Summary of Experience Based Rules for Process Synthesis

Ref: Process Design Principles by W.D. Seider et al.

1. Raw Materials and Chemical Reactions

Select raw materials and chemical reactions to avoid, or reduce, the handling and storage of hazardous and toxic materials.

2. Distribution of chemicals

Use an excess of one chemical reactant in a reaction operation to consume completely a valuable, toxic or hazardous chemical reactant.

3. Inert Species

When nearly pure products are required, eliminate inert species before the reaction operations when the separations are easily accomplished and when the catalyst is adversely affected by the inert, but not when a large exothermic heat of reaction must be removed.

4. Purge streams

Introduce purge streams to provide exits for species that enter the process as impurities in the feed or are formed in irreversible side reactions, when these species are in trace quantities and/or are difficult to separate from the other chemicals. Lighter species can be removed in gas purge streams from the gas recycle and heavier species can be removed in liquid purge streams. 

Do not purge valuable species or species that are toxic and hazardous even in small concentrations. Add separators to recover valuable species. Add reactors to eliminate toxic and hazardous species.




5. Selectivity

By products that produced in reversible reactions in small quantities are usually not recovered in separators or purged. Instead, they are usually recycled to extinction.

For competing reactions, both in series and parallel, adjust the temperature, pressure, and catalyst to obtain high yields of the desired products. In the initial distribution of chemicals, assume that these conditions can be satisfied. Before developing a base case design, obtain kinetics data and check this assumption.

6. Reactive separations

For reversible reactions especially, consider conducting them in a separation device capable of removing the products, and hence driving the reactions to the right. Such reaction separation operations lead a very different distribution of chemicals.

7. Separations

Separate liquid mixtures using flash separation, distillation, stripping, enhanced distillation (extractive, azeotropic, and reactive), liquid-liquid extraction, crystallizers and/ or adsorbers.

Attempt to condense vapors with cooling water. Increase pressure or use refrigeration if needed. 

Separate vapors using partial condensers, cryogenic distillation, absorption towers, adsorbers and/or membrane separators.




8. Heat removal

To remove heat from a highly exothermic reaction, consider the use of excess reactant, an inert diluent, or cold shots.. 

For less exothermic reactions, circulate reactor fluid to an external cooler, or use a jacketed vessel or cooling coils. Also consider the use of intercoolers between adiabatic reaction stages.

To control temperature in a highly endothermic reaction, consider the use of an excess reactant, in inert diluent or hot shots. 

For less endothermic reaction, circulate reactor fluid to an external heater, or use a jacketed vessel or heating coils. 

9. Pumping and compression

To increase pressure of a stream, pump a liquid rather than compress a gas; that is condense a vapor, as long as refrigeration is not needed, before pumping.




SEPARATION SYNTHESIS
Utilize physical and chemical properties to separate desired product
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“Inventor’s Paradise”
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SEPARATION TECHNOLOGY

Property




Separation Technique
Volatility (b.p. or v.p.)




Distillation









Flash Separation









Evaporation









Absorption









Stripping

Solubility






Absorption









Extraction









Leaching









Crystallization

Diffusivity






Gas Diffusion









Dialysis

Density and Size





Settling









Floatation, Flocculation









Centrifugation









Cyclone

LEVEL 3: DECISIONS

Questions:


1.  Should we purify the feed impurities before processing?


2.  How many product streams should there be?


3.  Do we need a gas recycle or purge?

1.  Feed Impurities (Heuristics)

Rule 1: Do not do unnecessary separations.

· If impurities react remove them (e.g. catalyst poisoning, raw material loss).

· Large % impurities should be separated to reduce costs.

· If impurity in feed is also a product, it is preferably processed in the separation system of the process.

· Easy separations should be done.

· If feed impurity is difficult to separate process it and remove it later.

2.  Product Streams

Reactant:  recycle


Reaction Intermediate: recycle


Reversible byproduct: recycle or exit


Primary product: exit


Valuable byproduct: exit


Fuel byproduct: exit


Waste byproduct: exit

Note:
(1) Do not separate fuel and waste stream products any further.


(2) Do not separate and then remix.

3.  Recycle and Purge:  (Heuristics)

· If reaction does not go to completion.

· If gaseous reactant is present in small amount, consider separation and recycle if separation is easy (b.p < -50°F)

· If a reactant and byproduct boil < -50°F then a gas recycle and purge is necessary,

LEVEL 4: SEPARATION SYSTEM DESIGN

1.  Reactor Exit is Liquid
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2.  Reactor Exit is Vapor
[image: image7.wmf]
3.  Reactor Exit is Vapor and Liquid
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4a.  VAPOR RECOVERY
Decisions to make:


1.  Stream Location of Vapor Recovery System


2.  Type of Vapor Recovery System

1.  Location


If vapor stream does not contain significant amount of valuable material and contains no unrecyclable component do not require a VR system.




2.  Type of Vapor Recovery System

1.  Condensation (high P and/or low T)


2.  Absorption (using a solvent, preferably one that is already present)


3.  Adsorption (if solute conc. <5%)


4. Membrane separation





3b.  LIQUID SEPARATION

Use Distillation if    ( >1.1

Alternatives to Distillation:


a.  Azeotropic Distillation


b.  Extractive Distillation [Extraction] 


c.  Reactive Distillation


d.  Extraction followed by distillation


e.  Crystallization


f.  Reaction followed by distillation.

2.  Sequencing

Use Heuristic Rules

3.  Multiple feeds, side stripping, azeotropic distillation

No heuristics are available

4.  Liquid Recovery

To obtain very high purity use stripping with inert gas e.g. CO2 dissolved in H2O


(Same with gas streams that requires high purity –use absorption).

BASIC CONCEPTS IN SEPARATION

Separation cost is 
1.proportional to the amount of material to be processed




2. Inversely proportional to the difference in property being exploited

Cost = k (m1+m2)/(p1-p2)

Steps to Follow:


List all components present


Major properties (b.p. m.p. solubility etc.)

Relative amounts (mole fraction or mass fraction)




COMBINATORIAL PROBLEM
\

Many Alternate Flowsheets

# of Components

# Sep. Methods

# Possible Sequences

3



1



2


3



2



8


5



1



14


5



3



1134


9



1



1430


9



5



5x108
ORDERED HEURISTIC RULES FOR SEPARATION SEQUENCING
Ref. Nadgir and Liu , AIChE Journal; Apply these in the order given.

Heuristic M1

Favor ordinary distillation and remove mass separation agent first.


Distillation feasible if   ( < 1.05, otherwise use Mass Separating Agent (MSA) such as a solvent.


Use of MSA already present in stream is preferable.

Heuristic M2

Avoid vacuum distillation and refrigeration.


(Avoid exclusions from ambient conditions).


Use vacuum distillation if b.p. is high. Use vacuum to improve volatility. Use vacuum to keep temperatures low to prevent product degradation and or side reactions.


Refrigeration may be avoided by using higher column pressures.


Refrigeration < - 50° not commonly used.

Heuristic D1

Favor smallest product set. Take out product as distillate if possible.


(Avoid separating and then recombining materials).

Heuristic S1

Remove corrosive and hazardous materials first.

Heuristic S2

Perform difficult separations last. Separations involving extreme conditions of temperature and/or pressure are difficult. Separations of close boiling compounds using distillation is difficult.


Azeotropic distillation etc., last.

Heuristic C1

Remove most plentiful component first.


(Reduce separation load.)

Heuristic C2

Favor 50/50 split, ie. separate streams into equimolal splits if possible.


CES (coefficient of ease of separation  



= f x DT


f = ratio of molal flow of products ( smaller than 1)


   DT = boiling point difference

Choose separation with largest CES

Example (Olefines Separation)

Component

Mole Percent


Boiling Point °C
H2


18



-253

 CH4


15



-161


        C2H4


24



-104


        C2H6


15



  -88


        C3H6


14



  -48


        C3H8


 6



    -1

No need to separate H2 and CH4.

First Arrange in order of increasing boiling point

M1:  Use ordinary distillation

M2:  Use high pressure to reduce refrigeration < - 50³C

D1:   Keep:H2/CH4 together

S1:    Not applicable 

S2:  Separate propylene/propane last, ethylene/ethane last.

C!:
Remove H2/CH4 first.



Heuristic Rules for Distillation
1.  Separate out more plentiful components early.

2.  Do easy separations first, difficult separations last.

3.  Remove corrosive and hazardous material early.

4.  Avoid use of external solvents.  If they are used remove them as soon as possible.

5.  Remove more volatile components early as distillates.

6.  Avoid extreme conditions of temperature and/or pressure.  

     (Aim high rather than low.)

7.  In distillation it is preferable to remove the products as distillates.


Example:  Allyl Chloride Production
C3H6 + Cl2   (    C3H5Cl + HCl + others


Reactor Effluent

Moles

B.P.°C

BP Diff

A.  1,3-Dichloropropane

0.2

112

28

B.  Acroleindichloride


1.8

  84

34

C.  Allyl Chloride


9.3

  50

84

D.  Chorine



3.0

 -34

14

E.  Propylene



105

 -48

37

F.  HCl




  93

 -85


Objective:
Recycle
Propylene + Chlorine, Raw materials




Recover
HCl Byproduct, Allyl Chloride, Product

First arrange in increasing boiling point. (Already done)

(1) Easy Separations  C/D first , E/F last since it is low temp needing refrigeration

(2)  Plentiful Early     Remove E,F early

(3)  Corrosive    HCl early

(4)  Low boiling components early   HCl, Propylene early

5)  Avoid excursions from ambient conditions    



C/D separation first
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