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Chapter 4 

peration of Exothermic Series Reactions in Pressure 

Swing Adsorptive Reactors 

In the present work we evaluate the use of adsorptive reactors, combining reaction and in 

situ separation by adsorption, to enhance the selectivity toward B in sequential, irreversible 

reactions of the type A —> B —> C. 

In the case investigated a feed mixture consisting of A in excess B is fed at high pres

sure whereby component A is adsorbed in order to separate it from B. In a subsequent 

re e step A is desorbed at low pressure and may react with purge gas D. In this way 

the co version of species B is effectively counteracted. 

Temperature may affect the intrinsic catalyst selectivity, it influences the sorbent ca-

paciiv rmd it may allow for more efficient sorbent regeneration. The net effect can not 

be assessed intuitively and thus - following previous work on the use of the PSR under 

isothermal conditions - we have now incorporated explicitly the temperature gradients that 

develop as a result of the exothermicity of the reaction and adsorption. We have also 

the various cooling strategies that may be adopted. A comparison is made be-

ihe PSR and two reference cases: a simple cooled plug flow reactor (PFR) and a 

pre-separation by a pressure swing adsorber (PSA) followed by a PFR. 

i'e show that the adsorptive reactor system can be a viable alternative reactor configu

ration in case of exothermic series reaction as it may allow increased intermediate product 

ity. 
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80 Chapter 4 

4.1 Introduction 

Adsorptive reactors provide a means of combining chemical reactions with in situ sepa

ration. In this case the separation principle is selective sorption, whereas in other exam

ples of in situ separation the separation principle may be based on selective permeation 

(membrane reactors), selective evaporation (reactive distillation), or selective dissolution 

(reactive extraction). 

In adsorptive reactors one mostly deals with a physical mixture of a catalyst and a se

lective sorbent. One of the reasons for this is that application of such reactors is limited 

to low temperatures in order to allow for sufficient (physisorption) capacity of the sorbent. 

This often renders the use of catalysts necessary. Following the adsorption step, regenera

tion of the sorbent may be accomplished either by lowering the overall pressure (pressure 

swing) or by increasing the temperature (temperature swing). 

In situ separation may be used to drive equilibrium reactions to completion. This 

principle has been extensively investigated for pressure swing reactors (for an overview: 

see Carvill et al., 1996, or Chapter 1 ). The use of adsorptive reactors for irreversible series 

reactions has received much less attention. Selectivity towards the intermediate product 

in an irreversible series reaction can be enhanced by removal of the intermediate product 

(Chapter 2 and Sheikh et al, 1998) or by reactant storage on the sorbent (Chapter 3). 

For the latter case, we previously evaluated the use of the PSR to carry out the reactions 

scheme A —> B —> C. For a mixed feed stream of components A and B the objective is 

to remove A from the feed by selective adsorption and then to introduce D to selectivity 

react A and D in the B depleted reactor. The applicability of this system was proven for 

isothermal operation. 

In general temperature effects may significantly affect the performance of adsorptive 

processes. In equilibrium controlled PSA processes even small temperature fluctuations 

lead to a lower efficiency as compared to isothermal operation (Unger et ai, 1997). For 

this reason we have further extended previous work on the use of PSR reactors for consec

utive irreversible reactions to exothermic reactions and non-isothermal conditions. Various 

methods have been proposed to absorb the heat released, i.e. by external cooling or by the 

admixing of high heat capacity inert solids to the bed. In the present case we will deal with 

external cooling, by using a multi-tubular fixed bed. Factors investigated are the degree of 

cooling and co-current versus counter-current cooling. 

In general the operation of exothermic irreversible series reactions, like hydrogénations 

and oxidations, may result in run-a-ways and low selectivity. This undesired behavior 
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may be counteracted by staged (controlled) feeding of reactants. Membrane reactors have 

been proposed earlier to this end (Hsieh, 1996). In the concept studied here, accumulated 

iv, : A must desorb from the sorbent before it can react on the catalyst surface. This 

may limit the rise of the reaction rate by controlled addition of reactant and thus reduce 

the cooling requirements. 

'e will demonstrate that the heat generated by exothermic reactions does not neces

sarily render the PSR concept inviable. Temperature can be used as an additional forcing 

function in temperature swing adsorptive reactors, as high temperature purge gas may be 

instrumental in the efficient regeneration of the sorbent. By optimal integration of reac

tive separation and heat integration, considerable room for improvement over traditional 

processes is possible (Yongsunthon and Alpay, 1999). 

In exothermic consecutive reactions the heat of reaction may be utilized to accelerate 

sorbent regeneration, the disadvantage being that the sorbent capacity suffers from any 

temperature rise in the bed. In the present study we have explicitly addressed the temper

ature gradients that develop as a result of the heat of sorption and reaction. This allows us 

to study the net effect of the increased regenerability and decreased sorbent capacity. 

ie performance of a PSR will be bench marked against two reference cases: (i) a 

multi-tubular plug flow reactor (PFR) containing only a catalyst and cooled co- or counter 

currently, and (ii) a combination of a PSA vessel containing a sorbent to separate A, and 

A is subsequently fed to a multi-tubular PFR containing the catalyst. 

wo cases will be reviewed, i.e. case a) where the catalyst selectivity drops with in

creasing temperature and case b) where the catalyst selectivity is independent of tempera

ture. Case a represents a class of reactions were the temperature rise must be restricted to 

maintain high catalyst selectivity in all reactor alternatives. In case b, temperature merely 

has an impact on the sorbent capacity. 

4.2 Reactor Configuration and Process Cycles 

Three reactor configurations are compared in this work as illustrated in Figure 4.1 : (i) a 

PSR reactor where equal volumes of catalyst and adsorbent are perfectly mixed, (ii) a PFR 

with an identical catalyst as in (i), (iii) a PSA with the sorbent followed by a PFR with the 

catalyst. In the latter configuration, the exhaust stream, enriched in A from the PSA is fed 

to the PFR. 

e PSA and PSR units in this study are operated in the single bed version of the 

four step Skarstrom cycle (Skarstrom, 1960)(Figure 4.3). For the PSA, part of the product 
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Figure 4.1: Reactor configurations compared in 
this work, (i) PSR, (ii) PFR, (iii): PSA & PFR in 
series. • : sorbent, O: catalyst. 
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VJ/W J l 

_tubes with 
catalyst/sorbent 

-cooling medium 

x=0_ 

Tin.yin 

Figure 4.2: Schematic repre
sentation of the cooled reactor 
model. 

gas is temporarily stored in a well mixed tank. During pressurization/depressurization a 

constant pressure ramp rate was assumed. The gas flow velocities at the product end of the 

bed were fixed. 

The multi-tubular fixed bed reactor consists of tubes filled with catalyst and sorbent 

surrounded by a cooling medium (Figure 4.2). During adsorption, cooling is counter-

current whereas during depressurization and purge it is effectively co-current. 

4.2.1 Model equations 

A reactor model was derived using the following assumptions: ( 1 ) Ideal gas law is obeyed, 

(2) Ideal mixing in the gas phase, (3) Axially dispersed plug flow in the bed, (4) Neg

ligible pressure drop over the bed, (5) Adsorbent and catalyst of constant voidage. bulk 

density and particle size, (6) No radial gradients in concentration, flow or temperature, 

(7) Perfect mixing of the catalyst and adsorbent particles. (8) Adsorption isotherm of the 

Langmuir type, (9) Sorption kinetics are described by the linear driving force model. (10) 

Reactions are first order in reactant partial pressures, (11) The specific time constant for 

catalytic reactions is negligible to that of other processes in the reactor, hence the cata-
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pres 

product 

S I 
(PSA); 

I ^ J 

purge 
(PSR) 

clepres. purge 

Figure 4.3: The Skarstrom cycle for 
pressure swing operation. For the PSA 
S represents a ideally mixed storage tank 
where part of its contents is used as purge 
gas at low pressure. For the PSR compo
nent D is introduced via the purge feed at 
low pressure. 

lyst is assumed to be in a quasi steady state, (12) Thermal equilibrium between gas and 

solid phase, (13) The axial dispersion coefficient is constant, (14) All heat capacities are 

constant, (15) Shaft work is neglected, (16) The adsorption enthalpy is independent of 

coverage. On the cooling system we assume: (17) The heat capacity, flow rate and density 

of the cooling medium are constant, ( 18) The overall heat transfer coefficient is constant, 

(19) The cooling medium moves in plug flow. 

• parametric studies it is convenient to write the governing equations in their corre

sponding dimensionless form. The conditions during the adsorption step (Phigh, v(prod)), 

PSR reactor length (L) and volume based gas phase heat capacity (^p- x CpA are used 

as reference state. All used symbols are listed in the notation section. The single species 

ma lance reads: 

ft 
t.v/pc 

(Fy.) dx 

+V;in +V/.2/-2 

m dx 1 P dx ^ x*i> 
i= 1...N (4.1) 

The o' erall mass balance reads 

3 

*<"> = a, V)-£z?^(e,) 

+ XVMrl +ZV'-2r2 (4.2) 

Ideal gas law: 

P 
p£ = — 

T 
(4.3) 
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Sorption kinetics using the linear driving force model: 

|c(e,) = o /(e;-e,) (4.4) 

The sorption equilibrium using the single component Langmuir isotherm: 

(4.5) 

(4.6) 

(4.7) 

0 , K/K-1-0, ,P 

l + K,eß'(T-Ov,-P 

The reaction rates: 

n ^ e - ß U - r - O ^ D P 2 
for: A + D-ïB 

r2 = A: 2É' _ | 32(T- 1 )V B ) ,Dp 2 for: B + D-^C 

where ß*j < ß | for case a and ßj = ß!j for case b. 

The energy balance: 

f « -a -c NT *n\
 3 T P8 32T r ^ T 

AÏ+XvMj+I>u(T-inr, 

A|.+ Xvi,2J+Xv^(T-l)U 

36* 

r ( T - T w ) 

Ä 3P 
(4.8) 

The reaction enthalpy term is split into three terms. This somewhat unusual form results 

from the assumption of constant molar heat capacity of the gas phase. The Ac: term repre

sents the true change of enthalpy in the system due to reaction. The X;V;j term represents 

the enthalpy loss due to the net consumption of moles at Tref. Since one mole of species 

represents an energy of CpgT a net consumption of moles will have a net temperature ef

fect even if AH? is set to zero. The X,-v,-j (T — 1) term reflects the temperature dependency 

of the reaction enthalpy. 

The energy balance over the cooling medium reads: 

A (Tw) = -vi/w ~ (Tw) + — E w r (T - Tw) (4.9) 
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Tabie 4.1: Boundary conditions for the reactor model. 

pres. ads. depress. 
x = 0 x - 1 x = 0 x = 1 A- = 0 x = 1 

purge 
JC = 0 A - = l 

(a) (a) (b) (c) 
eqn. 4.2 F = 0 eqn. 4.2 F = l eqn. 4.2 F = 0 eqn. 4.2 F = - \ | / 

(purge) 
(d) (d) (e) (f) 

Tw (g) (g) (g) (g) 
x=0 x=l 

p^K(yi)=PemF(yi-y,(ked)) 

| ( > v ) = o | ( > v ) = o 
pg| (v , )=Pe mF(v,-y , (purge)) 

(d 

(e) 

| ( T ) = f t h F ( T - T ( f e e d ) ) | 0 0 = o 
| ( T ) = 0 

(f) | ( T ) = 0 ! ( T ) = / ¥ h F ( T - T ( p u r g e ) ) 

eqn. 4.9 T w =T w ( in ) 

The ; s sure ramp is imposed: 

dP 

dx - Çpre 

vP 

dx 

p = 1 

^depress 

P = Q 

pressunzation 

adsorption 

depressurization 

purge (4.10) 

boundary conditions are given in Table 4.1. The PFR model is the steady state 

equivalent of the PSR model at the adsorption stage. The PSA model is identical to the 

PSR Hiodel without the reaction terms. 

4.2.2 Performance indicators 

The : formance indicators used for all units are the conversion of A (XA), the reaction 

selectivity (R1/R2) and the productivity (Pr). The performance of the various reactor con-

figurations will be compared on the basis of equal reactor volumes. This will be discussed 

in Section 4.5.1. Thus the productivity is based on the amount of feed gas processed and 

multiplied by the reference state f I s r *"gh ) n a s u n ' t s °^ m°l(feed) s~' m~3 . Further 

performance indicators are the product stream purity of A over A,B & C (PuA), and the 
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recovery of B (RVB). The definitions of these indicators are given below. 

The cumulative flux of moles and enthalpy of a component in a stream are defined as 

an auxiliary variable: 

//(stream) = / ±yiFx=0/\x=idT (4.11) 
'cycle 

ß(stream) = / ±FTx=0Ax=]d% (4.12) 
•'Tcycle 

where the cycle time is given by xcycle = Tprcs + Tads + Xdepres + Tpurge- T h e n e t consumption 
of a component over one cycle is given by: 

AJt = Ji (feed) - ƒ, (product) + /, (purge) - /,• (exhaust) (4.13) 

The amount of enthalpy released due to reaction: 

Qj,rcac= A^Rjdxdx (4.14) 
lx cycle 

The amount of enthalpy released by adsorption: 

3 
QiMs= %-Af—{qj)dxd% (4.15) 

cycle ' 3x 

The amount of enthalpy removed by the cooling medium: 

ßcooi=/ fr(T~Tw)dxdx (4.16) 

The net change in enthalpy over one cycle is given by: 

Aß = ß(feed) - ß(product) + ß(purge) - ß(exhaust) 

+ % ßj\reac + £ ß*,ads " ßcool (4.17) 

j i 

The performance indicators defined in terms of J and Ai are: 

A/A 
X A = TKfeed) (4-18> 

_ / D A./A Jw l e Jo KiyAyDPdxdT 
R\/Ri = xy - = 7 ^ n (4-19) 

A i c I,cycltJoK2yByDPdxdx 

Pr(PSA) = ^ ^ M ^ l ( 4 2 0 ) 

•̂cycle 
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ZV(PFR) = S Fx=o>v(feed) (4.21) 
;=A.B 

Pu A(prod.) = - MV™^ (4.22) 

= ^B(Prod.)-/B(purge) forpsA 

7B(feed) 

The inventory of species i in the vessel is given by: 

At= f (X*Qi+yiPë)dx (4.24) 
Jo 

QA = f ' ( p« + Ea + ~c + Xx/6/ J tdx (4.25) 

The total cooling duty removed by the coolant in Joule per cycle is given by: 

vwpwCp"T„s[ (T"\x=0-Tl)dT 

The energy fluxes in and out of the reactor are measured by dimensionless numbers F T 

nount of heat transfered to the cooling medium is: 

with regard to the reactor reference AL-^f^CpëTre(. Using this reference, the dimension-

Awv(prod) pwCpw f „ , , Duty = IP V J> / v w ( r •%) (4.26) 

«'rcf r 

4.3 Numerical solution of the model 

The model was implemented in gPROMS version 1.6F (Process Systems Enterprise Ltd, 

London, UK). Discretization of the axial domain was implemented using an upwind scheme 

on a staggered grid, y, and Tw were discretized using the second order scheme (Table 1 in 

Gaskell and Lau, 1988) and T was discretized using the first order scheme. 

The energy balance equation is not written in flux notation since it is expressed in 

temperature and not in enthalpy. However we wish to substitute the boundary conditions 

into e nergy balance for the first and last grid cell. This requires a flux term. Therefore the 

convective flow term was rewritten as: 

F | - ( T ) = | - ( F T ) - T | - ( F ) (4.27) 
ox ox ox 

Where T in the first term on the right hand side is approximated using an upwind scheme. 
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pg appears in the accumulation term in the overall mass balance and is therefore in

terpreted by gPROMS as an differential variable. However p° is calculated using equation 

4.3 which yields a value for pg and not for ^ (p°). This results is a model with a too high 

index and is circumvented by implementing the time derivative of equation 4.3: 

In the component balance pg is defined at the interface of the volume and was approx

imated by the average of the values in the adjoining volumes. 

An IBM RS6000 SP2 platform and a Pentium III PC were used in the simulations. 

The initial state is a vessel completely filled with reactant D at the lower pressure. The 

relaxation to cyclic steady state is calculated by successive integration. Convergence to 

the cyclic steady state is assumed on the basis of the following balances: 

X-V/.,A/,=0 \/j 
i 

and the convergence of Aß to zero. Convergence was assumed when the residues equaled 

1CT7 (10 times the integration accuracy). 

All results shown for the counter-currently cooled PFR were simulated by a dynamic 

model, thereby establishing its stable character. The approach to steady state was checked 

by comparison with a steady state model. In both cases, data at all conversions are 

obtained by continuous adjustments of 0.1 per cent on F | v = l . Typical relaxation times 

were less then 2 x. For the cases of multiplicity shown here, the transition from one branch 

to another could be simulated by the dynamic model. The steady state model did not 

converge to a solution on another branch starting from a different one. 

4.4 Model parameters 

The values of the dimensionless parameters used throughout this work are listed in Table 

4.2. In this section they are derived. 

The reactor model is based on the isothermal case studied previously (Chapter 3 and 

most model parameters used are taken from this study. These and all additional parameters 

are listed in appendix 4A. The magnitude of the dispersion coefficient and bed conductivity 

are such that convection is the dominant heat and mass transfer mechanism. 

Water has been assumed as the cooling medium. The overall heat transfer coefficient 

(£/) was set at 50 W m"- K"1 in the base case. This value is reasonable within the values 

found for PSA system in literature which range from: 0.028 (H2/CH4 PSA Kumar, 1094), 
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Table 4.2: Parameter values used in the simulations.3 

Symbol PSR PFR PSA Symbol PSR PFR PSA 

' D 20 40 Pem 200 200 200 
10 10 ft>h 600 600 600 

KB 

KC 

2 
1 

2 
1 

a 
Spres 

l 

I 
3 

l 

I 
3 

KD 0 0 yA(feed) 0.1 0.05 0.1 

..B 1.33 1.33 yB(feed) 0.9 0.45 0.9 
0.67 0.67 yc(feed) 0 0 

K 0 0 yD(feed) 0 0.5 

..D 0.5 0.5 Tln 1 1 1 
8 8 ''•ads (c) (c) (c) 
4 4 Sdepres 

l 
"3 

i 
3 

~^ 150 300 Spurge 

\|/(purge) 
(d) 
(f) 

(e) 
2000 4000 

Spurge 

\|/(purge) 
(d) 
(f) ig 

3 200 400 ^A (purge) 0 Pu A (prod.) 
6.7 6.7 yB (purge) 0 PuB (prod.) 
150 300 vc (purge) 0 
(b) (b) yD (purge) 1 
8 8 T,„ 1 1 

r (h) (i) (h) in 1 1 1 

S 1 1 1 xf 10 (i) 10 
•—W 1719 1719 1719 cooling mode (k) (i) (k) 

a: All values of the varied parameters are listed in the footnotes to this table. 

b: for case a: ß*j =6, for case b: ^=8 

c: The step is terminated when the following criterion is met: Pu^prod.) > 5 10~6 

d: The step is terminated when the following criteria are met: A\ < 10~3 and QA < 310 

e: The step is terminated when the recycle ratio reaches a pre-set value: 
irge)/I7(prod.). values used: 0.4, 0.5, 0.6, 0.7 

f: Values used: \|/(purge)= 0.1666,^0.333, 0.666, 1.666, 3.333, 5, 6.666, 15, 16.666, 
3,50,66.666 

g: Optimal value see Figure 4.9 

h: Values used: F = 0 , ^ 2.6.32,20,63.2,200.632.2000,» 

i: Values used: F = 2105,5104,3104,2104
; 104,2103,0 

j : Values used: \f= 1, 10, 25, 102, 104 

k: Co-current flow of cooling medium with the purge gas 

1: °>oth co- and counter-current flow of cooling medium are tested 
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2.016 (0 2 VSA Kumar et ai, 1994) and 150.5 (H2/N2 PSA Kumar, 1994). Combined with 

other parameters listed, this yields a value of 33 for the cooling capacity (T). The value 

for r have been varied over a wide range around this value of 33. 

To cover the entire range from near-adiabatic to isothermal operation, we have in s-

pendently varied the cooling capacity (T) and the residence time of the cooling medium 

(Ow). In practice, enlargement of cooling capacity while keeping the residence time and 

total cooling flow constant may be accomplished by using a larger number of narrower 

tubes. 

4.5 Results 

The performance of the PSR will be compared to the two reference cases, and evaluate in 

terms of integral (cycle-averaged) reactor selectivity, productivity and the cooling capacity 

required. In this comparison we will incorporate two sets of kinetic constants for ie 

consecutive reaction at hand: one case where the intrinsic catalyst selectivity drops or 

increasing temperature and one case where this selectivity is temperature invariant. Finally 

we will compare the performance of the PSR for the two sets of kinetic constants (ca a 

versus case b). 

In order to compare the PSA and PSR at equal impurity level in the (high press e) 

product stream, we coupled the duration of the adsorption step to the purity of this str, 

Thus, the adsorption step is terminated once the pre-set impurity level (5 ppm) of the IP 

product stream is reached. Therefore we have not assessed the recovery and product; ly 

as a function of the impurity level. In the PSR, the regeneration of the sorbent and co< 

down of the unit are required to maintain sufficient sorption capacity. Similar to the p 

condition mentioned before, this prerequisite was imposed directly. The purge step time 

was terminated once the regeneration was nearly complete and the bed sufficiently coo d, 

In this work, performance in the cyclic steady state is considered only. For son ;t 

the cases presented here, the convergence towards the cyclic steady state is not straigh 

ward. The characteristics of these cases are discussed in appendix 4B. 

4.5.1 Comparison basis for reactor alternatives 

In the non-isothermal case we need to reconsider the matter of the comparison basis for 

these reactors. For the PSR, we have consistently assumed a total volume VR, with the 

volume fraction taken up by the catalyst and the sorbent each being 0.5. For the PSA & 

PFR and the single PFR two options exist: 
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i The PSA (filled with adsorbent) and PFR (filled with catalyst) each take up a volume 

equal to 1/2VR and the single PFR takes up a volume equal to 1/2VR. In this case 

the volumes of catalyst and/or sorbent are equal for all reactor configurations. 

i The PSA (filled with adsorbent) and PFR (filled with catalyst) and the single PFR 

each take up a volume equal to VR. In this option the residence time is equal for all 

vessels. 

In the one-dimensional model at hand, reactor volume is linked to reactor length. In option 

a), the reference flow rate is divided by two to maintain an equal residence time. Since 

the axial dispersion coefficient is assumed constant, the Peclet numbers are altered. For 

both options, the resulting parameter values are given in Table 4.3. In the isothermal PSA 

1er 3) option b proved to be only slightly superior whereas in the adiabatic PSA 

option b significantly outperformed option a. Therefore, equal reactor volume (option b) 

was chosen as the basis for comparison in this work. 

Performance: selectivity 

The conversion vs. selectivity of each of the three reactor configurations is compared in 

Figures 4.4 and 4.5. For each configuration we have analyzed the impact of the reaction 

kinetics (case a and b, Table 4.2) and used the options: adiabatic operation, isothermal 

operation and (finite) cooling. 

ir the PSR, selectivity does not decrease monotonically with conversion, but a distinct 

optimum conversion exists. In the optimal case the sorption flux and conversion rate of 

component A are balanced throughout the regeneration (Chapter 3). Lower conversions 

result from additional slip of unreacted A. A too high purge gas flow rate causes slip during 

the reaction whereas a too low purge gas velocity causes significant slip before the reaction. 

1 hie 4.3: Comparison of reference cases for PSA and PFR with the PSR. 

comparison ea ec L v(prod) Pem Peh Ki <i> xä r 
basis (-) (-) (m) (ms"1) (-) (-) (-) (-) (-) (-) 
PSR (VR) 0.3 0.3 1 0.1 200 600 2000 0.5 20 20 
PSA 

l/2VR 0.6 - 0.5 0.05 50 300 - 0.5 40 10 
VR 0.6 - 1 0.1 200 600 - 0.5 40 20 

1/2VR - 0.6 0.5 0.1 100 300 4000 - - 10 

R - 0.6 1 0.1 200 600 4000 - - 20 
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CM 

> 1.0 
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cr. 
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0.5 ^•^ — - • ^^^^^^ a . 
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Figure 4.4: Integral reactor selectivity 
(as defined in eqn. 4.19) versus con
version of species A. Case (a): Intrinsic 
catalyst selectivity decreases for higher 
temperatures. Upper left: isothermal, 
Upper right: cooled (T=63.2), Lower left: 
adiabatic. Legend: continuous line PSA & 
PSR, dotted line PFR, A: PSR. The lines 
were obtained by varying F at x = 1 for the 
PFR and PSA & PFR. Parameter values: 
see Table 4.2. The arrows indicates the se
quence of the markers for the PSR. This 
sequence corresponds to the sequence of 
values for \|/(purge) listed in Table 4.2. 

Complete conversion can never be obtained since slip of unreacted A is unavoidable during 

the depressurization step. 

For all cases the PSA & PFR outperforms the single PFR. For moderate and low con

version the highest reaction selectivity is obtained for PSR. but for high conversion —in 

part not achievable in the PSR— the best selectivity is obtained in the PSA & PFR. When 

going from adiabatic, to cooled and finally isothermal operation, the performance of the 

PSR gradually improves over the PSA & PFR concept, albeit for a still limited conversion 

range. 

When the intrinsic catalyst selectivity drops with increasing temperatures (case a, Fig-
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Figure 4.5: Integral reactor selectivity 
(as defined in eqn. 4.19) versus conver
sion of species A. Case (b): Intrinsic cat
alyst selectivity is independent of tem
perature. Upper left: isothermal, upper 
right: cooled (r=63.2), lower left: adi-
abatic. Legend: continuous line PSA & 
PSR, dotted line PFR, A: PSR. The lines 
were obtained by varying F at x = 1 for the 
PFR and PSA & PFR. Parameter values: 
see Table 4.2. The arrows indicates the se
quence of the markers for the PSR. This 
sequence corresponds to the sequence of 
values for \|/(purge) listed in Table 4.2. 

u 1.4) one may observe that the PSA & PFR outperforms the PFR under all circum-

es. However, the relative positions of the PSA & PFR and the PSR with regard to the 

:rsion-selectivity behavior are changed. Again, achievable conversion in a PSR is re

stricted, but for a significant range of conversions the selectivity of the PSR is superior. As 

lit the operating window for selectivity enhancement widens for the non isothermal 

operation compared to the isothermal case. Especially for the cooled reactor shown for 

ase, the PSR behaves close to its isothermal behavior whereas the PSA & PFR and 

the PFR behave nearly identical to the adiabatic case. This results in a substantial enhance

ment of reaction selectivity for the PSR compared to the other reactor configurations. 
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Figure 4.6: The influence of cooling capacity on reactor selectivity (left) and temper
ature (right) for the cooled PFR. The lines are obtained by varying F @ x=l. Legend: 
continuous lines: co-current, dotted lines: counter current; (a): isothermal, T = (b):2 105, 
(c):5 104, (d):3 104, (e):2 104, (f):104, (g):2 103, (h): adiabatic; \|/w=100. 

4.5.3 Cooling strategies 

In the previous section we have compared reactors at equal cooling capacity. Now we will 

demonstrate the impact of varying cooling capacity (T) for each reactor individually. This 

allows us to quantify which cooling requirements are necessary to operate the unit. For 

all reactors alternatives the temperature rise should be restricted and general heating of the 

cyclically operated units should be avoided. 

PFR For the PFR the influence of the cooling capacity for case a is shown in Figures 4.6 

and 4.7 were the influence of cooling capacity (T), coolant flow rate (\|/w) and operating 

mode (co- versus counter-current) are shown. 

Figure 4.6 shows that nearly adiabatic operation is obtained for T < 2 103 whereas 

isothermicity is obtained for T > 2 105. Figure 4.7 shows that for the case with T= 2 104, 

\|/vv= 10 and co-current cooling, the maximum temperature rise is approximately 100°C 

(Tmax=1.35). This case represents approximately the minimum cooling required for the 

PFR. Surprisingly, co-current coolant flow is preferable in this case since the tempera

ture rise is lower compared to the counter-current case. Furthermore, stable operation is 

obtained under all conditions for co-current cooling, whereas this does not hold for the 

counter-current cooling mode. 
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Figure 4.7: The influence of the cooling medium flow rate on reactor selectivity (left) 
am' temperature (right) for the cooled PFR. The lines are obtained by varying F @ x=l. 
L rid: continuous lines: co-current, dotted lines: counter current; (a): isothermal, \j/w= 
(b 04, (c):102, (d): 25, (e): 10, (f): 1, (g): adiabatic, T = 2 104, The + marks on lines (d) 

;)for counter current mode are borders of a region with multiple steady states. The 
box in the top figure shows the region shown in Figure 4.8. 

Figure 4.8: Inset to Figure 4.7 (left). 
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Contrary to a non-reacting fluid in a heat exchanger, the "hot stream" of reactive gas 

heats up while flowing through the reactor and will reach its highest temperature near the 

reactor outlet. The coolant medium is heated near the product end (x=l ) of the bed. In case 

of counter-current cooling and a large heat transfer coefficient, the coolant temperature 

may significantly exceed that of the feed gas at the feed position, in which case it becoi 

a dominant heat source rather than a sink. The result is a temperature rise of the feed 

gas and a temperature excursion may occur. Since this heat is generated by the reaction 

itself near the product end an in situ feed-effluent heat exchanger (FEHE) is obtained. 

Non stable behavior in FEHE systems is well known (Bildea and Dimian, 1998) and is 

also shown in Figure 4.7. As a result in some cases not all conversions are obtainable 

under counter-current cooling and the reactor may jump to the ignited state when perturbed 

during operation. 

PSA In Figure 4.9 the recovery of product B is given for a PSA versus the purge gas flow 

rate (\|/(purge)) and the recycle ratio ( M f e g r ) , for isothermal and adiabatic operation. 

The optimal purge gas flow rate is \|/(purge) = j for all cases shown. The minimum recycle 

ratio of purge gas required to obtain a preset impurity level of A in the product gas B is 

lower for isothermal than for adiabatic operation. For instance when we allow only 5 ppm 

A in the product gas B, the recycle ratio required for isothermal and adiabatic operation 

are 0.5 and 0.6 respectively. For lower recycle ratios the required product purity level c in 

only be met at the expense of the product recovery, which then sharply decreases. 

At the optimal purge gas velocity (y (purge) = i ) but a purge time in excess of what 
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Figure 4.9: Recovery of product B ver
sus the purge gas velocity for different 
recycle ratios. Legend: Open mark
ers isothermal, filled markers adiabatic. 
Recycle ratio: XJ(purge)/XJ(prod)=A:0.4, 
O:0.5, D:0.6,V:0.7. 
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Hired to reach the preset purity level ( | ^ ^ y = 0.6;0.7^ the performance of the 

isothermal and adiabatic case are nearly equal and not affected by temperature gradients 

and thus the cooling requirements are much less stringent. The PSA operated at minimum 

!e ratio is in particular sensitive to \|/(purge). 

The performance of the optimally operated cooled PSA (\|/(purge) = | , ^' (,p"^e) = 

0.5 ) is sensitive to the cooling capacity (T) and the purge gas velocity (\|/pllrge)- The 

influence of cooling capacity (T) for this case is shown in Figure 4.10. The variation of the 

amount of species A accumulated (AA/AB) and the recovery of B (RvB) with the cooling 

capacity (T) are similar. Thus by enlarging the cooling capacity the accumulation of A in 

the unit is increased, thereby improving the recovery of B. Temperature gradients hardly 

in] nee the overall performance for cooling capacities above F « 60 and therefore this is 

approximately the minimum cooling requirement to ensure optimal operation for the PSA. 

es with r > 60 are not the trivial case of near-isothermal operation. For all cases 

;n Figure 4.10 maximum temperature excursions are T=1.03 (pressurization) and 

T=0.97 (depressurization) in a large part of the reactor. Only for cases with V > 60, the 

g capacity is sufficient to cool the adsorber to T « 1 during the adsorption step and 

idsorption capacity is used during the adsorption step. 

PS] Figure 4.11 shows the conversion vs. reactor selectivity of the PSR as a function 

of tl cooling capacity (T) for the two cases at four values of the purge gas flow rate 

Ml rge))- The isothermal and adiabatic operating lines connecting cases at different 

purge gas flow rates are included as reference in the figure. The unit is operated nearly 
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Figure 4.10: Recovery of product B 
and accumulation of A versus cool
ing capacity of the optimally oper
ated PSA. Case: XJ(purge)/£J(prod)=0.5, 
y0purge)=l/3. Legend A: RvB(prod.), V: 
AA/AB at the end of the adsorption step. 
The filled markers on the left and right 
vertical axis represent the adiabatic and 
isothermal cases respectively. 
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isothermally at cooling capacities above T=2 103 and nearly adiabatically below V = 2. 

This range corresponds to that of the PSA and is orders of magnitude lower than that 

for the PFR. The transition from isothermal to adiabatic is not smooth, suggesting that 

several underlying phenomena govern the overall performance. The cooled PSR may show 

superior selectivity as compared to its adiabatic and isothermally operated versions (see 

Figure 4.11, series ii, series iii(O) and iv(O) ). Figure 4.11 is key to the formulation of 

minimum cooling requirements for the PSR, it will be discussed in more detail below. 

The maximum conversion shifts to higher purge gas flow rates in the adiabatic case 

compared to the isothermal case. This is illustrated in Figure 4.12 where the reactor pro

files are compared for the isothermal and adiabatic case at equal purge gas flow rate. In 

the case shown, the desorption flux exceeds the rate of conversion of A near reference 

temperatures. In both the isothermal and the adiabatic case, near the feed end (x PSO.7), a 

significant portion of desorbed A is not converted but moves towards the product end (x=0) 

of the reactor. In the adiabatic case the temperature gradient in the reactor bed ensures an 

additional conversion towards the product end. This is clearly illustrated by the reduced 
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Figure 4.11: Integral reactor selectivity versus conversion of A for a cooled PSR. Left: 
case a, Right: case b. Legend: continuous lines, variation of \j/(purge), data previously 
shown in Figure 4.5 and 4.4: a: isothermal, b: adiabatic dotted lines with markers: 
variation of T at \|/w=10 (values of T see Table 4.2). Series at different purge gas flow 
rates \|/(purge): i.O: 0.666, ii,V: 6.666, iii,o: 33.333, iv,A: 50. The arrows indicates the 
sequence of the markers for the PSR. This sequence corresponds to the sequence of values 
for T listed in Table 4.2. 
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flux of A in the reactor. Therefore the overall conversion is higher despite the fact that 

sorption and reaction are not balanced at feed temperature. 

For series i, ii and iii of case a in Figure 4.11, the accumulation of A and the integral 

reactor selectivity versus cooling capacity are shown in Figure 4.13. The influence of the 

cooling capacity on the accumulation of A (AA/AB) is similar to that of the optimally 

operated PSA (compare series V in Figures 4.13 and 4.10). The degree of accumulation is 

higher in the PSR compared to the PSA, as is explained below. 

The PSR is more thoroughly regenerated compared to the PSA since component B is 

smoved. In the PSR, both the sorbent is regenerated and the temperature is restored, 

operation guarantees a sufficient sorbent capacity at the onset of adsorption. Temper-

effects in the adsorption step are largely due to the heat released by adsorption of B 

'iressurization step, 

lie regeneration step, a part of the reaction heat is used to provide the heat for 

•ion. Table 4.4 shows that the enthalpy required for desorption is an significant heat 

sink for the reaction enthalpy. 

-eries i, the variation of the integral reactor selectivity (Ri/R2) with respect to the 

ig capacity (T) can solely be attributed almost entirely by the degree of accumulation 

of A in the adsorption step. Except for the amount flushed out, before full penetration of 

re ant D, all A and B present at the end of the adsorption step are fully converted. The 

1.3 
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Fi 4.12: Profiles in the PSR during regeneration in the isothermal (left) and adi-
ab£ iright) case. Legend: • : dimensionless temperature (T), O; desorption flux of A 
(S T: reaction rate 1 (n), 0: flow of A (FA). Parameters: Series iv from Figure 4.11 
(\|f(purge)=50), time: 1 xxads into the purge step. 
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Figure 4.13: Integral reactor selectiv
ity and accumulation of A versus cool
ing capacity (case a). Upper left: 
V(purge)=0.6666 (series i), upper right: 
\|/(purge)=6.666 (series ii), lower left: 
V(purge)=50 (series iii). For series: see 
Figure 4.11. Legend: V: AA/AB at the 
end of the adsorption step, o : R,/R2, The 
filled markers on the left and right vertical 
axis represent the adiabatic and isothermal 
cases respectively. The scale of the right 
vertical axis is adjusted to put the markers 
of T and • for the isothermal case on the 
same spot. 

Table 4.4: Comparison of cumulative reaction enthalpy released and adsorp
tion enthalpy consumed during regeneration for selected PSR cases. 

Cumulative enthalpy of 
V(purge) r tf reaction3 adsorptionb 

adsorption / reaction 
0.6666 (series i)c 0 8 47.3 18.0 0.382 
6.666 (series ii) 63.2 6 124.6 26.4 0.212 
33.33 (series iii) 632 6 76.2 27.4 0.319 

50 (series iv) 63.2 6 57.4 26.8 0.467 
a: Defined as: j J = ! J I J ^ ^ IxA)Rjdxdxdj 

b: Definedas: Jl=l23 . / ^ ^ fxXfAf - £ (q,)dxdxd, 

c: The series are shown in Figure 4.11 
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resulting conversion and selectivities are determined by the amounts of A and B present in 

the reactor once D is present. 

For series ii and iii, when reducing the cooling capacity, the decrease in integral reactor 

selectivity is larger than the decrease in accumulation of A. This can be explained using 

re 4.14. In series iii and iv the purge gas flow velocity is too high. Near the feed end 

of the bed (x=\ ) the conversion rate of A (n ) is largely dictated by the desorption flux of A 

Due to the increased temperature near the product end (x=0), part of the previously 

de bed A is converted. However the conversion rate of A is restricted by the amount 

of A present and is weakly dependent on temperature. For reaction two fo) a different 

situ.,; ion is encountered. Here the desorption flux of B is larger than the conversion rate of 

B. Therefore r2 depends on flow, temperature and the molar fraction of B in the gas phase 

and the increased temperature near the product end of the bed (x=0) has a strong effect 

on n Overall, the temperature increase results in an increase in r? whereas rj is limited 

by the low amount of reactant A present in the gas phase. As a result on decrease of the 

cooling capacity (T), the drop in R1/R2 is larger than the decrease of the amount of species 

A accumulated during the adsorption step (AA/AB). 

re 4.11 shows that the decrease in integral reactor selectivity and the increase in 

conversion of A result in an overall performance close to the isothermal operating line for 
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Fig«,••> 4.14: Profiles in the cooled PSR during regeneration. Left: component A, 
right: component B. Legend: • : dimensionless temperature T, O; desorption flux (top: 
SA, bottom: SB), • : reaction rate (top: n , bottom: n) 0: flux (top: FA, bottom: FB), 

-ri (bottom only). Parameters: Series iii, V|/(purge)=33.333, T=63.2, \|/(purge)=10, 
time: I xxads into the purge step, (for series: see Figure 4.11) 
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cooling capacities up till the case T=63.2. For case b the overall performance can even 

exceed that of the isothermal case. This shows that the cooling requirements is equal to 

that of the PSA. 

4.5.4 Performance: productivity 

For isothermal systems we have previously demonstrated that the productivity of a PSR 

may be up to a factor of three higher than the corresponding PSA & PFR configuration. 

This is related to the conversion of A in the purge step, leading to a fast desorption and 

thus to very efficient regeneration of the sorbent in a purge time close to the theoretical 

minimum value. 

For non isothermal operation, the purge step must be continued until both the sorbent 

is regenerated and the temperature in the bed is sufficiently low to allow the adsorption 

cycle to be started. When the time necessary to cool the bed is limiting an extended purge 

time is required, leading to a dramatic drop in productivity. When one would revert to a 

shorter purge step, the overall heating of the bed would results in a severe loss in adsorption 

capacity. 

When comparing the productivity of the PSR and the PSA in the PSA & PFR con

figuration (Figure 4.15), it is apparent that the advantages earlier reported for isothermal 

conditions also hold for non-isothermal operation as long as the cooling capacity T >»; 60. 

This is not obvious as even for this cooling capacity still significant axial temperature gra

dients develop (for example see Figure 4.14). 
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Figure 4.15: Productivity versus cool
ing capacity for the PSR and PSA. Leg
end: A: PSR series iii, i|/(purge)=33.333; 
O: PSR series ii, V|/(purge)= 16.666; D: 
PSR series i, y(purge)=0.666. V: PSA 
y (purge) = \, XJ(purge)/XJ(prod>0.5. 
Open markers: criterion on amount of A 
in the reactor (AA) for purge step time is 
most stringent; ©, ffl: criterion on cooling 
of the reactor for purge step time is most 
stringent. The filled markers on the left 
and right vertical axis represent the adia-
batic and isothermal cases respectively. 
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In both the isothermal and non-isothermal cases, the productivity of the PFR unit re

mains much higher. 

Influence of the catalyst in terms of its selectivity versus temperature behavior 

The performance of the PSR is only moderately affected by the intrinsic selectivity behav

ior of the catalyst, as is obvious when comparing the cases a and b (Figure 4.11). This is in 

ig contrast to the behavior observed for a PFR, where the differences between case a 

are more pronounced. See the difference between the isothermal (= case b) integral 

selectivity and conversion of A for case a in Figures 4.6 and 4.7. 

an adiabatic PSR at maximum conversion (Figure 4.11, lines b and c), the catalyst 

temperature —averaged over the bed position and cycle, and weighted by the reaction 

would yield an intrinsic selectivity which is 40% lower for case a than for case b. 

egral reactor selectivity difference observed is however only 3%. This illustrates 

thai the overall reactor behavior may be distinctly different from what might be expected 

on the basis of the intrinsic properties of the catalyst. It is interesting to have a closer look 

at the underlying explanation for this behavior. 

that for all series shown (series i to iv in Figure 4.11) the corresponding points of 

case a and b differ mainly in conversion of A (XA) and hardly in integral reactor selectivity 

(Rj ' i. 

The drop in selectivity observed at high purge gas flow rates in the non-isothermal case 

compared to the isothermal case was discussed in Section 4.5.3 on page 97. Temperature 

Figure 4.16: Cumulative slip of A ver
sus the regeneration of the sorbent in 
the PSR. Legend: continuous lines case 
a, dotted lines case b, I: isothermal, II: 
cooled (r=20), III: adiabatic. Parameters: 
series iii from Figure 4.11. 
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gradients cause a rise in reaction rate 12 whereas ri is limited by the desorption rate of its 

reactant A. 

As is apparent from Figure 4.16, the slip of species A versus the sorbent regeneration 

is nearly identical for cases a and b, for both the isothermal, the cooled and the adiabatic 

PSR. For the non-isothermal cases a difference in slip of species A becomes apparent at 

low amounts of A present, and at the same time the cumulative amount of A slipped out 

hardly increases. This is due to the fact that now conversion of initially slipped A takes 

place near the reactor outlet. 

To a large extent the reaction rate in the PSR is desorption limited. Hence the influence 

of local temperatures on reactivity and selectivity is far less than would be expected on the 

basis of the intrinsic kinetics (expressed in i\ and Q). This also means that the PSR per

formance is not much influenced by differences in intrinsic kinetics or intrinsic selecth v. 

which is in contrast to what is observed for a PFR. 

4.6 Discussion 

In this chapter the PSR reactor was evaluated for exothermic reactions and non-isothermal 

conditions. The resulting temperature gradients that develop in the reactive bed influence 

both the reaction rates and the sorption capacity. In view of the latter, cooling of the 

bed is necessary. Sufficient cooling of the bed requires that the purge step is continued 

until the initial bed temperature during the adsorption cycle is basically restored. In cases 

this requirement is met, the impact of temperature on the adsorption and regeneration 

steps in the cycle are decoupled. The impact of temperature on conversion and selectivity 

result from the following phenomena: i) During the pressurization and adsorption step 

the temperature rise is mainly due to adsorption. This temperature rise limits the extent 

of accumulation of A and thus decreases the basis for improved reaction selectivity by 

reactant storage. The influence of cooling capacity on accumulation of A (AA/AB ) is 

comparable to that in the corresponding PSA. ii) During regeneration the axial température 

gradients in the bed lead to a shift of the main reaction zone towards the product end. 

Consequently, the residence time of the intermediate species B is shortened and selectivity 

increases for similar conversion levels, iii) The desorption rate and the reaction rate of 

A during the purge step need to be balanced in order to prevent slip. A balance between 

these two is obtained at higher purge rates under non-isothermal conditions, as a result of 

the higher overall reaction rate. 

In case the purge gas velocity is too low, the extent of reaction depends on the amount 
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of reactants present and not on temperature. In case of a high purge gas velocity, the 

reaction rate of B —> C increases with temperature whereas the rate of A ——> B is restricted 

by the desorption rate of A. This results in an additional selectivity drop. 

[he operation of exothermic reaction in the PSR by reaction-assisted regeneration 

n distinguish two advantages: i) Reaction maximizes the driving force for desorption, 

ii) Reaction provides the heat required for desorption. In this work we have balanced 

the desorption flux and the conversion rate of component A. Consequently the reaction 

enthalpy released exceeded the enthalpy required for desorption. 

The net effect of the above mentioned phenomena is that the PSR can be operated in 

such a manner that superior selectivity may be observed. 

We have extended our evaluation of the PSR to exothermic reactions and non-isothermal 

operation. The basis for the PSR is a concurrent reaction and the adsorption of reactants 

or intermediate products. At first sight one would expect that any temperature rise in the 

bed due to reaction would lead to a decrease in sorption capacity to such an extent that the 

en principle would break down. However, by adopting a proper cooling strategy one 

ise the temperature rise to shorten the regeneration cycle. Hence, the PSR concept 

may also be viable in case of exothermic, irreversible reactions. 

literature the exploitation of temperature effects in periodic separation/reaction pro

cesses has been proposed earlier in temperature swing operation (Yongsunthon and Alpay, 

1998b, 1999) and reverse flow reactors (Matros and Bunimovich, 1996; Haynes et ai, 

1992) for the operation of endothermic and/or equilibrium limited reactions. We conclude 

that the adsorption-reaction system should also be considered as a viable reactor alterna

tive for irreversible exothermic reactions which can be operated at low temperature such 

as hydrogénations. 

leration of exothermic reactions in a cooled PFR may lead to non-stable operation 

and thermal run-a-ways. In the PSR the reaction rate is limited by the presence of reactant 

(gi 'iied by desorption) and is therefore not much dependent on temperature. Further

more since PSA operation is basically a sequence of batch steps, one can easily extend the 

step to allow the bed to be cooled sufficiently, 

important assumption made in this work is that the sorption rate, incorporated in 

th tear driving force coefficient, is temperature independent. This would typically be 

the case when sorption is limited by film transfer or macro pore and Knudsen diffusion, 

but would be less appropriate for sorption that is controlled by kinetics or by activated 

dif on. However, also in the latter case, it qualitatively resembles the one studied here. 
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Since the activation energy for desorption is generally (much) smaller than for reaction, 

any temperature rise tends to have only a moderate effect on a desorption limited reaction. 

Especially in case at hand where the driving force for desorption is already maximized by 

the conversion of the desorbed species and can hardly be increased by a temperature rise. 

4.7 Conclusions 

In this study we have investigated the performance of a cooled packed bed filled with 

a physical mixture of a sorbent and a catalyst, and operated in a pressure swing mode. 

This PSR concept is compared to both a plug flow reactor (PFR), and a pressure swing 

separation plus a plug flow reactor in series (PFR & PSA). In the case presented the unii is 

used to carry out an exothermic series reaction A ±? B ±? C. The feed stream is a mixture 

of A and B and the objective is to remove A from the feed by selective adsorption and then 

to introduce reactant D to selectively react A and D in the B depleted reactor. 

An improved selectivity may be brought about for the presently studied reaction as a 

result of accumulation by in-situ sorption in a PSR of one of the reactant species. For 

isothermal operation this was demonstrated before, but is also observed for the cooled 

PSR with exothermic reactions. This is not obvious, as — in spite of external cooling 

— significant temperature gradients exist. Hence, the reduced adsorption capacity due to 

enhanced temperature in the bed does not necessarily render the principle infeasible. 

When exothermic reactions are carried out in a PSR, general heating of the bed must 

be avoided, as is the case for a PFR. Therefore the bed must be cooled and purge times 

must be extended to attain a fully regenerated sorbent, and a sufficiently cold bed. When 

desorption is the rate limiting step, this goes without loss in productivity. The cooling 

capacity required for the PSR are comparable to those for the PSA unit in the PSA & 

PFR option and are orders of magnitude lower then those required for both PFR units 

(both isolated and within the PSA & PFR option). The cooling strategy is important to 

guarantee reactor stability and prevent runaways. For a PFR, reaction rates can only be 

controlled over the catalyst temperature. In contrast, in the PSR a kind of self control is 

exerted by the fact that reactants need to desorb prior to being able to react. This renders 

the PSR far less sensitive to runaways than the PFR. 

In the case that temperature gradients not only affect the sorption capacity, but also 

diminish the intrinsic catalyst selectivity, the non-isothermally operated PSR can at n 

superior selectivity over the PFR for a wider operating regime. This arises from the fact 

that the PSR is far less sensitive than the PFR to temperature rises. 
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Under all conditions, the PSA & PFR and the PSR, have a reduced productivity as 

compared to the PFR. This is due to semi-batch operation of the former configurations and 

much lower gas phase fractions of A and & B present. Therefore, the PSR is only relevant 

in cases were reaction selectivity is vital. 
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Notation 

All symbols and dimensionless numbers used are listed in this section. 

Symbols 

symbol description unit 

Roman 

b adsorption affinity Pa~' 

Cp heat capacity Jmor 'K" 1 

D,, axial dispersion coefficient 2 - 1 

rrrs 
dw diameter of individual reactor tube m 

i activation energy J mor1 

A#ads enthalpy of adsorption J mor1 

An reac reaction enthalpy J mol"1 

kj reaction rate constant of reaction j at Tret- mol kg"1 s~ ' P a - 2 

keff thermal conductivity Wrrr 'KT 1 

#LDF adsorption rate constant S " 1 

I reactor length m 

P pressure Pa 

1 solid phase concentration mol kg~' 

R gas constant J mor ' K"1 

t time S 

T absolute temperature K 

U overall heat transfer coefficient J m ^ K - ' s - 1 

V superficial gas velocity m s~' 

y molar fraction in the gas phase -
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z axial distance from reactor feed 

Greeic 

Vij stoichiometric coefficient of component i 

in reaction j 

p mass density 

m 

kgrrf 

Dimensionless numbers 

symbol definition 

Roman 

4 a A///,ads 
Ai CpZTTef 

AH<j 
AJ 

J AJ CpZTie{ 

Ai eqn. 4.24 
v1-

F 
VRT F 

v ( p r o d ) ^ 

dFvj 1 32y, 
Fi dx + Pem dx2 

Ji(s) eqn. 4.11 

Kj 

ecpcfc;(rref)P£ghLtfrref 
Kj eg^highv(prod) 

P 
P 

Phigh 

v(prod)LC/7gPhigh 
Peh kef(RTre( 

v(prod)L 
kef(RTre( 

v(prod)L 
Pem öax 
Pr eqns. 4.20,4.21 

PUj(s) eqn. 4.22 

Q(s) eqn. 4.25 

rj 
eqns. 4.6,4.7 

RVi(s) eqn. 4.23 

R1/R2 eqn. 4.19 
aa9i 

Si X[
 3 T 

Th, 
r(feed) 

T 

Tref 

,7ref 
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T 
?ref 
Tw (in) 

"THY 

i 
z
 rrcf 

X z 
XA eqn. 4.18 

Greek 
AH? 

Pi RTKf 
Efx 

ß; 
j 

RTref 

r AUL r 
£gQ>gpgdwv(prod) 

£J m j mtoiai 

e, „sat 
1i 

K, P\àghbi{Tmi) 
A w 

p^C/ j* 

£lpcCvc 

eap^Cva 

egp^Cpg 
PTrei 

PrefT 
f v (prod) 

?ad.sv(prod) 

L 
fpurgeV(prod) 

L 
* low ' n igh 

Ps 

X 

tads 

: 

Spr-

1> , 

l i 

/ F (prod.) 
1" '>d-) W .{ = ] 

Ph\°h v(prod)rdepres 
"high — "low L 

-Phigh v(prod)rpres 

^LDF,;F 
X 

v(prod.) 
£°p*qfRTle{ 

eS^igh 
'prod.) 

F (prod.) 
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\|/(purge) 
F (purge) 
F(prod.) 

n f w V 

Q 

v(prod) 
' low 

fhigh 

Superscripts 

* equilibrium value 

a adsorbent 

c catalyst 

g gas phase 

sat saturation 

w cooling medium 

Subscripts 

i component (A,B,C,D) 

j reaction (1,2) 

ads. adsorption step 

depres. depressurization step 

high upper pressure 

in in-going stream 

low lower pressure 

pres. pressurization step 

purge purge step 

ref reference state 

Arguments 

exh. exhaust stream at Piow 

prod. product stream at Phigh 

feed feed stream 

purge purge inlet stream 

PSR pressure swing reactor 

PFR plug flow reactor 

PSA pressure swing adsorber 
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Table 4A.1 Dimension-holding parameters for the PSR model. 
Symbol Unit Value Symbol Unit Value 
Column Gas parameters 
e mgas m tot 0.4 Dax 2 - 1 

irr s 
5 10"4 

L m 1 keff W m ^ R " 1 1 
vfaa - 0.5 Cpgas J r a o r ' K " 1 50 
Reference state Pg mol m~3 121 

Prel Pa 3 105 Sortent 

Tref K 298 Pa kgm3 1200 
v(prod) m s - 1 0.1 Cp* J k g - ' K - ' 1100 

tref s 10 Catalyst 
Cycle Pc kg m3 1200 
tpres s 20 Cpc Jkg" 1 K - 1 1100 

'ads s 500 Cooling 
tdepres s 20 U J n T ^ K r V 1 50 

Phigh Pa 3 105 Aw/A - 1 
Mow Pa 1 105 

Pw kmol m~3 55 

tpurge s 200 Cpw kJkmoU'K-1 75 
v(purge) m s"1 1 Tw K 298 
T(feed) K 298 vw m s - 1 1 
T(purge) K 298 dw m 0.025 

Symbol Unit A B C 
mol kg ~r~ 
10- 6 Pa- ' 
s"1 

kJ mol 

D 

b(rref) 
KLDF 
A//;„k -l 

2.5 2.5 2.5 0 
33.333 6.6666 3.3333 0 
0.05 0.05 0.05 
-20 -20 -10 
reaction 1 reaction 2 

k(7ref) mol kg 's ' Pa" 
Eact 

AZ/reac 

kJmoU1 

k J m o r 1 

3 10-1U 

15?20e 

-100 

3 10" 
20 
-100 

TT 

a: vfa: Volume fraction of the adsorbent 

b: For case a 

c: For case b 
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Appendix 4A Parameter values with dimensions. 

Several non-standard dimensionless numbers are used in this study. For clarity the 

ring two tables list an identical parameter set. In Table 4A.1 the parameters have 

dimensions. In Table 4A.2 they are dimensionless. The bracketed numbers are round-off 

are used in the simulations. 

Table 4A.2: 
4A.1. 

Corresponding dimensionless parameters to Table 

Symbol Calc (Used) Symbol Calc (Used) 
Pem 200 Q 0.3333 
Peh 605.4(600) Çpres 0.3333 
~ a 163.5(150) Sdepres -0.33333 
Hc 163.5(150) 'tads 50 
R/Cp£ 0.16629 Spurge 20 
T(feed) 1 \|/(purge) 3.3333 (var.) 
T(purge) 1 r 33.04 (var.) 
Symbol Calc (Used) 

B C D 
Aa 1.342(1.33) 1.342(1.33) 0.6711(0.67) -

t 18.58(20) 18.58(20) 18.58(20) 0 
K 10 2 1 0 

4> 0.5 0.5 0.5 -

ß3 8.072 (8) 8.072 (8) 4.036 (4) -
reaction 1 reaction 2 

K{TK() 
ß c 

Ac 

2006.95 (2000) 
6.054/8.072 (6/8) 
6.711 (6.7) 

200.695 (200) 
8.072 (8) 
6.711 (6.7) 
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Appendix 4B Non-straightforward convergence in 

non-isothermal PSA systems 

4B.1 Introduction 

In the main text of this chapter we have compared the integral reactor selectivity for opera

tion of a series reaction in the pressure swing reactor (PSR), a plug flow reactor (PFR) and 

a pressure swing adsorber (PSA) & PFR in series. The performance of the cyclically op

erated units was determined at their cyclic steady state, and the convergence towards this 

state was not discussed. In some of the cases presented in the main text, this convergence 

was not straightforward, and this is the subject of this appendix. 

In order to compare the PSA and PSR at equal impurity level in the (high pressure) 

product stream, we coupled the duration of the adsorption step to the purity of this stream. 

Thus, the adsorption step is terminated once the pre-set impurity level (5 ppm) of the HP 

product stream is reached. 

In the PSR, the regeneration of the sorbent and cooling down of the unit are required 

to maintain sufficient sorption capacity. Similar to the purity condition mentioned before, 

this prerequisite was imposed directly. The purge step time was terminated once the re

generation was nearly complete and the bed sufficiently cooled. This approach avoids 

the simulation of non-relevant operating schemes for the PSR which lead to successively 

higher bed temperatures. For the PSA, the amount of high pressure product gas used to 

purge the bed at low pressure is an important operating variable. Therefore the purge step 

was terminated once a pre-set recycle ratio is reached. In summary, the duration of the 

adsorption and purge steps are not fixed in the simulation of both the PSR and PSA. 

The use of a purity specification during the adsorption step effectively implies that 

a primitive control structure is implemented in the PSA model. Note that this "control" 

has no counter-part in industrial practice where all PSA units are designed and operated 

on cycles with fixed process step times and switching times are not coupled to on-line 

monitoring of the composition of exiting stream or the temperature of the adsorber bed. In 

practice, monitoring of product properties is done at intervals far exceeding the cycle time. 
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Cheng et al. (1998) also imposed a fixed product purity in their evaluation of a rapid 

pi ire swing adsorber. They added the required purity as an additional constraint in their 

optimization problem. In contrast to our approach, the "control" is not incorporated in the 

model, but iterations which yield higher impurity levels are discarded in the optimization. 

The cyclic steady state is calculated by dynamically simulating a sequence of (succes-

omplete cycles. The results from the last finished cycle are used as initial conditions 

for the next. This successive substitution method (or Picard iteration) simulates the dy-

of the actual process including the "control" mentioned previously. In the start-up 

'SA, there usually is a gradual build-up or decrease of sorbate species on the sorbent 

or heat stored by the solid interior, from cycle to cycle. At first sight the "control" is ex-

pecto J to enhance convergence. When starting from an clean sorbent, the adsorption step 

will be lengthened until the concentration front reaches the product end of the bed and a 

[a uild-up of sorbent species is accomplished within a single cycle. 

r the PSR cases presented in this study, this is indeed the case as the PSR reaches its 

eye steady state in less then 10 cycles in all cases studied. For the PSA, the convergence 

rate different and will be discussed in more detail in this appendix. Presently we will 

dei i rate that the convergence behavior of a non-isothermally operated PSA unit is not 

neo irily straightforward. 

4B.2 Model parameters 

The one dimensional non-isothermal model of the PSA is fully described in Section 4.2.1 

of the main text. The model equations are 4.1 to 4.5 and 4.8 in this section. The numerical 

solution of the model is fully outlined in Section 4.3. The number of grid points used was 

200, The results from the adiabatic PSA case shown here were calculated using both 200 

and 400 grid points. The difference was negligible. 

Reproduction of some previous claims of non-standard dynamic behavior in PSA sys

tems often depends on model details scattered throughout the publication. In contrast, the 

full list of parameter values used for the case shown in Figures 4B.3 and 4B.4 is given in 

Table 4B.1 for clarity. 

( nvergence was measured by calculating the net accumulation of species (AJ,, eqn: 

4.131 and enthalpy (Aß,-, eqn: 4.17) over a single cycle. The choice of these parameters 

is arbitrary. The cyclic steady state is usually characterized in terms of the periodicity 

of the conserved variables (Nilchan and Pantelides, 1998). In this case they would be 

YA.B i! \.B,T Vx. Therefore a common method is to quantify convergence as the size of 



116 Chapter 4 

Table 4B.1: Dimensionless parameters of the adiabatically operated PSA 
at optimal recycle ratio and purge gas flow rate. 

Symbol Value Symbol Value Symbol Value 
A B 

Pem 200 Q 0.3333 ß 8 8 
Peh 600 Spres. 0.3333 A 1.33 1.33 
5 300 Sdepres. -0.33333 X 40 40 
R/CpZ 0.16629 ^ads variablea 

K 10 2 
1 purge 1 spurge variableb 

* 0.5 0.5 
Tfeed 1 T purge 0.33333 yfeed 

Ypurgc 

0.1 0.9 
5 10~6 bal. 

a: The adsorption step is terminated when the impurity level of the product 
stream reaches a pre-set level: PuA(prod.) > 5 10~6 

b: The purge step is terminated when the recycle ratio reaches a pre-set value: 
U (purge) /L/(prod.) = 0.5. 

the difference vector of these variables (Croft and Le Van, 1994a; van Neer et al, 2000). 

However, the measure of convergence used presently, offers the advantage that the num

bers expressing convergence have a physical relevance and may provide insight into the 

convergence dynamics. 

4B.3 Results 

Generally, convergence of the PSA slows down significantly for the adiabatic case com

pared to the isothermal and cooled cases. This can be explained by comparing the ratio 

of the buffer capacity of the solids inventory over the integral heat transfer capacity of the 

gas phase per cycle, and the integral adsorption capacity of the sorbents over the integral 

mass transfer capacity of the gas phase per cycle. This ratio is much larger for heat than 

for physisorbed species. As a result the build-up of stored heat requires many more cycles. 

For the optimally operated PSA unit treated in Section 4.5.3 of the main text, the case 

is somewhat different. The performance of the optimally operated PSA for isothermal and 

adiabatic operation are given by respectively o and • at Y|/pUrge = 0.3333 in Figure 4.9 on 

page 96. The performance versus cooling capacity (T) for this PSA is shown in Figure 

4.10 (page 97) in the main text. 

Figure 4B.1 shows the convergence versus the cooling capacity for the cases shown 

in Figure 4.10 in the main text. The figure clearly shows that convergence for these cases 

slows down significantly for the adiabatic case compared to the isothermal and cooled 
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0 200 400 600 800 1000 

cycle no. / (-) 

Figure 4B.1: Convergence rate of the 
PS for several cooling capacities, o: 
a< itic. T= +: 6.32, o : 20, A: 63.2, D: 
2I 7: isothermal, \|/w=10. Only the pos
itiv values are shown. The dotted lines 
connect the periodic maxima. 

0 100 200 300 400 500 600 

cycle no. (-) 

Figure 4B.2: Convergence rate of a 
cooled PSA with and without "control". 
Open makers: AQ > 0, closed markers 
AQ < 0, xads and T, 

purge• A: conditional, 
D: fixed xads= 13.178 Tpurge= 19.767. Pa
rameters r=63.2, \|/w=10, case A in Figure 
4B.1. 

cas In most cases shown the AQ, A/, parameters converge to zero in a damped periodic 

fas >n. However the observed trend in convergence rate is not obvious since the cooled 

PSA case Utol=20 converges slower than both cases Utot=6.32 and Utot= 63.2. 

In Figure 4B.2 the convergence rate is compared for a cooled PSA with and without 

"control". For the case without "control", the duration of the adsorption and purge steps 

was pre-set to the values obtained for PSA with "control" in its cyclic steady state. The 

performance of the converged cases is equal. The case without "control" converges much 

faster and the convergence parameters do not change sign periodically. This shows that 

the slow convergence is caused by the primitive control incorporated in the model. 

!n the adiabatic case, the PSA with "control" (0 in Figure 4B. 1) does not seem to reach 

a c lie steady state at all since AQ does not approach zero. Figure 4B.3 shows that for 

thi ase the system reaches a cyclic steady state with a period of approximately 44 times 

the iiposed cycle period. We refer to this as a multi-cycle cyclic steady state. Within a 

sin le period of the solution the duration of the adsorption step slowly varies from cycle 

to cycle. Since it is reached by successive integration, it is necessarily stable. 
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400 800 

cycle no. / (-) 

1200 

Figure 4B.3: Adsorption step time ver
sus cycle number. The initial state is a 
clean bed. The dotted line shows the aver
age xads. Parameters: adiabatic case from 
Figure 4B.1. All parameters are listed in 
Table 4B.1. 

1000 2000 3000 

cycle no. / (-) 

Figure 4B.4: Adsorption step time ver
sus cycle number. The initial state is 
the cyclic steady state solution of the PSA 
with fixed adsorption step times. Parame
ters adiabatic case from Figure 4B.1. The 
dotted line shows the average xads-

For the adiabatic PSA case, the existence of another cyclic steady state with a period 

identical to the process cycle cannot be ruled out. To investigate this, we have first sim

ulated the adiabatic PSA with fixed adsorption step time which was set at the average 

adsorption step time of multiple-cycle cyclic steady state. The impurity level of the prod

uct stream in the resulting cyclic steady state was near 5 ppm. This solution is expected to 

be near a possible cyclic steady state solution with the same period as the imposed cycle 

for the model with "control". When using this solution as the initial state for the model 

with control the same multiple-cycle cyclic steady state was reached (Figure 4B.4). This 

result shows that the existence of a stable single-cycle cyclic steady state solution for the 

adiabatic PSA case shown here is unlikely. 

The simulation results presented here on the adiabatic case were obtained with both 

200 and 400 grid points and with two different initial states. The deviation of Aß hom 

zero within a single cycle (Aß > 10~3) are orders of magnitude larger than the numeri

cal accuracies (Aß < 10~6)). Therefore we can rule out an inaccuracy in the numerical 

simulation. 

Simulations with 0 < T < 6.32 have not been presented. Therefore we have not es-
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tablished a minimum value of F required to obtain multiple-cycle cyclic steady states. 

Furthermore, the existence of other solutions (both stable and unstable) cannot be ruled 

out. Both issues can only be effectively investigated by constructing bifurcation diagrams 

with F as a bifurcation parameter using dedicated software. This is beyond the scope of 

this work. 

4B.4 Discussion 

We have shown that adiabatically operated PSA units may reach a periodic state with a 

pel d time much larger than that of the imposed process cycle. This is the sole case were 

we have found this type of behavior. All other cases of the PSA reported in this chapter 

converged to a single-cycle cyclic steady state. These included other adiabatic cases and 

1 PSA units with various recycle ratios, purge gas flow rates. 

In reverse flow reactors non-linear dynamics resulting in operation regions with mul

tiple steady states are intrinsic to the reactor operation. Operating windows exhibiting 

multiple-cycle cyclic steady states have been the subject of systematic research (Khinast 

and Luss, 1997; Khinast et al, 1998; Rehâcek et al, 1992, 1998). For PSA systems, 

there have been reports on multiple cyclic steady states only (Farooq et al, 1988; Suh 

and Wankat, 1989; Ritter and Yang, 1991; Kikkinides etal, 1995; Rege et al, 1998; Sun-

daram and Yang, 1998). This is the first report of multiple-cycle cyclic steady states. For 

TSA multiple cyclic steady states (Davis et al, 1988; Levan, 1990) combined with period 

doubling (Croft and Le Van, 1994b) have been reported. 

However, for the PSA systems, reproduction of most of these systems proved to be 

difficult (Croft and Le Van, 1994b; van Noorden, 1999). Furthermore the case of Suh and 

Wankat (1989) is not a true multiple cyclic steady states since cases yielding identical 

product purity and recovery did have different feed velocities. The same holds for the 

study of Sundaram and Yang (1998). In the case of Stepanek et al (2000) multiplicity 

could be directly linked to the region of hysteresis in the adsorption equilibrium modeled. 

Both cases of true multiple steady states in the TSA included a "control" comparable 

to the one used here. In these cases, the adsorption step time was terminated once the 

concentration of one of the adsorbed components in the product stream reached 5% of its 

feed value. Croft and Le Van (1994b) put forward that "AU models exhibiting multiple 

cyclic steady state included either an important control strategy or (..) a specification met 

over a range of operating conditions". This is in agreement with the results found here. 

n the TSA cases reported in literature a region of period doubling was identified. 
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Presently, we have —for the first time to our knowledge— reported on a PSA case where 

the period of solution by far exceeds the period of the imposed cycle, in this case by a 

factor of «44. 

The coupling of a performance indicator (like purity, recycle ratio) to a single cycle 

parameter (Tads> Tpurge) may significantly lengthen the convergence time of a PSA, we have 

given the details of a case were it can lead to multiple-cycle cyclic steady states. In case, 

more efficient mathematical algorithms (Smith IV and Westerberg, 1992; Salinger and 

Eigenberger, 1996a,b; Nilchan and Pantelides, 1998; Stepanek et al., 1998; van Noorden 

et al., 2000) for the determination of the cyclic steady state would have been used, this 

solution would not have been found. 

Miscellaneous 

For all non-isothermal PSA cases discussed in this appendix, the complete gPROMS*. 

input file (gPROMS version 1.7) will be provided by the author upon request. 

'The gPROMS simulation package is owned and licensed by Process Systems Enterprise Ltd. 
WWW: http://www.psenterprise.com  

1 E-mail: akodde@its.chem.uva.nl. 

http://www.psenterprise.com
mailto:akodde@its.chem.uva.nl

