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Abstract

A systematic method based on conceptual process synthesis for process intensification is presented. Starting from the analysis of relevant physical and chemical phenomena, the various possible concepts and principles for the processing tasks are investigated. This includes the introduction of the new concepts and principles through the variations and manipulations of the key process phenomena. The various partial solutions for process and equipment intensification are then generated through phenomena-based reasoning. Next, the feasible conceptual process alternatives are synthesized by combining the generated partial solutions. The example for the intensification of the peracetic acid production process was demonstrated, which particularly illustrated the intensification of the conventional batch process to the on-site microprocess through microreactor technology.
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1. Introduction
Process Intensification (PI) is considered as one of the main current trends in process engineering. It is defined as a strategy for achieving dramatic reductions in the size of a chemical plant at a given production volume (Ramshaw C., 1983). As a consequence, one major approach of Process Intensification is pursuing the multifunctional and microstructured devices for the processing tasks, which are conventionally implemented in the traditional unit operations. Needless to say, to achieve the multifunctional and microstructured devices, we need new concepts and principles other than the traditional unit operations concepts for implementing the processing tasks.

   On the other hand, process synthesis and conceptual design, i.e. Conceptual Process Synthesis (CPS) has been established as a major discipline in Process Systems Engineering for the optimal design of process systems. Process Synthesis is usually based on the systematic methods for the generation of conceptual process alternatives. Numerous cases in process synthesis have shown that the true efficiency and performance of the manufacturing process are primarily determined by the decisions made at the conceptual design stage on the concepts, principles and mechanisms of the process systems. It is so that the true innovative and inventive designs very often come from the unique understandings and insights to the design problems concerning process concepts, principles and mechanisms. 

   The innovative character of Process Intensification is in nice harmony with the objectives of Process Systems Engineering (Moulijn J.A. et al., 2006). It is so that Process Intensification needs the very front-end creativity for the generation of the novel concepts and principles for the processing tasks. Such novel concepts and principles are also the key elements in process synthesis for the generation of the innovative and inventive designs in terms of systems synthesis and equipment design. To this sense, conceptual process synthesis plays a key role and constitutes a major approach for process intensification to achieve the multifunctional and microstructured devices. In this work, a systematic methodology based on conceptual process synthesis for process intensification is presented.

2. The Methodology of conceptual process synthesis for PI
The methodology of conceptual process synthesis for process intensification is focused on the generation of the novel concepts and techniques for the processing tasks. The methodology of conceptual process synthesis for process intensification is illustrated in Figure 1.
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Figure 1.The methodology of conceptual process synthesis for process intensification
   For a chemical process, it is possible to identify a certain number of process phenomena which represent the key features and characteristics of the process. For example, chemistry and chemical reaction phenomena, materials phases and transport phenomena, phases behaviors and separation phenomena, etc. All these basic process phenomena concerning chemical reaction, mass transfer, heat transfer and fluid hydrodynamics are the fundamental information from which various processing concepts and principles (techniques) are generated for the processing tasks. These processing concepts and principles will principally determine the required process units and equipment for the manufacturing process. However, it must be indicated that for a specific phenomenon, there are very often several possible concepts or principles to deal with it. For example, different separation principles for a mixture separation. The feasible concepts and principles adopted will depend not only on the phenomenon itself, but also on the unique understanding and insights from the process engineers (designers). On the other hand, for a process or equipment intensification and design, it is unlikely that a single phenomenon is dealt with. The interactions and relationship among different phenomena are the real source for the generation of new concepts and principles for novel process and equipment. Moreover, to achieve novel process and equipment, the concepts and principles are concerned with various aspects of the process and equipment, may it be the catalyst or solvent employed, the internals of the equipment, the alternative energy form, the transfer mechanisms, the geometry of the equipment, etc. Therefore, a process phenomenon for process intensification must also consider various aspects of the process and equipment during the generation of the concepts and principles. Figure 2 illustrates the general characterization of a process phenomenon for PI which is concerned with the various aspects of the materials processing and the related elements for process and equipment intensification. Table 1 presents the associated attributes of each category for the characterization of a process phenomenon. Some commonly used principles for manipulation of process phenomena are presented in Table 2.(Rong et al., 2004).

Figure 2. The characterization and related aspects of a process phenomenon for PI

It is significant to notice that the concepts and principles to vary and manipulate any aspects of the phenomena will generate the corresponding partial solutions, from which the ultimate intensified process and equipment will be synthesized. Herein, the multiscale approach for variations and manipulations of the phenomena is emphasized. It means that the concepts and principles should be explored at all possible scales for the variations and manipulations of the phenomena. As a consequence, the generated partial solutions can be used to synthesize the intensified equipment in different scales. It can be expected that the combination of the partial solutions to synthesize the final process and equipment will not be straightforward; rather, there must be some conflicts and contradictions in the combination of the partial solutions. Therefore, at this stage, one needs some creative methods to remove or eliminate the encountered conflicts or contradictions. 
   During the combination of the partial solutions,  a major pivotal decision needs to be made is to determine at what scales to implement the processing tasks related phenomena. It can be microscale, or mesoscale or hybridscale (both microscale and mesoscale). Needless to say, it is the corresponding concepts and principles generated for the variations and manipulations of the processing tasks related phenomena that determine the scales of the intensified process and equipment. As a consequence, microscale, mesoscale or hybridscale devices and units are synthesized by the combination of the partial solutions. Thereby, the intensified microstructured devices, the intensified mesoscale process units, or the intensified hybridscale devices are obtained as the conceptual design alternatives from the conceptual process synthesis. The evaluation of PI results is often self-evident as long as the technical feasibility of the intensification concepts and principles can be verified. Nevertheless, once intensified process alternatives have been identified, the further detailed optimization can be performed. 
Table 1. The detail characterization to process phenomena for PI
	Phases+
	Changes of variables
	Energy source
	Geometry* 
	Surface material
	Facility medium
	Operate mode

	L/G
	Temperature
	Gravity
	Geometry (1)
	Metal
	Catalyst
	Static

	L/S
	Pressure
	Centrifugal
	(Equipment)
	Ceramic
	Solvent
	Rotating

	S/G
	Concentration
	Microwave
	Tank
	Plastics
	Additive
	Moving

	L
G
	Velocity
Density
	Ultrasound
Electromagnetic
	Column
Channel
	Chemical

surface
	Mem-brane
	Swing 
Spinning

	S
	Viscocity
	Motor
	Tube
	
	
	

	S/L/G
	
	Heat transfer fluid
	Geometry (2)
	
	
	

	L1/L2
	
	Magnetic field
	(Internals)
	
	
	

	L1/L2/G
	
	Reaction
	Geometry (3)
	
	
	

	L1/L2/S
	
	
	(Surfaces)
	
	
	


+ L-liquid, G-gas, S-solid, L1-Liquid phase 1, L2-Liquid phase 2

*Geometry (2): packings, plates, films, spray, uniform, specific structures, fiber

 Geometry (3): even, rough, porous, chemically/physically inert/active surface 

Table 2. General principles for process phenomena manipulation.

	Principles
	Examples

	1
	Enhance a favorable phenomenon
	Enhance an oxidation reaction by using oxygen instead of air

	2
	Attenuate an unfavorable phenomenon
	Decrease side-reactions by shortening residence time

	3
	Eliminate a phenomenon
	Eliminate an azeotropic behavior by adding a solvent in a distillation system 

	4
	Combine several process phenomena
	Combine reaction and distillation into a reactive distillation 

	5
	Separate phenomena
	External catalyst packages in reactive distillation

	6
	Mitigate the effect of a phenomenon by combing it with another
	Transfer reaction equilibrium limit by removing desired product immediately

	7
	Create a new phenomenon
	Create new phase interface for mass transfer


3. Case study of peracetic acid process intensification
Peracetic acid is the most widely used organic peroxy acid. It is a strong oxidizer, which could be used in disinfection and bleaching agent. Peracetic acid can be synthesized from acetic acid and hydrogen peroxide. The formation of peracetic acid takes place in the equilibrium reaction (1). In order to accelerate the reaction rate, acid catalyst is needed (Swern, D., 1970). Conventionally homogeneous sulphuric acid catalyst is used. The reaction scheme is shown in Eq. (1)

 CH3COOH + H2O2 
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 CH3COOOH + H2O 
               (1)

Conventionally peracetic acid is produced in a tank reactor in the presence of homogeneous acid catalyst. In the process, sulfuric acid catalyst is first charged into the reactor, after which acetic acid and hydrogen peroxide are fed into the reactor. The mixture is heated up and equilibrium reaction (1) takes place. When homogeneous acid catalyst is used, separation of it from equilibrium mixture is carried out in a distillation column. When equilibrium is reached, sub-atmospheric pressure is drawn in the reactor. Vaporization of the reaction mixture begins. In the distillation column acetic acid, hydrogen peroxide and peracetic acid are separated from sulphuric acid catalyst (Swern, D., 1970). The simplified scheme of the conventional process is illustrated in Figure 3.

Figure 3. The scheme of the conventional process for producing peracetic acid. 1) Acetic acid, 2) Sulphuric acid, 3) Hydrogen peroxide, 4) Reactor, 5) Distillation column, 6) Distillate receiver, 7) Peracetic acid, acetic acid, hydrogen peroxide and water.
In the conventional technology, the temperature range in production is 40 (C-60 (C due to safety reasons. Peracetic acid decomposes to oxygen and acetic acid in higher temperatures. However, higher temperature and higher initial concentrations of raw materials at optimal molar ratios increase the reaction rate and would lead to shortened residence time (Swern, D., 1970). Therefore, the major limits are identified for the conventional process in the reaction step, which is both rate-determining and equilibrium-limit. Moreover, it is also a bottleneck step in terms of inherent safety due to the exothermic reaction, the easier decomposition of peracetic acid and explosion.
In order to carry out the reaction in higher temperatures and initial concentrations under controllable conditions, the continuously operated multi-channel reactor is taken into consideration. The continuous process contains a mixing step and a reaction step. Acetic acid and hydrogen peroxide are heated in heat exchangers and mixed in the mixing step. The equilibrium reaction takes place in the parallel reactor system. The scheme of the continuous process is depicted in Figure 4.
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Figure 4. Scheme of the continuous peracetic acid process with microreactors.
In the parallel reactor system, the concept of a heterogeneous solid acid catalyst is applied. The phase of the catalyst is changed from liquid to solid. Using of heterogeneous catalyst to accelerate reaction rate enables the elimination of the distillation section described in the conventional process. The small-channel reactor is mechanically strong and it tolerates easily higher pressures than the conventional reactor. Furthermore, increased pressure eliminates the vaporization of the reaction mixture and therefore operation in higher temperatures and concentrations is safer than in conventional reactor. Heat transfer efficiency of the small channel reactor can be orders of magnitude higher than in conventional reactor. Since the reaction can not be considered as extremely fast, mixing step does not necessary require microscale application. However, in order to maximize the contact area between solid acid catalyst and the reacting mixture, microstructures in the catalyst section are beneficial. 
    Variation and manipulation of phenomena result in the changes in phases (L → L/S), process variables (T↑, c↑, p↑) and geometry (tank, column → multichannel, small scale channel, chemically active surface). The concept of the continuous reactor system offers potential to intensify the peracetic acid process.  
4. Conclusions

Process intensification needs the novel concepts and techniques for the processing tasks in the manufacturing process. At the same time, process intensification aims at the novel process and equipment to be synthesized based on the generated concepts and techniques. In this paper, a methodology of conceptual process synthesis for process intensification is presented. The methodology is focused on the generation of the novel concepts and techniques for the processing tasks by variations and manipulations of the identified key process phenomena. By doing so, various possible partial solutions for process intensification are obtained through varying and manipulating the process phenomena in a multiscale manner. Then, the conceptual process alternatives are synthesized by the combination of the generated partial solutions. A case study for the intensification of the peracetic acid process illustrated that the novel conceptual process alternative is achieved following the procedure in the methodology. 
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Step 5: Multiscale variations and manipulations of the phenomena
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Step 9b: New intensified  hybrid devices














Step 9c: New intensified  Mesoscale process units





Step 8c: Phenomena related tasks implemented in Mesoscale  





Step 8a: Phenomena related tasks implemented in Microscale  





Step 7: Combination of the partial solutions for process and equipment synthesis





Step 6: Partial solutions for process and equipment intensification





Step 10: Evaluation of technical feasibility 
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Step 4b: Principles for manipulation of process phenomena 
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Step 3: Characterization and analysis of process phenomena





Step 2: Identification of the relevant process phenomena in key steps and tasks





Step 1: Selection of main rate-determining and bottleneck processing steps and tasks
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A Process Phenomenon for Process Intensification
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