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Abstract 

A number of reaction processes of the fine chemical and pharma industry undergo selectivity losses, 
since the target product (often a low volatility compound) can be further consumed by a non 
selective reactant, according to a mixed series/parallel kinetic scheme. 
In these cases, performing the reaction in a semibatch recycle reactor (SBRR) allows achieving both 
a high process selectivity and productivity even in a non continuous plant, since the target product 
concentration in the reactor can be limited adopting a relatively low excess of the selective reactant. 
In the literature, on the basis of a mass balance approach, a number of boundary diagrams have 
been developed that allow to predict selective and productive operating conditions for SBRRs in 
which (1,1) order reactions occur. 
However, when dealing with fine chemical and pharma reaction processes, the estimation of the 
kinetic parameters is often not practicable, due to the huge variety of productions encountered. 
In this work a criterion has been developed that allows for identifying the optimal operating 
conditions of SBRRs without knowing the kinetics of the reactions involved. 
The criterion has been applied to a reaction process of industrial interest performed in a SBRR, that 
is the production of ethylene glycol from ethylene oxide, with further ethoxylation of the desired 
product to diethylene glycol. 
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1. Introduction 

A number of reaction processes of the fine chemical and pharma industry undergo selectivity losses 

with respect to a target product. 

Such a behavior can be due to consecutive consumption reactions of the target product, in series to 

the main one, or to parallel consumption reactions of a non selective reactant, yielding an undesired 

by-product (Westerterp et al., 1984; Levenspiel, 1998; Froment et al., 2010). 

More in general the selectivity loss can arise from a mixed series/parallel reaction scheme, 

according to which a target product, C, is consumed by its further reaction with a non selective 

reactant, A: 

1

2

k

k

A B C
A C D
+ →

+ →
        (1) 

The undesired consecutive reaction is typically of the same class as the main one: therefore, the 

enthalpies of the two reactions are normally close to each other. 

Several reaction classes of the type (1) can be found in the fine chemical and pharma industry 

(Smith and March, 2007): as a relevant example the nucleophylic substitution of amines on alkyl 

halides can be mentioned, for the production of polyamines, that can further react with the alkyl 

halide to yield undesired olygomeric species; moreover, dealing with electrophylic substitution 

reactions on activated aromatic rings, the electrophylic reactant can further react with the mono-

substituted target product, yielding undesired poly-substitution species; finally, epoxydation 

reactions of various nucleophylic substrates can be cited, in which a strongly reactive (and hence 

non selective) reactant such as ethylene oxide can further react with the target product to yield 

undesired poly-ethoxylated compounds. 

In these cases the target product concentration in the reactor must be kept at sufficiently low values, 

in order to limit the selectivity loss. 

http://dx.doi.org/10.1016/j.ces.2015.05.041
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For high volume productions such a result can be achieved performing the reaction in continuous 

reactors operated at a low single pass conversion, with further separation of the target product and 

recycle of the unreacted reactants. 

However, when dealing with low volume multipurpose productions, such as those encountered in 

the fine chemical and pharma industry, the adoption of a continuous reaction process is often not 

practicable. 

Moreover, performing the reaction in a standard semibatch reactor (SBR) a huge excess of one 

reactant (that is, the selective one, B) could be required in order to limit the selectivity loss, which 

however lowers the process productivity. 

In these cases adopting the SBRR process configuration shown in Figure 1 (Maestri and Rota, 

2013), both a satisfactory process selectivity and productivity can be achieved, even in a non 

continuous plant. 

The SBRR process configuration consists of a top stirred tank reactor, to which the non selective 

reactant, A, is fed and of a separation unit, at the bottom of which the target product, C (typically a 

low volatility species) accumulates, whereas the selective reactant, B (which excess can effectively 

be limited) is continuously recycled to the reactor: in this way, performing the main reaction under 

quick onset, fair conversion conditions (Steensma and Westerterp, 1988 and 1990) and adopting a 

sufficiently high recycle rate of the reactant B through the system, the non selective reactant, A, 

accumulation in the reactor can be limited and an effective segregation between such a reactant and 

the target product, C, can be achieved, hence minimizing the extent of the undesired reaction. 

In Maestri and Rota (2013), on the basis of a mass balance approach, a number of boundary 

diagrams have been developed allowing to easily identify the target operating conditions of SBRRs 

in which (1,1) order reactions of the type (1) occur. 

Under such conditions the characteristic time of the target species production is close to the non 

selective reactant dosing time as well as much higher than the average residence time in the reactor.  

http://dx.doi.org/10.1016/j.ces.2015.05.041
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However, the application of the criterion presented in Maestri and Rota (2013) requires the 

knowledge of the kinetic parameters of the reactions involved and the development of a number of 

boundary diagrams for different reaction order kinetics as well as the identification of rules of 

thumb for their simplified and safe use, along the line presented elsewhere in the literature (Maestri 

and Rota, 2005 a, 2005 b and 2006 a). 

However, in this case such an approach is rather complicated, since more than one reaction occurs 

in the system (at least, the main one and an undesired one) and different combinations of the 

involved kinetic parameters should be considered.  

Aim of this work is to develop a simple and general selectivity criterion for SBRRs that, on the 

basis of the macroscopic energy balance for the system, allows to discriminate at the industrial scale 

the optimal SBRR operating regime with respect to the target conditions, without knowing the 

kinetics of the reactions involved. 

The criterion has been finally validated analyzing a reaction process of industrial interest that can be 

performed in a SBRR: the production of ethylene glycol from ethylene oxide. Such a reaction 

process typically undergoes selectivity losses, since the reaction product is likely to further react 

with ethylene oxide to yield poly-ethoxylated species, the main of which is diethylene glycol. 

 

2. Mathematical model 

The development of a selectivity criterion based on the energy behavior of the SBRR requires a 

detailed modeling of the system concerning both the macroscopic mass and energy balances, as 

well as a discussion about the physical meaning of the parameters introduced. 

According to the process configuration represented in Figure 1, in which a reaction scheme of the 

type (1) occurs, a given amount of component B is initially loaded in the system and recycled 

through it at a constant rate, so that the same heat duty is supplied at the bottom reboiler and 

removed at the top condenser. 

http://dx.doi.org/10.1016/j.ces.2015.05.041
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At time equal to zero the feed of the non elective reactant, A, to the reactor is started at a constant 

flowrate. 

It is assumed that the dosing stream temperature is lower or equal to the reaction temperature, and 

that the reaction temperature is lower than the temperature at which the component B reflux occurs. 

A simple mathematical model of the SBRR can be developed assuming that: 

1) a negligible amount of unreacted A reaches the bottom reboiler; 

2) the whole amount of products C and D coming from the reactor accumulates in the bottom 

reboiler, where their complete separation from the recycled reactant, B, occurs; 

3) the change of the amount of species B in the reboiler vessel can be neglected in comparison 

with its initial holdup, so that the mass increase in the reboiler vessel is due to the C and D 

accumulation; 

4) the characteristic time of the heat removal from the system is much lower than that of the 

conversion of the reactants (and hence of the exothermic effects related to it). Under forced 

reflux conditions, in fact, such exothermic contributions are balanced at a much lower time 

scale by a corresponding decrease of the duty demand at the bottom reboiler, to which an 

increase of the net duty removed from the system corresponds; 

5) the chemical reactions occur only in the top reactor vessel under homogeneous adiabatic 

conditions, being the reaction heat entirely removed through the top condenser; in this 

equipment the condensate recycled back to the reactor is subcooled at a temperature (below 

the reaction one) such that the desired reaction temperature is reached in the reactor; 

6) any mixing enthalpy contribution can be neglected with respect to the reaction enthalpy; 

7) the reaction volume is constant; 

8) the holdup of the separation unit is negligible with respect to that of the top reactor and of 

the reboiler vessel. 

http://dx.doi.org/10.1016/j.ces.2015.05.041
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These requirements are typical also of batch reactive distillation (e.g., Sundmacher et al., 1994; 

Bollyn and Wright, 1998; Gadewar et al., 2000; Qi and Malone, 2010; Edreder et al., 2011; Kao and 

Ward, 2014). 

However, since the reaction occurs in the top reaction vessel at a suitable temperature, through the 

SBRR plant configuration even thermally unstable products can be dealt with: in this case, a 

continuous single pass bottom reboiler can be adopted (such as a width film evaporator), operated at 

relatively low residence times, through which the B component is vaporized and recycled back to 

the reactor, and the C product concentrate fraction is accumulated in a bottom vessel kept at a 

proper temperature.  

As discussed in Maestri and Rota (2013), the selectivity behavior of the SBRR can be described 

solving the following ODE problem, involving the expressions of the macroscopic mass balance for 

the selective reactant, B, to the whole SBRR system, of the macroscopic mass balance for the target 

product, C, to the whole SBRR system and of the macroscopic mass balance for the target product, 

C, to the reactor, respectively (see the Appendix for the details about the derivation of the main 

equations reported in the paper): 

1
0,

dos

B r

Ex td r
d C
χ
ϑ
=         (2) 

( )1 2
0,

C dos C

B r

d Ex t dr r
d C d
σ σ χ
ϑ χ χ ϑ

= − −       (3) 

( ),
1 2 ,

0,

C r dos dos
C r

B r

d t tr r
d C
γ

γ
ϑ τ

= − −       (4) 

These equations involve three dependent variables, that is the normalized conversion, χ=(nB0-

nB)/nA1; the overall selectivity with respect to the target product C, σC=nC/(nB0-nB), and the 

dimensionless concentration of C in the reactor, γC,r=CC,r/CB0,r. The parameter Ex=α/β=nB0,r/nA1 is 

referred to as the effective excess number, that is the ratio between the initial reactant B molar 

amount in the reactor and the dosed molar amount of reactant A. 

http://dx.doi.org/10.1016/j.ces.2015.05.041
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The initial conditions for solving the ODE system above are: χ=0, σC=1 and γC,r=0. 

A general power law rate expression is assumed for the two reactions involved: 

1 1
n m
A Br k C C=          (5) 

2 2
p q
A Cr k C C=          (6) 

Equations (2) to (4) can be expressed in the following dimensionless form (Maestri and Rota, 

2013): 

( )1 11
1 2 1

m
n

Cn
d Da
d Ex Ex
χ χϑ χ σ κ
ϑ −

  = − − −    
    (7) 

( )

( )

1 11

2 , 21

1 1 2 1

1 1 2

m
nC

Cn

p q C
C C rp

d Da
d Ex Ex

dDa
Ex d

σ χϑ χ σ κ
ϑ χ

σ χϑ χ σ γ κ
χ χ ϑ

−

−

  = − − − +    

 − − − − 

   (8) 

( )

( )

,
1 1

2 , 2 ,

1 2 1

1 2

m
nC r

Cn

p q
C C r x C rp

d
Da

d Ex Ex

Da R
Ex

γ χϑ χ σ κ
ϑ

ϑ χ σ γ κ γ

  = − − − +    

 − − − − 

    (9) 

where 1
1 1, 0,

n m
R dos B rDa k t C + −=  and 1

2 2, 0,
p q

R dos B rDa k t C + −=  are the Damköhler numbers for the main and the 

side reactions, equal to the ratio of the non selective reactant dosing time to the characteristic times 

of the main and side reaction respectively; κ1=exp[E1/R(1/TR-1/Tr)] and κ2=exp[E2/R(1/TR-1/Tr)] 

are the dimensionless reaction rate constants; Rx=tdos/τ is referred to as the recycle number, that is 

the ratio of the non selective reactant dosing time to the average residence time in the reactor 

(Maestri and Rota, 2013). 

After the supply period (that is, at ϑ>1), the ϑ terms in Equations (7) to (9) must be replaced with 

unity. 

The energy behavior of the SBRR can be described by the macroscopic energy balance for the 

system, which dimensional form is (see the Appendix for more details): 

http://dx.doi.org/10.1016/j.ces.2015.05.041
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( ) ( )

( ) ( )
( ) ( )

,

1 1 2 2

, , , ,

b
P A P A dos rb

r r

C r P C D r P D b r

b t

dTnC F C T T
dt

rV H r V H

C C C C Q T T

Q Q

= − +

+ −∆ + −∆ +

− + − +

+ −

 

 

 

 

    (10) 

where bQ  and tQ  are the heat duties supplied at the bottom reboiler and removed at the top 

condenser respectively. 

Equation (10) can be rewritten in dimensionless form as follows: 

( ) ( )

( )( )

,

,

,

,

,1 ,2

, ,

1

1 1
1

1
1

1
1

dos b

r b

P b

r b

b
H dos r

C
H ad ad

x H C r D r b r

net t H

dT R T T
d

dd dR T T
Ex d d d

R R T T

Q St R

εϑ ε
ϑ

ηχ χ
β ϑ ϑ ϑ

γ γ
β

β

+ = − +

  + ∆ + ∆ − +  −   

− + − +
−

−
−



 

 

 





  (11) 

where ηC=χσC is the yield with respect to the target product C; ( ) ( )0,net t b Rt
Q Q Q UA T= −




   is the 

dimensionless net duty removed from the SBRR system; k k RT T T=


 is the dimensionless k-th 

temperature; ε=Vdos/Vb0 is the ratio between the dosed volume and the initial bottom volume; 

( ) ( ),l mH P Pl m
R C Cρ ρ=  

   is the heat capacity ratio between mixtures l and m; 

( ) ( ), 0, ,P nH B r P P Pl n
R C C Cρ=  

  is the heat capacity ratio between the reaction products and mixture n; 

( ) ( ), 0,ad j B r j P Rr
T C H C Tρ∆ = −∆




  s the dimensionless adiabatic temperature rise of reaction j; 

( ) ( )0,t dos P rt r
St UA t C Vρ= 

  is a modified Stanton number for the problem in question. 

According to assumption (4), a pseudo steady state approximation can be adopted for the bottom 

reboiler temperature in Equation (11), that leads to the following final form of the dimensionless 

energy balance for the SBRR: 

http://dx.doi.org/10.1016/j.ces.2015.05.041



 9 

( ) ( ){

( )( )}
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  + ∆ + ∆ − +    

− + −

  



 

 

    (12) 

The numerical integration of Equations (2) to (4) with the stated initial conditions and the further 

substitution of the results obtained into Equation (12) generates the conversion and yield as well as 

the net duty time profiles. 

In Figure 2A the net duty time profile for a (1,1) reaction order example is represented. 

It can be noticed that: 

- at ϑ<0, that is before the beginning of the non selective reactant dosing, only the reactant B 

recycle through the system occurs. Under these conditions the heat duty supplied at the 

bottom reboiler balances the heat duty removed at the top condenser, and hence the net duty 

removed from the system is equal to zero; 

- at ϑ≥0, the non selective reactant supply is started at a dosing temperature that is lower or 

equal to the reflux temperature. Therefore, the initial value of the net duty is negative, since 

at the bottom reboiler the heat duty required to sustain the internal reflux as well as that to 

heat up the dosing stream from the dosing temperature to the reaction temperature must be 

supplied. However, at ϑ>0 because of the triggering of the exothermic reactions, the net 

duty removed from the system undergo a sudden increase up to a peak value. Such an 

increase is related to the exothermic contributions of the reactions, that lowers the bottom 

heat duty to keep the reactant B recycle rate through the system. Once the peak value has 

been reached, the net duty removed from the system decreases to a dynamic equilibrium 

value, since the reaction exothermic contribution must balance the endothermic contribution 

of the reaction products from the reactor temperature to the reflux temperature; 

- at ϑ=1 the non selective reactant supply is suddenly stopped and hence the endothermic 

contribution of the dosing stream from the dosing temperature to the reaction temperature 

http://dx.doi.org/10.1016/j.ces.2015.05.041
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disappears as well. However, the reaction exothermic contribution drops with a time delay 

with respect to the end dosing time, that is related to the non selective reactant accumulation 

in the system. Because of such a sudden unbalance between the two aforementioned 

enthalpy contributions, at ϑ=1 a net duty positive peak occurs, since under these conditions 

a higher fraction of the reaction exothermic contribution sustains the reactant B reflux 

through the system, and hence a lower heat duty to the bottom reboiler must be supplied; 

- at ϑ>1, once the unreacted amount of A has been consumed, the reaction exothermic 

contribution drops as well and the net duty time profile undergoes a peak negative value, 

that is physically related to the residual endothermic contribution of the reaction products 

from the reaction temperature to the reflux temperature. Once also this contribution has 

dropped, the net duty goes to zero, corresponding to the simple reflux of reactant B through 

the SBRR, as occurs at ϑ<0. 

 

3. Reactor optimization 

The selective operation of a SBRR in which a reaction process of the type (1) occurs implies that 

the main reaction is fully ignited and the extent of the undesired reaction is minimized through 

limiting the accumulation of the target reaction product, C, in the reactor (Maestri and Rota, 2013): 

such a regime can be reached operating the SBRR at a sufficiently high internal recycle rate, so that 

the target reaction product (typically a low volatility species) is continuously removed from the 

reactor and an effective segregation between this product and the non selective reactant, A, is 

achieved.  

Moreover, the SBRR process configuration allows for a relatively high reactor productivity, since 

the target product accumulation in the reactor can be limited even at a low excess of the selective 

reactant, B. 

Under the aforementioned conditions, in the following referred to as target conditions, the reactor 

behavior is not influenced by the kinetics of the reactions involved, since the characteristic time of 

http://dx.doi.org/10.1016/j.ces.2015.05.041
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the conversion rate is in any case close to the dosing time and the characteristic time of the 

undesired side reaction is theoretically infinite. 

Once the system approaches the target conditions, a further increase of the internal recycle rate does 

not yield any significant improvement of the reactor selectivity and productivity but just an 

uneconomical increase of the operating costs related to the bottom reboiler and top condenser duties. 

In Maestri and Rota (2013), starting from the mass balance equations under target conditions, an 

ideal value of the product C concentration in the reactor has been derived: 

,
1

C r ta
xEx R

γ =         (13) 

Comparing the real and the target concentration profiles of the target product in the reactor with an 

arbitrary defined tolerance, the selectivity behavior of the SBRR can be classified: on this basis a 

number of boundary diagrams can be developed, through which selective and productive operating 

conditions of SBRRs can be easily selected (Maestri and Rota, 2013). 

However, this criterion, in the following referred to as the mass balance approach, is based on a 

target variable, that is, the product concentration, which dynamic measurement is not 

straightforward. 

Therefore, this criterion is not suitable for an on-line control and optimization of the SBRR, but for 

an a-priori identification of selective and productive operating conditions of the SBRR itself, on the 

basis of the aforementioned boundary diagrams, providing, at a given initial excess of the selective 

reactant, B, the recycle number, Rx, at which the SBRR approaches the target conditions. However, 

such boundary diagrams depend on the kinetics of the reactions.  

For these reasons, in order to make the mass balance approach of general application, a number of 

boundary diagrams should be developed, along the line presented elsewhere in the literature for the 

safe operation of SBRs in which exothermic reactions are performed (see for example Maestri and 

Rota 2005 a, 2005 b and 2006 a). 

http://dx.doi.org/10.1016/j.ces.2015.05.041
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On the other hand, the SBRR operating regime could be optimized, independently on the kinetics of 

the reactions involved, through a process variable that: 

- can be measured all along the process duration with a relatively short response time and a 

good accuracy, as well as through instruments that are easily available in the process 

industry; this is the case for instance of a flowrate or temperature measurement, but not of a 

concentration measurement; 

- approaches, under target conditions, a constant value all along the dosing period or for a 

significant fraction of it, that is consequently suitable to be taken as a set point value. This is 

the case for instance of the target concentration (13) for the selective and productive 

operation of SBRRs in which a reaction scheme of the type (1) is performed, but not of the 

target temperature derived for example in Steensma and Westerterp (1988 and 1990) for the 

safe operation of SBRs in which an exothermic reaction occurs; in this latter case the target 

temperature decreases with time during the dosing period; 

- approaches under target conditions a value that is independent on a selected manipulated 

variable. 

Accordingly, a general criterion for optimizing the operation of SBRRs in which a reaction process 

of the type (1) occurs can be developed selecting as a derived target variable the net duty, netQ , 

removed from the system during the dosing period, that is the difference between the heat removal 

rate at the top condenser and the heat supply rate at the bottom reboiler: such a derived target 

variable depends on the main target variable (that is, the target product concentration in the reactor) 

and satisfies all the aforementioned conditions of a process variable to be controlled for optimizing 

the SBRR operation. In particular, duty measurements can be easily performed with a fully 

satisfactory accuracy through conventional flowrate and temperature measurements. 

The presented method is referred to in the paper as the energy balance approach. 

http://dx.doi.org/10.1016/j.ces.2015.05.041
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Whereas the mass balance approach is typically a model based criterion suitable for an a-priori 

identification of selective and productive operating conditions of SBRRs, the energy balance 

approach is an ongoing general criterion that is suitable for an on-line plant optimization. 

On the basis of the target expressions derived in Maestri and Rota (2013) for the dimensionless 

conversion rate as well as for the dimensionless concentrations of the reaction products, the target 

value of the net duty (12) removed from the system is equal to (see the Appendix for more details): 

( ) ( ){

( )

,

,,1

1 1

1

dos r

P r

net H dos r
ta t

ad H b r

Q R T T
St

T R T T
Ex

ε β= − − +

 + ∆ − −  

  



  

     (14) 

which depends only on thermodynamic parameters of the main reaction. 

This is quite obvious because under target conditions the conversion rate is fully determined by the 

feeding rate (and therefore the kinetic parameters do not play any role) and the unwanted reaction is 

almost not ignited (and therefore its enthalpy contribution is negligible as well). 

As can be recognized from the net duty time profiles represented in Figure 3, at increasing Rx 

values the net duty removed from the system consequently decreases, since a higher amount of the 

reaction enthalpy contribution is internally dissipated for heating the reaction products from Tr to Tb. 

The described trend, however, is less evident at large Rx values, since at higher recycle rates 

correspond lower reaction products concentrations in the reactor: therefore, an asymptotic value of 

the aforementioned endothermic contribution of the reaction products from Tr to Tb is reached, to 

which an asymptotic value of the net duty removed from the system corresponds as well, given by 

the target value (14), as represented in Figure 3. 

Under such an operating regime of the SBRR, the endothermic contributions of the reaction 

products from Tr to Tb and of the dosing stream from Tdos to Tr are balanced by the exothermic 

contribution of the main reaction only, which residual fraction is useful to sustain the reflux of 

component B through the system. 

http://dx.doi.org/10.1016/j.ces.2015.05.041
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Taking as a manipulated variable the internal recycle rate (that can be varied through the external 

duty supplied at the bottom reboiler), it is therefore possible to control the net duty removed from 

the system with respect to its target value (14), hence operating the SBRR under optimized 

selectivity and productivity conditions. 

It must be finally stressed that the described approach of the system does not require any estimation 

of the kinetic parameters of the reactions involved, since the target operating regime, that is 

dynamically monitored, is kinetic independent: as previously mentioned, such a characteristic of the 

method in question is of particular importance dealing with fine chemical and pharma reaction 

process, because of the huge variety of productions involved. 

On the basis of the measured net duty time profile, the deviations of the SBRR operating regime 

with respect to the target conditions can be characterized as well. 

In particular, if the net duty time profile undergoes a positive deviation with respect to the target 

value (14), as represented in the model simulation of Figure 4, the system is operated at a too low 

Rx value, to which one of following situations may correspond:  

- the main reaction occurs under quick onset, fair conversion conditions but the recycle rate is 

far below than that above which the endothermic contribution of the reaction products from 

Tr to Tb is balanced by the exothermic contribution of the main reaction only; as a 

consequence, also the unwanted reaction plays a role and an unsatisfactory process 

selectivity is reached; 

- a too low dosing time has been adopted compared with the characteristic time of the main 

reaction, so that an excessive co-reactant accumulation in the system has occurred, leading 

to the thermal loss of control of the main reaction itself. Therefore, as the main reaction 

triggers, a relatively high heat release occurs in a short period of time, to which a peak value 

of the net duty to be removed from the system corresponds. Also in this case the unwanted 

reaction plays a role, therefore lowering the product yield. 

http://dx.doi.org/10.1016/j.ces.2015.05.041
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The two aforementioned situations can be distinguished since in the latter case a negative deviation 

of the removed net duty with respect to the target value is initially observed, corresponding to a non 

ignition regime, that is followed by a sudden reaction triggering, resulting in a positive peak of the 

net duty to be removed from the system with respect to the target value. 

In the former case, instead, the removed net duty quickly overcomes the target value, and remains 

higher than it all along the dosing period. 

If instead the net duty time profile is lower than the target value (14) at any time value, the 

exothermic contribution due to the chemical reactions as well as the endothermic contribution of the 

reaction products are negligible, so that the external heat duty to be supplied at the bottom reboiler 

has to fully sustain the component B reflux through the system as well as to balance the 

endothermic contribution of the dosing stream from Tdos to Tr: as a result the bottom duty is higher 

than the top one (by the latter endothermic contribution) and the net duty removed from the system 

is negative, as represented in the model simulation of Figure 5. Such operating conditions 

correspond to an SBRR operating regime in which the chemical reactions are not ignited and the 

process productivity is therefore unsatisfactory, as evident from Figure 5 where we can see that 

large conversion values can be reached only at ϑ>>1. 

As previously discussed, when the SBRR approaches the target conditions, the net duty time profile 

tends to be constant with time at increasing Rx values, and close to the target value (14). 

Such a behavior can be better represented in terms of an integral property of the net duty time 

profile, that is the average displacement of the real profile from the target one during the dosing 

period: 

( )

1

0% 100
net net

ta
net

dos
net

ta

Q Q d
Q

Q

ϑ − 
 

∆ = ×
∫
 

 









      (15) 

As can be recognized form the trend represented in Figure 6, at the higher Rx values an 

asymptotically increasing amount of the exothermic reaction contribution in internally dissipated 
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for heating the reaction products from Tr to Tb: therefore the overall energy to be removed from the 

system decreases to an asymptotic target value as well. 

In order to assess the industrial use of the energy balance approach for the on-line optimization of 

SBRRs in which reaction schemes of the type (1) are performed, the parametric sensitivity of the 

measured variable, netQ , with respect to the asymptotic process selectivity, σC∞, has been calculated. 

The normalized parametric sensitivity coefficient of netQ  with respect to σC∞ has been defined as 

follows, according to Varma et al. (1999): 

C net net C net C

C C net Cnet net

Q Q QS
QQ Q

σ σ σ
σ σ σ

∞ ∞ ∞

∞ ∞ ∞

∂ ∆ ∆
= ≈ =

∂ ∆ ∆

 

 



 

  

    (16) 

In Figure 7 the results obtained for different dimensionless subcooling temperature differences 

between bottom and reaction temperatures are represented. It can be noticed that a significant 

increase (even of an order of magnitude) of the normalized parametric sensitivity coefficient (16) 

occurs at selectivity values of industrial interest (that is, above 90÷95%). 

Moreover, the calculated values of the normalized parametric sensitivity coefficients (16) can be 

related to the required instrumental accuracy to measure the net duty to be removed from the system, 

with respect to the overall duty to be removed at the top condenser (accounting also for the internal 

reflux contribution). 

As can be noticed from Figure 7, the order of magnitude of the S parameter (16) is 101: since 

σC∞≈100 and ∆σC∞≈10-2, according to equation (16) it can be estimated that net netQ Q∆   ≈10-1. This 

means that for a 1% variation of σC∞, a 10% variation of netQ  has to be expected, that must 

therefore be measurable at the industrial scale with the currently available instruments for 

measuring the heat duties. 

Assuming a 1% accuracy of the heat duty measurements, the net duty variations can be detected at 

the industrial scale if net tQ Q∆   ≥10-2: in fact, taking into account that conventional flowmeters 

reach accuracies of the order of 0.2% and that the average accuracy of a thermocouple is of the 
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order of 0.4% (see for example Perry at al., 2007), the accuracy on the heat duty measurements 

(calculated as the products of flowrate and temperature difference measurements) is lower than 1%. 

Combining the orders of magnitude estimated above, the final condition to be checked for the 

industrial use of the criterion in question is net tQ Q  ≥10-1. 

Assuming in the industrial practice a maximum difference between reflux and reaction temperatures 

equal to 50°C (to which a dimensionless subcooling value equal to 0.166 corresponds), as well as a 

negligible difference between reaction and dosing temperatures, it can be estimated that adopting an 

excess number Ex=5 (that can be considered a threshold industrial value for SBRRs) the target 

value of the net duty difference (14) is of the order of 10-2 if ,1adT∆


≥0.216, that is 65°C in 

dimensional terms. 

Taking finally into account that: 

( ) ( )
, ,

,0, 0,

eff t eff tt b t b net
net

R eff t R t Rt t

T TQ Q Q Q QQ
UA T UA T T Q T

∆ ∆− −
= = =

∆

    







   (17) 

and being ∆Teff,t/TR≈10-1, it is straightforward to prove that, with the selected range of industrial 

process parameters, net tQ Q  ≥10-1, as required for a safe industrial use of the energy balance 

approach. 

Even if the reaction enthalpy is lower than a threshold value for a satisfactory net duty measurement 

accuracy at the industrial scale (according to the order of magnitude analysis presented above), the 

energy balance approach can be conveniently employed as well at the laboratory scale, in order to 

a-priori identify selective and productive operating conditions for the SBRR. At such a scale the 

SBRR process configuration can be easily assembled and equipped with a control system of similar 

accuracy than that of a standard RC1 calorimeter, through which even relatively low net duty values 

can be detected. The identified target operating condition for the SBRR can then be scaled-up to the 

industrial scale through standard techniques (see for instance van Woezik and Westerterp, 2001; 

Maestri et al. 2009 a and 2009 b). Even in this case it must be stressed that the experimental 
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identification of the operating conditions can be performed independently on the knowledge of the 

kinetic parameters of the reactions involved, with a significantly lower experimental effort. 

It is finally useful to notice that in performing the aforementioned net duty measurements with the 

required accuracy, the role of eventual heat losses from the SBRR system to the surrounding 

environment can be overcome. 

In fact, even if the SBRR is not perfectly insulated to the environment, the heat loss can be detected 

before the beginning of the coreactant dosing, that is when only the B component reflux through the 

system occurs. 

Under such conditions, the overall energy balance equation yields: 

0t loss bQ Q Q+ − =           (18) 

stating that the heat duty supplied at the bottom reboiler balances the contribution due to both the B 

component reflux and the heat losses to the environment. 

Therefore, the (negative) value of the net duty at t<0 (that is, before the beginning of the coreactant 

dosing) quantifies the aforementioned heat losses. 

It is consequently straightforward to perform an on-line tuning of the system from the energy point 

of view, by shifting the base line for the net duty measurements so as to cancel the initial negative 

deviation of the net duty with respect to the zero value. 

After the beginning of the coreactant dosing, the net duty can be measured with respect to such a 

corrected base line.  

 

 

4. Case study: the production of ethylene glycol from ethylene oxide 

The described selectivity criterion for SBRRs in which reaction processes of the type (1) are 

performed has been applied to a reaction process of significant industrial relevance, that is the 

production of ethylene glycol (EG) from ethylene oxide (EO) under acidic conditions. 
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In this case, as occurs for a number of ethoxylation reactions of nucleophylic substrates, ethylene 

oxide is likely to further react with the target ethoxylated product to yield poly-ethoxylated species. 

In the production of EG from EO, the most relevant side reaction is the further ethoxylation of the 

target product to diethylene glycol (DEG), according to the scheme: 

2
EG

DEG

r

r

EO H O EG

EO EG DEG

+ →

+ →
       (19) 

At the pH values of industrial interest (that is, at pH=3÷4), the rate of the two reactions can be 

described through the following power law expressions (Gulati and Bharti, 2007): 

2

9

9

95471.02 10 exp

95472.04 10 exp

EG EO H O

DEG EO EG

r C C
T

r C C
T

 = ⋅ − 
 
 = ⋅ − 
 

     (20) 

where the units are kmol, m3, K, s. 

The calculated reaction enthalpies are 120EGH kJ mol∆ = −  for the main reaction and 

135DEGH kJ mol∆ = −  for the undesired further reaction (Yaws, 1998). It can be noticed that the 

two calculated reaction enthalpies are relatively high, as expected for a strongly exothermic reaction 

process, and close to each other. 

At the industrial scale the reaction is performed at 50°C and with 0.5÷1% of H2SO4 as a 

homogeneous catalyst, adopting a molar ratio between water and ethylene oxide close to 20. 

Moreover, a residence time in the reactor of the order of 30’ is typical of most of the industrial 

plants. Under these conditions a 90% selectivity to EG is reached. 

In this case, a 1000kW heat duty SBRR plant has been taken into exam, with a 1m3 top reaction 

vessel (filled up to 0.8m3) and a 7m3 bottom vessel (filled up to 5m3, to allow an effective vapor 

disengagement). 

The SBRR is initially loaded with 5800kg water (split between 5000kg in the reboiler vessel and 

800kg in the top reaction vessel, to which a β value equal to 7.25 corresponds), recycling at a 
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1.6m3/h rate, according with the heat duty specified above and with the latent heat of vaporization 

of water: under such conditions, the average residence time in the top reactor is 30’. 

Using as a heating medium at the bottom reboiler saturated steam at 10 bar a (to which a 180°C 

saturation temperature corresponds) and assuming an overall heat transfer coefficient equal to 

500W/m2K, the required heat transfer area at the bottom reboiler is 25m2. 

Moreover, adopting as a cooling medium at the top condenser water at 32°C with a 6°C temperature 

range between inlet and outlet, a logarithmic mean temperature difference equal to 65°C can be 

calculated, to which a (UA)0,t value equal to 15385W/K corresponds. 

Adopting an effective excess number, Ex, equal to 2 and on the basis of the calculated β value, the 

dosed EO quantity is equal to nA,1=22.2kmol, corresponding to 978kg. Moreover, the dosed EO 

volume at 50°C and 1ata is 589.6m3, to which an ε value (corrected for the fed gas to liquid density 

ratio) equal to 0.196 corresponds. 

With such a EO amount, 1378kg of EG are theoretically produced, corresponding to a 21.6% w/w 

final water solution in the bottom reboiler, which boiling point at atmospheric pressure is 102°C 

(therefore only slightly higher than the initial value corresponding to pure water). 

The calculated ( )PCρ   values for the reaction mixture, the dosed stream (which is in the gas phase) 

and the bottom mixture are 4186, 2.056 and 4063kJ/m3K, whereas the average heat capacity of the 

reaction products is 2.5kJ/kgK (Perry and Green, 2008). Moreover, a dosing time equal to 5 hours is 

adopted. 

From the data specified above and with a 300K reference temperature, the dimensionless problem 

parameters summarized in Table 1 can be calculated. 

In Figure 8 the SBRR asymptotic selectivity to EG, σEG,∞, at different residence times in the top 

reactor is represented: it can be noticed that as the residence time decreases the process selectivity 

to EG increases, going from an asymptotic lower limit at the higher residence times (equal to 63%) 

to the required industrial value (equal to 90%) at a residence time equal to 30’. 
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As represented in Figure 9, under these conditions the measured net duty (that is equal to zero at 

t<0) undergoes a sudden increase at the beginning of the EO supply, reaching a constant target 

value (that is close to 140kW). At the end of the supply period, the measured net duty undergoes a 

quick drop with respect to such a target value, going asymptotically to zero as any enthalpy effect of 

the reactions involved has extinguished.   

The SBRR target regime can therefore be detected at the industrial scale trough simple net duty 

measurements during the supply period, that do not require any information about reaction kinetics. 

Moreover, according to the target net duty value (that is, 140kW), and to the top condenser duty 

(that is, 1000kW), the net tQ Q   ratio is higher than 10-1, as required for a safe industrial use of the 

presented criterion. 

 

5. Conclusions 

Several fine chemical and pharma reaction processes, typically performed in multipurpose batch or 

semibatch reactors, undergo selectivity losses due to general series/parallel kinetic schemes, 

according to which the target reaction product (often a low volatility one) is consumed by a non 

selective reactant, yielding by-products that must be then separated and disposed as wastes. 

In such cases, adopting the SBRR configuration allows to improve both the process selectivity and 

productivity even in a non continuous plant, since the same selectivity target can be reached at a 

lower excess of the selective reactant. 

The selective and productive operation of a SBRR can be detected through comparing the real 

concentration time profile of the desired reaction product with a target one, corresponding to 

operating conditions according to which the main reaction is fully ignited and the extent of the 

undesired side reaction is minimized. 

However such a criterion is not suitable for the on-line optimization of the SBRR, since on-line 

concentration measurements are less common at the industrial scale and in any case characterized 

by relatively long response times, especially when dealing with low volatility species. 
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Moreover, the criterion presented in Maestri and Rota (2013), based on the use of boundary 

diagrams for the a-priori identification of the aforementioned operating conditions, depends in 

general on the kinetics of the reactions involved. 

In this work a general criterion has been developed that, through the selection of a suitable target 

variable, that is the net duty removed from the system, allows for the on-line optimization of the 

SBRR, without requiring the knowledge of the kinetic parameters of the reactions involved. 

Moreover, the industrial applicability of the criterion in question has been proved, with reference to 

the expected accuracy of the conventional instruments for duty measurement. 

Finally, the criterion has been applied to a reaction process of industrial relevance undergoing 

selectivity problems, that is the production of ethylene glycol from ethylene oxide performed in a 

SBRR. 
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Nomenclature 

A heat transfer surface, m2 

C molar concentration, kmol/m3 
PC  molar heat capacity at constant pressure, kJ/(kmol⋅K) 

Da1 1
1, 0,

n m
R dos B rk t C + −= , main reaction Damköhler number, - 

Da2 1
2, 0,

p q
R dos B rk t C + −= , side reaction Damköhler number, - 

E activation energy, kJ/kmol 
Ex =nB0,r/nA1, effective excess number, - 
F molar feed rate, kmol/s 
k reaction rate constant, m3/(kmol·s) 
n number of moles, kmol 
n,m,p,q reaction orders, - 
Q volumetric flow rate of the liquid stream leaving the reactor, m3/s 
Q  heat duty, kW 

Q


  = ( )0, Rt
Q UA T , dimensionless heat duty, - 

r reaction rate, kmol/(m3·s) 
R gas constant = 8.314, kJ/(kmol·K) 
RH heat capacity ratio, - 
Rx =tdos/τ, recycle number, - 
S normalized sensitivity parametric coefficient, - 
Sy =(Da⋅κ)1/(Da⋅κ)2, selectivity number, - 
Stt = ( ) ( )0, dos P rt r

UA t C Vρ  , modified Stanton number, - 

t time, s 
T temperature, K 
T


 =T/TR, dimensionless temperature, - 
U overall heat transfer coefficient, kW/(m2K) 
 

Subscripts and superscripts 

ad adiabatic 
A,B,C,D components A, B, C and D 
b bottom 
DEG diethylene glycol 
dos dosing stream or dosing time 
eff effective 
EG ethylene glycol 
EO ethylene oxide 
k index k 
l,m index l, m 
loss loss (in lossQ ) 
net net  (in netQ ) 
P products 
r reactor 
R reference 
t top 
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ta target 
x in the recycle number Rx 
y in the selectivity number Sy 
0 start of the semibatch period 
1 main reaction or end of the dosing period 
2 side reaction 
∞ asymptotic value in σC∞ 
 

Greek symbols 

α =nB0/nA1, overall excess number, - 
β =1+nB0,b/nB0,r, initial reactant split between top and bottom of the system, - 
γ dimensionless concentration or dimensionless activation energy, - 

H∆   reaction enthalpy, kJ/kmol 
Q∆   duty displacement, kW 

∆Teff effective temperature difference, K 
adT∆


 = ( ) ( )0,B r P Rr
C H C Tρ−∆ 

 , dimensionless adiabatic temperature rise, - 

Cσ ∞∆  selectivity variation, - 
ε =Vdos/Vb0, relative volume increase, - 
ηC =χσC, target product yield, - 
ϑ =t/tdos, dimensionless time, - 
κ =k/kR, dimensionless reaction rate constant, - 
ρ  molar density, kmol/m3 
σ molar selectivity, - 
τ =Vr/Q, average residence time in the reactor, s 
χ =(nB0-nB)/nA1, normalized conversion, - 
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Captions to the figures. 

Figure 1. Semibatch recycle reactor (SBRR) process configuration. 
Figure 2. SBRR process configuration. Da1=10, Da2=10, E1/(RTR)=30, E2/(RTR)=30; n=m=p=q=1; 

,1adT∆


=0.5, ,2adT∆


=0.5, 
,P rHR =1, 

,dos rHR =1; ε=0.3, β=5, Stt=3; rT


=1.1, bT


=1.3, dosT


=1; Ex=2, Rx=10. 
(A) net duty removed from the system vs. time profile; (B) normalized conversion vs. time profile; 
(C) product yield vs. normalized conversion profile. 
Figure 3. SBRR process configuration. Da1=10, Da2=10, E1/(RTR)=30, E2/(RTR)=30; n=m=p=q=1; 

,1adT∆


=0.5, ,2adT∆


=0.5, 
,P rHR =1, 

,dos rHR =1; ε=0.3, β=5, Stt=3; rT


=1.1, bT


=1.3, dosT


=1; Ex=2, 
Rx=0.1, 1, 2, 5, 10, 20, 50, 100. Net duty removed from the system vs. time profiles. 
Figure 4. SBRR process configuration. Da1=10, Da2=10, E1/(RTR)=30, E2/(RTR)=30; n=m=p=q=1; 

,1adT∆


=0.5, ,2adT∆


=0.5, 
,P rHR =1, 

,dos rHR =1; ε=0.3, β=5, Stt=3; rT


=1.1, bT


=1.3, dosT


=1; Ex=2, Rx=1. 
(A) net duty removed from the system vs. time profile; (B) normalized conversion vs. time profile; 
(C) product yield vs. normalized conversion profile. 
Figure 5. SBRR process configuration. Da1=10, Da2=10, E1/(RTR)=30, E2/(RTR)=30; n=m=p=q=1; 

,1adT∆


=0.5, ,2adT∆


=0.5, 
,P rHR =1, 

,dos rHR =1; ε=0.3, β=5, Stt=3; rT


=0.95, bT


=1.15, dosT


=0.85; Ex=2, 
Rx=10. (A) net duty removed from the system vs. time profile; (B) normalized conversion vs. time 
profile; (C) product yield vs. normalized conversion profile. 
Figure 6. SBRR process configuration. Da1=10, Da2=10, E1/(RTR)=30, E2/(RTR)=30; n=m=p=q=1; 

,1adT∆


=0.5, ,2adT∆


=0.5, 
,P rHR =1, 

,dos rHR =1; ε=0.3, β=5, Stt=3; rT


=1.1, bT


=1.3, dosT


=1; Ex=2. 
Average displacement between real and target net duty time profiles during the dosing period vs. 
recycle number. 
Figure 7. SBRR process configuration. Da1=10, Da2=10, E1/(RTR)=30, E2/(RTR)=30; n=m=p=q=1; 

,1adT∆


=0.5, ,2adT∆


=0.5, 
,P rHR =1, 

,dos rHR =1; ε=0.3, β=5, Stt=3; rT


=1.1, bT


=1.3, dosT


=1; Ex=2, 

Rx=0÷2. Normalized parametric sensitivity coefficient of netQ  vs. σC∞. 

Figure 8. Production of ethylene glycol from ethylene oxide in a SBRR: asymptotic selectivity to 
ethylene glycol vs. reciprocal of the average residence time in the top reactor. 
Figure 9. Production of ethylene glycol from ethylene oxide in a SBRR: net duty removed from the 
system vs. time profile. 
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Da1 15.415 
Da2 30.825 
γ1 31.2 
γ2 31.2 
ε* 0.196 

RH dos,r 4.91⋅10-4 

RH P,r 2.06 
β 7.25 

Ex 2 
Rx 10 

,1adT∆


 5.3 

,2adT∆


 6.03 

Stt 82.7 
 
Table 1. Production of ethylene glycol from ethylene oxide in a SBRR: dimensionless parameters 

for SBRR modeling. 
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Appendix 

The derivation of the main equations reported in the paper is summarized in the following; for the 
definition of the symbols see the Nomenclature section. 
 
Equation (2) is the mass balance equation for component B at the whole system, written in terms of 
normalized conversion. The mass balance equation for component B at the whole system in 
dimensional form is: 

1
B

r
dn rV
dt

= −  

where nB=nB,r+nB,b is the overall amount of B (in molar terms) in the system, split between the top 
(that is, the reactor) and the bottom of the system. 
The normalized conversion is defined as: 

0

1

B B
B

A

n n
n

χ αζ −
= =  

The aforementioned mass balance equation can therefore be written in terms of normalized 
conversion as follows: 

1 1 1
1 0,0,

0,
0,

1

dos dos dos
r r

A B rB b
B r

B r

t t t Exd rV rV r
d n Cn

n
n

αχ
ϑ
= = =

 
+  

 

 

corresponding to equation (2).  
 
Equation (3) is the mass balance equation for the target product C at the whole system written in 
terms of normalized conversion and process selectivity with respect to C. The mass balance 
equation for the target reaction product C at the overall system in dimensional form provides: 

( )1 2
C

r
dn r r V
dt

= −  

nC being the molar overall amount of C (split between top and bottom of the system), rj (with j=1,2) 
being the rate of the j-th reaction and Vr the reaction volume. No removal terms of C from the 
bottom of the system appear, since C is simply accumulated in the bottom capacity: the SBRR is in 
fact a semibatch equipment, from which the reaction products are not removed. For this reason, the 
mass balance equations at the overall system do not contain output terms and no solvent lose can 
consequently occur from the bottom due to the reaction products removal. In order to avoid any 
confusion on the point, also in Figure 1 no output stream has been represented, hence showing more 
clearly that the reaction products simply accumulate at the bottom of the system. 
Taking the definition of normalized conversion and of selectivity with respect to the target reaction 
product C: 

0, 0,

1

0, 0, 1

B b B r B
B

A

C C
C

B b B r B A

n n n
n

n n
n n n n

χ αζ

σ
χ

+ −
= =

= =
+ −

 

 
it is straightforward to derive that: 

1
C C

A C
dn d dn
dt dt dt

σ χχ σ = + 
 

 

Therefore: 
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( ) ( ) ( )1 2 1 2 1 2

1 0, 0,

dos r dos r dosC
C

A B r B r

t r r V t r r V Ex t r rd d
d d n n C

ασ χχ σ
ϑ ϑ β

− − −
+ = = =  

 
and hence: 

( )1 2
0,

C dos C

B r

d Ex t dr r
d C d
σ σ χ
ϑ χ χ ϑ

= − −  

corresponding to equation (3). 
 
Equation (4) is the mass balance for the target reaction product C at the top reactor. The mass 
balance of C at the top reactor in dimensional form provides: 

( ),
1 2 ,

C r
r C r

dn
r r V QC

dt
= − −  

Since the reaction volume is constant with time we get: 
,

1 2 ,
1C r

C r

dC
r r C

dt τ
= − −  

and finally, in dimensionless terms: 

( ),
1 2 ,

0,

C r dos dos
C r

B r

d t tr r
d C
γ

γ
ϑ τ

= − −  

corresponding to equation (4). 
 
In order to derive Equation (7) to (9), the functional dependences of the reactants concentrations in 
the reactor from the problem dependent and independent variables must be previously derived. 
 
The functional dependence of the molar concentration of the dosed co-reactant A in the reactor 
from the problem dependent and independent variables can be derived starting from from the mass 
balance equations for the i-th species at the whole system: 

,
1

NR
i

i i j j r
j

dn F r V
dt

ν
=

= +∑  

where Fi is the molar feed rate of the i-th component (that differs from zero for A only) and νi,j is 
the stoichiometric coefficient through which the i-th component appears in the j-th reaction, taken 
as positive or negative if the i-th species is a reaction product or a reactant respectively. Through a 
suitable linear combination of such balance equations, it is straightforward to obtain the following 
differential relation: 

( )2A C B
A

d n n n
F

dt
− −

=  

Integrating such an equation with the initial condition nA=nC=0, nB=nB0 at t=0, and taking into 
account that no unreacted A can reach the bottom of the system, it is straightforward to obtain the 
following functional dependence: 

( ), 02A r C B B An n n n F t= + − +  
Introducing the definitions of conversion of B and selectivity with respect to C, such an expression 
can be rewritten as follows: 

( ) ( ) ( ) ( ), 1 1 1 1 0,
12 2 2 2A r A A C A A C A C B r Cn F t n n n n n

Ex
χ σ ϑ χ σ ϑ χ σ ϑ χ σ   = − − = − − = − − = − −     

Dividing the expression above for the reaction volume, it is straightforward to get: 

( ), 0,
1 2A r B r CC C

Ex
ϑ χ σ = − −   
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The functional dependence of the molar concentration of the recycled reactant B in the reactor from 
the problem dependent and independent variables can be derived from the definition of normalized 
conversion: 

, , 0, 0, 1B r B b B r B b An n n n n χ+ = + −  
Since the amount of B at the bottom of the system is relatively large, its amount can be assumed 
constant with time. Therefore: 

, 0, 1 0, 0, 0, 1B r B r A B r B r B rn n n n n n
Ex

β χχ χ
α

 ≅ − = − = − 
 

 

Dividing now both the members by the reaction volume (that is constant with time) we get: 

, 0, 1B r B rC C
Ex
χ = − 

 
 

 
The functional dependence of the molar concentration of the target product C in the reactor from the 
problem dependent and independent variables can be derived from the dimensionless form of the 
molar concentration of C in the reactor: 

, 0, ,C r B r C rC C γ=  
 
Substituting the functional dependences derived above into Equations (2) to (4), together with the 
reaction rates expressions (5) and (6), it is straightforward to derive Equations (7) to (9) in terms of 
the dimensionless parameters defined in the paper. 
 
Equation (10) is the dimensional form of the macroscopic energy balance for the SBRR system. 
Since the holdup of all the equipment involved but the top reactor and the bottom reboiler vessel are 
negligible, the accumulation term of the energy balance can be split as follows: 

br dHdHdU dH
dt dt dt dt

≈ = +  

where the r and b subscripts stay for reactor and bottom respectively, and the internal energy of the 
fluid unit mass has been approximated to its enthalpy, dealing with liquid phases. 
The reactor accumulation term can be expressed as follows: 

, ,
1

NC
r

i r i r
i

dH d n H
dt dt =

 
=  

 
∑   

where an ideal thermodynamic behavior of the fluid mixtures has been assumed and, for instance, a 
negligible role of the mixing enthalpy contributions compared to the reaction enthalpy ones.  
 
Since the characteristic time of the heat removal from the system is much lower than that of the 
conversion of the reactants, the reaction occurs under pseudo-isothermal conditions and the 
expression above simplifies as follows: 

,
,

1=
≈ ∑ 

NC
i rr

i r
i

dndH H
dt dt

 

while the component mass balance equations at the reactor yield: 
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( )

( )

,
1 2

,
1

,
, 1 2

,
, 2

A r
A r

B r
r

C r
C r r

D r
D r r

dn
F r r V

dt
dn

rV
dt

dn
QC r r V

dt
dn

QC r V
dt

= − +

= −

= − + −

= − +

 

where F and Q are the stream molar and volumetric flowrates respectively and Ci,r is the i-th 
component molar concentration in the reactor. Substituting the expressions above into the reactor 
energy accumulation term and recalling that the enthalpy of the j-th reaction is equal to: 

,
1

NC

j i j i
i

H Hν
=

∆ =∑   

the following final expression can be easily obtained: 

( ) ( ) ( ), 1 1 2 2 , , , ,
r

A A r r r C r C r D r D r
dH F H rV H r V H Q H C H C
dt

= − −∆ − −∆ − +      

The bottom vessel accumulation term can be expressed as follows: 

, ,
, , , ,

1 1

NC NC
i b i bb

i b i b i b i b
i i

dH dndH d n H n H
dt dt dt dt= =

  
= = +       

∑ ∑


   

where an ideal thermodynamic behavior of the fluid mixtures has been assumed. 
According to the assumptions stated in the paper, the flowrates of component B refluxing from the 
reactor and boiled up from the bottom vessel are close to each other, so that the only input/output 
terms in the expression above are those referred to components C and D from the reactor. It follows 
that: 

( ) , , , ,
b b

P C b C r D b D rb

dH dTnC H QC H QC
dt dt

= + +    

Summing up the energy accumulation terms for the top reactor and the bottom reboiler vessel, we 
get: 

( ) ( ) ( )
( ) ( )

, 1 1 2 2

, , , ,

= + = − −∆ − −∆ + +

+ + −

  

 

r b b
A A r r r P b

C r P C D r P D b r

dH dH dH dTF H rV H rV H nC
dt dt dt dt

C C C C Q T T
 

 
The input energy term to the SBRR system accounts for the enthalpy contribution of the dosing 
stream and for the bottom heat duty: 

, + 

A A dos bF H Q  
while the output energy term for the SBRR system accounts for the top condenser/subcooler duty: 



tQ  
 

Combining the obtained expressions for the accumulation as well as for the input and output terms 
into the initial general macroscopic energy balance statement, it is straightforward to obtain 
Equation (10). 
 
Under quick onset, fair conversion conditions for the main reaction, the conversion rate (2) is equal 
to (Maestri and Rota, 2013): 

1d
d
χ
ϑ
≅  
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Adopting an average residence time in the reactor much lower than the characteristic time for the 
conversion of the reactants (which is, as a limit condition, equal to the co-reactant dosing time), the 
target product concentration in the reactor can be effectively limited and the rate of the undesired 
reaction is consequently negligible compared to that of the main one: this means that r1-r2 term in 
equation (4) is close to r1. Moreover, under the conditions above, a pseudo-steady state assumption 
on the concentration of C in the reactor holds true: 

, 0C rd
d
γ
ϑ

≅  

since during the supply period the target product C is continuously removed from the reactor at a 
much lower time scale than that of the reactant B conversion. Substituting the expressions above 
into the mass balance for component C at the reactor (Equation (4)), the final Equation (13) can be 
easily derived. 
 
Under target conditions for the SBRR, the following expressions hold true: 

1d
d
χ
ϑ
≅  

,
1

C r ta
xEx R

γ =  

, 0D r ta
γ =  

On the basis of such expressions as well as of Equation (2), it can be easily proved that the 
following identity holds true under target conditions: 

11 0χ η χ χ σ σσ χ σ χ
ϑ ϑ ϑ ϑ ϑ χ χ

 
− = − − = − − − = 

 
C C C

C C
d d d d d
d d d d d

 

Substituting such relations into Equation (12), the finale Equation (14) can be easily obtained. 
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