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Abstract 

Classical reaction engineering principles together with process safety notions are utilized to explore 

inherently safer and economically feasible continuous stirred tank reactor (CSTR) designs for the N-

oxidation of alkylpyridines as an illustrative and industrially relevant example of fine chemicals and 

pharmaceuticals syntheses. Existence of multiple steady states and oscillations as well as their stability 

are determined based upon criteria derived from bifurcation theory and a first-principles CSTR model, 

which result in demarcation of the design and operation parameter plane. The demarcated plane is further 

screened against performance metrics to identify potential design and operation conditions. Start-up 

strategies are investigated via phase plot analysis, while evaluation of available response time in case of 

cooling failure and scale-up feasibility are also provided. 
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Over the past decade, both academics and industrial 

practitioners have begun to explore means to transform the 

pharmaceuticals and fine chemicals industry (Hartman et 

al., 2011), with particular interest in replacing batch-wise 

processing with continuous processes. Continuous flow 

processes are deemed promising as alternatives to 

conventional semi-batch/batch ones for merits such as 

enhanced safety, improved productivity, and reduced 

environmental footprint, just to name a few. 

Systematic mathematical approaches have long served 

chemical reactor design and operation purposes. Bilous 

and Amundson’s (1955) landmark paper triggered a 

generation of research activity with respect to continuous 

stirred tank reactor (CSTR) steady-state multiplicity and/or 

dynamics (e.g. Uppal et al., 1974, Kwong and Tsotsis, 

1983). Ray and Villa (2000) provides a good example of 

practical applications of the approaches to continuous 

polymerization processes. 

The current study aims to extend those pioneering 

works to exploring continuous processing of fine 

chemicals and pharmaceuticals which often features more 

complex reaction kinetics rather than the primarily adopted 

power law kinetics. The CSTR design and operation 

parameter plane for production of alkylpyridine N-oxides, 

which are important starting materials for syntheses of non-

steroidal anti-inflammatory drugs (NSAIDs) and 

agrochemicals, will be demarcated and screened according 

to multiplicity and stability characteristics as well as 

reactor performance criteria. In addition, the importance of 

careful selection of initial conditions and their effect on 

start-up time will be illustrated by a case study, while 

available time for emergency response in case of cooling 

failure and scale-up capacity will be also evaluated. 

Theoretical  

Reactor Model and Kinetics 

Mass balance and energy balance for the well-mixed 

non-adiabatic CSTR accommodating the liquid phase, 

homogeneous catalytic (H3PW12O40 as the catalyst) N-

oxidation of alkylpyridines are presented in Eqs. (1) – (3), 

while the rate expression in Eq. (4) is cited from Papadaki 

and Gao (2005). 
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System Analysis 

The above coupled differential equations are recast in 

terms of alkylpyridine conversion and reactor temperature 

by using reaction and feed stoichiometries. After assigning 

some constants in accordance with established procedures, 

the remaining parameters are grouped into three 

dimensionless numbers, as shown in Eqs. (5) – (7). With β 

and δ as well as Da being parameters of interest, 

bifurcation theory provides the mathematical basis that 

serves reactor steady-state multiplicity and stability 

analysis purposes. 
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Results 

Based upon multiplicity and stability criteria derived 

from bifurcation theory along with the model, the (δ, β) 

plane is divided into six distinct regions, while some of 

them also have sub-domains. The demarcation is further 

worked on to discard those “always impractical” (δ, β) 

points and identify those that could lead to sound 

performance and productivity for selected Da numbers, as 

shown in Figure 1. For the candidate design area in Figure 

1, the time before the reactor reaches the “point-of-no-

return” temperature of 200 °C from steady states when 

immediate and complete cooling failure occurs is estimated 

(Figure 2) and considered sufficient for a rapid purging of 

the current reaction volume of 1 L. A case study for δ = 

3.9, β = 54.13, and Da = 0.7292 is conducted to show the 

significant influence of initial conditions on start-up 

trajectories and time. Perfect mixing conditions and 

additional heat transfer load when sizing up the reactor are 

proved to be achievable in light of state-of-the-art reactor 

design and operation techniques. 

Conclusions 

This work is motivated by the desire to identify 

profitable and inherently safer continuous processes that 

are capable of generating more chemicals while having a 

smaller standing chemical inventory, which echoes the 

emerging interest from both academia and industry in 

replacing large batch-wise processes with smaller 

continuous ones for producing fine chemicals and 

pharmaceuticals. CSTR is selected for preliminary study 

because it provides good mixing and heat transfer for most 

processes and existing reactors for batch production could 

be made good use of. The challenge to CSTR operation is 

to identify a set of design parameters that ensure safe yet 

economical operation. Through our analysis, we’ve 

demonstrated the power of integrating classical reaction 

engineering principles and process safety concepts to 

tackle the challenge. 

 

 

Figure 1. Screening results of (δ, β) plane 
against productivity criteria superimposed on 
demarcation of the plane based upon reactor 

steady-state and dynamic characteristics 

 

Figure 2. Time to 200 °C (t200℃) for the 
candidate design area in Figure 1 
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