Fast sorption rates were assumed, thereby closely 

approximating the instantaneous sorption equilibrium case. Mass transfer is described by 

the linear driving force model. The reaction kinetics dictate the intrinsic selectivity of the 

system. We opted for a simple model system in which both reactions are first order in the 

reactant concentration and both elementary reaction rate constants are equal. This implies 

that the catalyst is always in quasi steady state. The extreme case of adsorbent selectiv

ity, where solely the intermediate product adsorbs is investigated here. Heat effects have 

a very complicated influence on the reactor performance as the adsorption isotherms and 

reaction kinetics are strongly non-linear functions of temperature. Isothermal operation is 

assumed to facilitate interpretation. 

In the previous section the following assumptions have been made: (1) Perfect mixing 

of the catalyst and adsorbent particles, (2) The adsorption isotherm is of the Langmuir 

type, (3) Mass transfer resistance is described by the Glueckauf and Coates linear driving 

force model, (4) Reactions are first order in reactants partial pressures, (5) The interme

diate product adsorbs exclusively, (6) Isothermal operation. Supplementary to the choices 

described above, the following assumptions are made: (7) Ideal gas law is obeyed, (8) 

Axially dispersed plug flow in the bed, (9) Negligible pressure drop over the bed, (10) Bed 

of constant voidage, bulk density and particle size, (11) No radial concentration gradie its. 

(12) Feed gas consists of pure A. 

The PSR is compared to a PFR with identical catalyst weight and hourly space veloc

ity. Reactor characteristics are quantified in terms of the conversion of A, the select! iry 

towards B and the productivity. 

The following equations hold. 

P\ b,,dt yRgasTj dz {RgasTJ +1J'dz2 [ v 

+pbsdSf^b + Ri i=\...N-l (2.1) 

N-l 

yN = l - X -v' (2.2) 

< < <^ U 1 dP P dv " / „_,b x 
{eb + £"{l - £ J ) ) V * = - W ck + g (P^rb+*) (2.3) 
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Table 2.1: Boundary conditions in the PSR models. 

PFR & Skarstrom cycle 
step I step II step III step IV 
i Z=L z=0 z=L z=0 z=L z=0 z=L 

alternative cycle 
step III step IV 

7=0 z=L z=Ç> z=L 
(c) (a) (c) (c) (c) (c) (a) 
(d) (b) (e) (b) (d) (b) (e) 

(c) (c) (a) (c) 
(d) (b) (e) (b) 

n dyi 

a: D- -z— 
dz 

v(v/-v;.in) 

b: equation 2.3 

dy 
C dz 

= 0 
z 

d: v = 0 

e V = Vfixed 

3D; ^(ni)=Srh = 5^^-(n,-ni) (2.4) 
01 rparticleEP 

mbByBP 
•H = 

3P 

adsorption P = fhigh 

pressurization — = Cup 

(2.5) 
1 + bByBP 

RA = -kyAP RB = +kyAP - kyBP Rc = +kyBP (2.6) 

The pressure ramp is imposed: 

dP 
depressunzation =— = Cdown 

purge P = flow (2.7) 

For the gas-phase the boundary conditions differ for each process step. At the end of 

the i: ictor three different cases occur: either a feed flux or a product flux may exist, or 

the reactor end may be closed. Each case is described with the appropriate Danckwerts 

conditions. The resulting equations are listed in Table 2.1. 

The conversion is given by 

V Ix^sUeamsn\v\yAPdt
 n ox 

X A = 7 D—T, { ' 
Jx VfeedVAJeecM feed"' 
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where n is +1 for in going and -1 for out going streams. The selectivity is defined as 

c .lx^ü^m,n\v\yBPdt 
i ß = ~ T v M — D T , (2-9> 

JxJ^tieamsn\v\yAPdt 

The separation factor is defined as 

„ JrVupyB.upPdt/^Vupy^HpPdt 
Jx VLPyB,LpPdt/Jx vLPyc,LpPdt 

A separation factor smaller then one implies that B is concentrated in the low pressure 

product stream. The productivity is given by the feed processing rate: 

1 /' P 
QA = - VfeedVA.feed Ö ~^dt ( 2 - ' ' ) 

T Jx RgWT 

This choice will be discussed later-on. 

The PFR is described by equations 2.1 to 2.6 and the boundary conditions for ie 

adsorption step with the accumulation terms set to zero. The entire conversion range in 

the PFR was covered by varying the superficial gas velocity. 

The model was solved with the gPROMS package running on a IBM RS6000. 1 lie 

axial axis was discretized using second order orthogonal collocation on 20 elements. The 

resulting set of ODE's was solved by numerical integration. Starting from an initial s te 

where the gas phase was either filled with a pure inert or component A, the cyclic ste !y 

state (CSS) was calculated by successive substitution and convergence checked by the 

overall material balance. The CSS was typically reached after 50-100 cycles. 

The overall balance converged until round-off errors in the output format (10~5). Small 

numerical oscillations occurred during the pressurization in the gas phase concentration of 

C. The accuracy of the numerical method was checked by comparing with results obtained 

using second and third order discretization on up to 80 elements for two PSR cases. The 

difference in predicted performance (XA, SB) was insignificant (< 0.1%). 
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sble 2.2: Operating parameters for the PSRa 

Parameter Unit Value Parameter Unit Value 

Pa"1 1.36 10~6 T K 298.15 

Dß,m mV1 io-8 
ta s 10 

Dz 
2 - 1 

m s irr5 tiv s 10 

k mol m - 3 s - ' P a - 1 io-6 
Vfeed m s"1 5 10 - J 

m mol kg"1 4.458 Spurge m s 5 10- 2 

/'high Pa 3 105 
Efe - 0.35 

' l ow Pa 1 105 
EP - 0.85 

•' particle m IQ- 3 
Pbed kg m - 3 592.62 

The numbers are used in all series unless stated otherwise. 

Table 2.3: Parameters varied in the series. 
Si S Parameter studied Fixed in seriesa Varied in seriesa b 

Skai ström process cycle 
cycle time vPurgc=5xl0"3 m s " 1 t„=trv= 0,-> 5, 10,30,60, 

120,240, 500, °° s 

Alte 

A 
B 

mative process cycle 
sorption rate, no purge 
sorption rate, no purge 

trn= 10 s, trv=0 s 
tin=20 s, trv=0 s 

DB ,m=10-9 , -> 1 0 " 8 m 2 s - ' 
D B . m = 1 0 - 9 , ^ 2 x l O - 9 , 
l O ^ n r x s " 1 

C 
D 

recycle ratio 
upper pressure 

tiv=0,-> 3, 6, 9 s 
P h i g h = 3 x l 0 5 , ^ 5 x l 0 5 , 
9x^l0 5Pa 

E 
F 

purge gas velocity 
cycle time (slow purge) 

R=l/3 
Vpurge=5xl0-3 m S~' 

t r v = 3 , ^ 6 , 12,30 s 
t I V = t n = 3 0 , ^ 60, 120,240, 

t iv=0.1- t n =3,->6, 12,24, 
48 ,96 , » s 

G cycle time (fast purge) 

t r v = 3 , ^ 6 , 12,30 s 
t I V = t n = 3 0 , ^ 60, 120,240, 

t iv=0.1- t n =3,->6, 12,24, 
48 ,96 , » s 

H catalyst activity k = 1 0 - 6 , ^ 2 x l 0 - 6 , 
5 x l 0 - 6 , 1 0 - 5 , 2 x l 0 " 5 

mol m - 3 s~' P a - 1 

a: All other numbers are given in Table 2.2. 

b: The arrows indicate the sequence of numbers listed and correspond to the arrows in 

Figures 2.2, 2.4, 2.5 and 2.9. 
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2.3 Results 

In order to properly compare the PSR and PFR, one needs to take conversion, selectivity, 

productivity and separation into account. Selectivity will be emphasized as improvement 

of this parameter is sought. 

2.3.1 Selectivity 

Skarstrom cycle We started out to analyze the PSR operated according to the classical 

four step Skarstrom cycle as depicted in Figure 2.1 for various cycle times. The selectivity 

decreases compared to the PFR. The highest conversion is reached in the steady state limit 

(fn^rvt °°). In the lower limit (fn/r\4 0) hardly any sorption of B takes place. 

All shown cases have similar characteristics and the behavior of the PSR under the 

Skarstrom cycle was further explored by investigating a single case. In Figure 2.3 the 

trajectory of component B is shown. During pressurization the feed end of the bed is 

purged and species B concentrates at the product end of the reactor. This process continues 

during the adsorption step as B has to be formed before it can adsorb and a linear incr >e 

of yB over the unit is observed. As opposed to the ordinary PSA, B desorbs over the si 

two-third of the reactor as shown in Figure 2.3. The counter currently operated blow down 

and purge steps are very inefficient as B has to pass the relatively clean adsorbent at the 

feed end on its way to the reactor exit and migration of B is retarded by equilibration with 

the sorbent. As a result, B is concentrated in the middle of the reactor and the resulting 

increased residence time of B leads to a low selectivity. 

As B is concentrated at the product end of the unit a co-current blow down may remove 

it more effectively. Co-current purging will further prevent re-adsorption at the feed end of 

the unit and thus reduce the amount of B purged during the subsequent pressurization. In 

PSA adsorbers co-current depressurization steps are used to recover the mechanical energy 

of the high pressure gas and increase the purity of the adsorbed component, but it is n er 

used to obtain the adsorbed component. This alternative cycle employing pressurization, 

adsorption, co-current depressurization and co-current purge steps has no analogue in PSA 

separation. 
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x A / ( -

Figure 2.2: Selectivity towards B versus 
conversion of A in the PSR operated un
der the Skarstrom cycle. Line: PFR, A: 
PSR, Parameters: Tables 2.2 and 2.3. The 
arrows indicate the sequence of the mark
ers in the PSR series. This sequence corre
sponds to the sequence of the values listed 
for series A in Table 2.3. 

0.25 

0.2 0.4 0.6 0.8 1.0 

z /L / ( - ) 

0.00 
0.0 0.2 0.4 0.6 0.8 1.0 

z/L / (-) 

Figr e 2.3: Concentration profile of component B under the Skarstrom cycle. Left: 
gas : ase, Right: solid phase. Parameters: Tables 2.2 and 2.3 (tn=trv=30 s), Legend: +: 
Sta ;ycle, end of A: pressurization, O: adsorption, 0: depressurization, D: purge step. 
The small maximum in v# at the start of the cycle results from the gPROMS reinitialisation 
algi ihm. 
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v> 0.95 
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Figure 2.4: Selectivity towards species 
B versus conversion of A. Line: PFR, 
Markers: PSR. Parameters: Tables 2.2 and 
2.3, Series: A: A, 0: B, +: C , D: D, • : 
Et 

w 

1.00 

0.95 

0.90 

0.85 
0.05 0.25 

Figure 2.5: Selectivity towards species 
B versus conversion of A, obtainec by 
variation of the adsorption step ti ne. 
Line: PFR, Markers: PSR Parameters: Ta
bles 2.2 and 2.3, Series: +: F, D: G.t 

Alternative cycle The selectivity of the PSR operated under this alternative cycle can 

indeed be lifted above the steady state (PFR) limit as shown in Figure 2.4 and 2.5. The 

characteristics of all cases shown are qualitatively similar and one case will be explored 

further. Selectivity enhancement is not reached in all cases which shows that the choice 

of operating parameters is critical for this cycle. The influence of individual operating 

parameters will be discussed to identify the operating window for selectivity enhancement. 

The nearly constant concentration gradient of VB in the gas phase (Figure 2.6) re ra

bies the behavior in case of a PFR. The purge effect of the feed is clearly illustrated by 

the drop in the amount adsorbed of B (nB) during pressurization in Figure 2.6 and is i uch 

smaller than in case of the Skarstrom cycle. During the adsorption step the increase of ng 

and the limited rise of y# are evidence of an effective removal of B from the gas phase, ur

ing depressurization, desorption of B causes an increase of the gas phase fraction which 

is effectively removed by co-current depressurization and purge steps. Readsorption of B 

from purge gas is limited as illustrated by the marginal increase of the amount adsorbed B 

t: The arrows indicate the sequence of the markers in the PSR series. This sequence corresponds i the 
sequence of the values listed for each series in Table 2.3. 
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Fig*. 2.6: Concentration profile of B in the PSR under the alternative cycle. Left: 
gas phase, Right: solid phase. Parameters Table 2.2, Legend: +: Start cycle, end of A: 
pre. ization, O; adsorption, 0: depressurization, D: purge step 

(riß) near the feed end. 

The simulations reveal that during the adsorption cycle the major part of species B as 

formed on the catalyst is adsorbed (RJ 55%). As both the mass transfer rate (Figure 2.7) 

and the reaction rate only barely decrease during this step, the fraction of B that adsorbs 

upoi: formation remains nearly constant over the cycle. The system remains far from equi-

libri o as the gas fraction rises to 5% at the reactor end compared to 15% if no adsorption 

woi ike place. Thus the adsorption capacity of the bed exceeds by far the amount of B 

form d during the adsorption cycle. As a result adsorption takes place right after formation 

over the entire reactor length instead of over a limited region as in the case of a moving 

ration front. 

;re 2.7 further illustrates that the amount adsorbed depends on the coverage of the 

adsorbent at the start of the high pressure half-cycle as a more efficient purge gives a higher 

mass transfer rate during the adsorption step. 

es A and B in Figure 2.4 represent cases where the sorbent is regenerated by de-

pres ization only. The highest selectivities correspond to the highest mass transfer rate. 

eries F and G shown in Figure 2.5, the adsorption and purge times are varied at 

cons, UU purge ratio of 1/3. The highest conversion corresponds to infinite adsorption and 

purge step times. The short residence time during the purge step (series G) is necessary to 

lift i -selectivity above the steady state (PFR) limit. 
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Figure 2.7: Sorption rates during the 
adsorption step in the PSR under the 
alternative cycle. Parameters: two cases 
from series C (Table 2.3) 0: R=l/3, A: 
R=l; Legend marker: open: start adsorp
tion step, closed: end of adsorption step. 

o 
E 

0.25 

0.20 r 

0.15 

0.10 

0.05 

0.00 

Figure 2.8: Sorbent loading versus ax
ial distance in the PSR under the alter
native cycle. Parameters: 0: series C (Ta
ble 2.3) with R=l/3, m= 4.456 mol k 
A, R=l/3, m=8.916 mol kg"1. Legend 
marker: open: end of purge step, closed: 
end of adsorption step. 

In series C the purge ratio is varied between zero and one. Both the conversion and se

lectivity increase with the purge ratio, but an increasing fraction of the product is obtained 

at low pressure. 

In series E, the purge time is increased and simultaneously the purge gas velocity is 

lowered to keep the purge ratio constant. A longer purge time improves regeneration, but 

the increased residence time decreases the selectivity. 

Even through the driving force for adsorption increases, a larger adsorption capacity 

does not significantly alter the performance of the PSR in terms of selectivity and con

version as compared to the base case. Figure 2.8 shows that the amount adsorbed and 

desorbed during operation (i.e. The difference between maximum and minimum loading 

shown.) is similar for both cases. 

Increasing the pressure range leads to a higher selectivity, but conversion drops (se

ries D). Since the conversion is related to the amount fed at high pressure, the increased 

pressure difference results in a lower conversion during the low pressure half-cycle. Fur

thermore the amount of feed gas needed to pressurize the unit increases which leads to a 

lower conversion of A. 
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D 
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Figure 2.9: Selectivity towards species 
B versus conversion of A. Legend: D: al
ternative PSR cycle, lines: PFR. The ar
row indicates the sequence of the markers 
in the PSR series. This sequence corre
sponds to the sequence of the values listed 
for series H in Table 2.3. The arrow in
dicates the sequence of the markers in the 
series and corresponds to the sequence of 
the values listed in Table 2.3. 

selectivity hardly depends on the equilibrium loading window of the sorbent as 

just shown in Figure 2.8. Therefore the increased selectivity observed for higher pressure 

ratios may be attributed to the improved regeneration during the depressurization step as 

the Hint of gas blown out increases with the pressure range. 

influence of the operating parameters discussed before illustrates that selectivity 

improvement requires a high purge gas velocity and high mass transfer rates thereby com-

bininj an efficient regeneration with a minimal increase of the residence time. In that case 

the selectivity improvement realized during the high pressure half-cycle by adsorption is 

not "teracted during the regeneration half-cycle. 

; difference in selectivity observed between the PSR and PFR shows a maximum 

with respect to the cycle time at 240 seconds (series G in Figure 2.5). The case with the 

shortest cycle shown in series G is also the R=l/3 case of series C. For this case, Figure 

2.7 rly shows that the amount adsorbed is solely limited by sorption kinetics. 

n increasing the adsorption time, the (de-)pressurization time becomes negligible 

and as these affect the selectivity in a negative manner, the overall selectivity improves. 

Eventually on using longer step times the sorbent will become equilibrated within the 

adsi lion step and the selectivity enhancements diminishes. 

Thus far we only studied low single pass conversion. This is a natural choice for 

opene ing series reactions when selectivity is of paramount importance. Figure 2.9 shows 

howe. er that selectivity enhancement by pressure swing operating can be obtained over 

the whole conversion range. 
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V(-) 

Figure 2.10: Productivity with respect 
to reactant A versus conversion of A. 
Legend: Line: PFR Markers: PSR, o : 

Skarstrom cycle, Alternative cycle: A: se
ries A, 0: series B, +: series C, 0: series 
E, D: series F, V : series G (parameters see 
Table 2.3) 
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Figure 2.11: Separation factor versus 
conversion of A. Legend: PSR: 0; 
Skarstrom cycle, Alternative cycle: A: se
ries A, 0: series B, +: series C, 0: series 
E, D: series F, v : series G (parameters see 
Table 2.3) 
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2.3.2 Productivity 

The productivity of a single PSR vessel is compared to a single PFR reactor. In Figure 

2.10 the productivity of the PSR and PFR are compared on the basis of equal catalytic 

activity per unit volume. This would typically be the case when the catalyst and sorbent 

functions are integrated in a single particle. The productivity of the PSR is clearly lower 

than the PFR. During the regeneration the feed flow to the PSR is interrupted and the purge 

gas velocity is high to minimize reaction. 

In case the PSR vessel is assumed to be filled with a mixture of catalyst and sorbent par

ticles and both reactors are compared on the basis of equal reactor volume, the difference 

in productivity will even be greater as the catalyst in the PSR is diluted with adsorbent. 

For instance, in case of a 50vol%-50vol% mixture of sorbent and catalyst, the produc; > in 

of the PFR at equal conversion of A would be twice as high as shown for the produc i vity 

of the PFR in Figure 2.10. 
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2.3 Separation 

Qua- ..eady state operation results in separation factors higher than one, as the low pres

sure product stream passes the reactor twice. This is indeed observed. Adsorption equilib

ria predict concentration of B in the low pressure stream and thus separation factors lower 

then one. Figure 2.11 shows that selectivity enhancement is correlated with separation 

fact«', below one. 

When operated under the Skarstrom cycle, the separation factors range from 0.1 to 2. 

This i an example of separation reversal (or inversion) which has been reported previously 

by SL eral others (Kirkby and Morgan, 1994; Vaporciyan and Kadlec, 1989). However in 

a strom cycle none of the cases show selectivity enhancement. 

On evaluating the PSR as a separator, one must bear in mind that for low conversions 

(XA~:5%) the separation factor (SB/C) is the ratio of quotients based on two small values 

:fore is very sensitive to the operating parameters. 

The PSR is not a very good separator as all exiting streams are mixtures. For the 

representative case shown in Figure 2.6, the fraction of component B in the high pressure 

and lev» pressure streams are ~6% and 15% respectively. In a PSR sharp concentration 

front- a prerequisite in PSA units in order to obtain at least one high purity stream - are 

abi 

2.4 tscussion 

Isothermicity is the most stringent assumption used in this work. Figures 2.6 and 2.8 both 

show that the amount of species adsorbed throughout the cycle is much larger then the 

amount formed over a single cycle. Thus, there is a large reservoir of undesired reactant B 

pic • in the vessel. 

However when temperature effects are taken into account, the large reservoir of reac-

tants present throughout the cycle implies that a tight control on the reactor temperature 

is required. Especially in the case of exothermic reactions, the cooling capacity must be 

suffic' .it to prevent general heating of the unit. A general heating of the unit would release 

rvoir of adsorbed reactant. 

2.5 mclusions 

We have studied the use of the pressure swing reactor to enhance the selectivity in a series 

reactit A —> B —> C by removal of the intermediate product from the reactive phase. 

When PSR unit is operated according to a Skarstrom cycle, the feed and product end of 
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the reactor are periodically cleaned as they are purged with feed and high pressure product 

gas respectively. As a result the intermediate component is concentrated in the middle part 

of the reactor and its residence time is increased which in turn decreases the selectivity of 

the overall unit towards this product. 

When using co-current depressurization and purge steps, the concentration of the in

termediate product increases towards the product end over the whole cycle. Selecti ity 

enhancement is obtained provided that effective regeneration can be accomplished with

out significant increase of residence time. 

Whereas a significant selectivity increase is obtainable for the PSR versus PFR. his 

goes at the expense of productivity. This is simply related to the quasi continuous nature of 

the PSR process. Further, the product streams obtained in a PSR are not pure, in much the 

same way as for a PFR. The selectivity enhancement may however still be sufficiently im

portant to render PSR the preferred reactor configuration for low temperature consecutive 

reactions. 

Notation 

Roman 

bi 

(-•down 

(-up 

Dijn 

DZ 

k 

L 

m 

N 

Hi 

P 

QA 

''particle 

R gas 

Ri 

SB 

>b 

Pa"1 

P a s - 1 

-l 

adsorption affinity of component i 

rate of pressure rise during pressurization step 

rate of pressure decline during depressurization step Pa : 

gas-phase diffusivity of component i in the mixture m2s~ ' 

axial dispersion coefficient 

reaction rate constant of reaction I and II 

reactor length 

saturation capacity 

number of components 

solid phase loading of component i 

pressure 

productivity (eqn.2.11) 

particle radius 

universal gas constant 

reaction rate of component i 

sorption rate of component i 

selectivity towards B (eqn.2.9) 

2 - 1 

mzs ' 
mol m" ̂ P a ^ s " 1 

m 

mol m -3 

mol kg - 1 

Pa 

mol nf -2s-1 

m 

J mol~ K-1 

mol m" -3 s"1 

mol m" ̂ s - 1 
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SB separation factor (: eqn.2.10) -

t time s 

ti duration of step i in a cycle s 

T temperature K 

V superficial velocity m s 

XA conversion of A (eqn.2.8) -

yt molar fraction of component i in the gas phase -

z axial distance m 

Greek 

e* inter particle void fraction -

£,, intra particle void fraction -

X total cycle time s 

Pbed packed adsorbent density kgr 

Sul 

i 

'pts 

component 

I pressurization step 

II adsorption step 

III depressurization step 

IV purge step 

feed feed stream 

purg'. purge stream 

in in-flowing stream 

Supersi :ripts 

* equilibrium 




