




• A refinery is a production facility composed of a group 
of chemical engineering unit processes and unit 
operations refining certain materials or converting raw 
material into products of value.

https://en.wikipedia.org/wiki/Chemical_engineering
https://en.wikipedia.org/wiki/Unit_processes
https://en.wikipedia.org/wiki/Unit_operation
https://en.wikipedia.org/wiki/Unit_operation
https://en.wikipedia.org/wiki/Refining
https://en.wikipedia.org/wiki/Raw_material
https://en.wikipedia.org/wiki/Raw_material


Introduction
SHR Chapter 1
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Basic concepts

• Operations in a chemical plant
• Key operation: chemical reactions, separation of chemical mixtures

• Auxiliary operation: phase separation, heat exchange, shaft work 
(pump, compressor), mixing or dividing, solids agglomeration, size 
reduction

• Separation
• Batch-wise

• Continuous

• Semi-continuous



• Simple processes that do not require separation operations are very rare

• Most chemical and biochemical processes are dominated by separation equipment

• More than 95% of industrial chemical separation operations involve feed mixtures of 
organic chemicals

Examples: product as a single component vs a mixture



Schematic flow diagram of a typical 

oil refinery



Schematic flow diagram of a 

typical natural gas processing 

plant



• The creation of a chemical mixture is spontaneous
• If the mixing occurs (ΔGmix<0) instead of phase segregation

• Separation of a chemical mixture into pure components, is not spontaneous and thus 
requires energy.

• A mixture to be separated may be single or multiphase. 

• If it is multiphase, it is usually advantageous to first separate the phases.

Energy is required for separation
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Types of separation techniques



• The extent of separation depends on differences among 
components to be separated



Examples: choosing separation based on molecular difference

A. Separation of air into oxygen-rich and 
nitrogen-rich products
• Boiling points: O2 (-183 °C) and N2 (-195.8 °C)

B. Separation of m-xylene from p-xylene
• Boiling points: m-xylene (139.3 ° C) and p-xylene (138.5 ° C), 

• Melting points: 47.4 ° C for m-xylene and 13.2 ° C for p-xylene

C. Separation of penicillin from water
• Penicillin has a melting point of 97 ° C

• Water has a boiling point of 100 ° C



Examples: choosing separation based on molecular difference

A. Distillation at higher pressure or low temperature

B. Crystallization

C. Liquid-liquid extraction of the penicillin with n-butyl acetate or n-amyl acetate.
•  penicillin decomposes before reaching the normal boiling point of water. 



Separation Operations Based on Phase Creation



Flash vaporization

Multi-stage flash vaporization plants produce about 26% of all desalinated water in the world, but almost all of new 
desalination plants currently use reverse osmosis due to much lower energy consumption

https://en.wikipedia.org/wiki/Reverse_osmosis


Distillation

• Multistage distillation is the most widely used industrial method for separating chemical mixtures.

• petroleum refineries

• biochemical industry to separate small molecules



Evaporation
GSL evaporation pond

• Sea salt
• Metals, such as Mg
• Fertilizer, such as potash

Solar evaporation 

• Sea salt
• Metals, such as Mg
• Fertilizer, such as potash



Evaporator



Crystallization

• Crystallization is a key unit operation used in the separation and 
purification of intermediate compounds and Active Pharmaceutical 
Ingredients (APIs). Over 80% of drug products involving at least one 
crystallization step.

Vertical cooling crystallizer in a 

beet sugar factory

https://youtu.be/lo0cp2uhxb0?si=h9nCvbfR5TTKRgTG



https://www.chemengonline.com/a-clearer-view-of-
crystallizers/





Separation Operations Based on Phase Addition



Industry decarbonization

Reading: https://www.energy.gov/industrial-technologies/doe-industrial-decarbonization-roadmap

Interested in the electrification of chemical production?
CH EN 5308/6308: Electrochemical system/Battery Technology (offered every Fall)



Carbon capture, utilization, and storage (CCUS)

Interested in the electrification of chemical production?
CH EN 5308/6308: Electrochemical system/Battery Technology (offered every Fall)



Absorption



Liquid-liquid extraction (solvent extraction)



Industry application

• Copper production
• Rare earth metal production



Separation Operations Based on a Barrier

• For microporous membranes, separation is affected by rate of species diffusion through the pores

• For nonporous membranes, separation is controlled by differences in solubility in the membrane 
and rate of species diffusion



Osmosis

https://byjus.com/biology/osmosis/



Reverse Osmosis

According to the International Desalination Association, for 2011, RO was used in 66% of installed desalination capacity 

(0.0445 of 0.0674 km³/day), and nearly all new plants

https://en.wikipedia.org/wiki/International_Desalination_Association


Dialysis

Dialysis is used as a temporary measure in 

either acute kidney injury or in those 

awaiting kidney transplant and as a permanent 

measure in those for whom a transplant is 

not indicated or not possible

Dialysis is used for removing 

excess water, solutes, and toxins from 

the blood in people whose kidneys can no 

longer perform these functions naturally

https://en.wikipedia.org/wiki/Kidney_transplant
https://en.wikipedia.org/wiki/Indication_(medicine)
https://en.wikipedia.org/wiki/Water
https://en.wikipedia.org/wiki/Solutes
https://en.wikipedia.org/wiki/Toxins
https://en.wikipedia.org/wiki/Blood
https://en.wikipedia.org/wiki/Kidney


Separation Operations Based on a Solid Agent

• Adsorption is confined to the surface of the solid adsorbent, unlike absorption, which occurs throughout the absorbent.
• The active separating agent eventually becomes saturated with solute and must be regenerated or replaced. 
• Such separations are often conducted batchwise or semi-continuously.



Adsorption

In-house water treatment system



Ion-exchange

Water softening is the removal of calcium, magnesium, and 

certain other metal cations in hard water. Soft water also 

extends the lifetime of plumbing by reducing or 

eliminating scale build-up in pipes and fittings.

https://en.wikipedia.org/wiki/Calcium
https://en.wikipedia.org/wiki/Magnesium
https://en.wikipedia.org/wiki/Cation
https://en.wikipedia.org/wiki/Hard_water
https://en.wikipedia.org/wiki/Plumbing
https://en.wikipedia.org/wiki/Fouling#Precipitation_fouling


Separation Operations by Applied Field or Gradient



Electrodialysis

•Desalination and salt production.

•Small and medium scale drinking 

water production

• Water reuse

•Pre-demineralization (e.g., boiler makeup & 

pretreatment,)

•Food processing

•..

electric field

https://en.wikipedia.org/wiki/Water_desalination
https://en.wikipedia.org/wiki/Water_desalination
https://en.wikipedia.org/wiki/Drinking_water
https://en.wikipedia.org/wiki/Drinking_water
https://en.wikipedia.org/wiki/Water_reuse
https://en.wikipedia.org/wiki/Water_reuse
https://en.wikipedia.org/wiki/Boiler




Electrophoresis

Electrophoresis is used in laboratories to separate macromolecules based on charge. The technique 

normally applies a negative charge so proteins move towards a positive charge. It is used extensively 

in DNA, RNA and protein analysis

https://en.wikipedia.org/wiki/Macromolecule
https://en.wikipedia.org/wiki/QPNC-PAGE#Method
https://en.wikipedia.org/wiki/QPNC-PAGE#Method
https://en.wikipedia.org/wiki/DNA
https://en.wikipedia.org/wiki/RNA
https://en.wikipedia.org/wiki/Protein


Quiz

• To produce potable water from seawater, what separation process 
can be used?

A. Flash vaporization 

B. Distillation

C. Reverse osmosis

D. Electrodialysis

E. Adsorption

F. Ion-exchange



ABCD

E is used to remove trace contaminations in water, such as lead, 
chlorine and organic matter

F is used to soften water



• What type do the following separation techniques belong to?
A. Flash evaporation

B. Absorption

C. Dialysis

D. Electrophoresis 



A is phase creation

B is phase addition

C is solid barrier based

D is electric field based
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Example: distillation

For each column, feed components 
are partitioned between the 
overhead and the bottoms

How do we measure the efficacy of 
the separation?
• Split fraction and ratio
• Purity and recovery
• Separation factor/power



Mass balance

• For a C component, N phase mixture

•  The molar flow rate in the feed equals 
to that in the product



Feed to C1
Bottom from C1

Overhead from C1



Split fraction and ratio

• Split fraction (SF), the fraction of one component found 
in the first product

• A split ratio between two products

• i: component, k: separator
• Depends on 

• the component thermodynamic properties
• the component transport properties
• the number of stages
• the vapor and liquid flows through the column

• A sharp split is desired in separation
• SF close to 1 or 0
• SR>>1 or <<1



Split fraction
• C2: 0.6/0.6=1
• C3: 54.8/57.0=0.9614
• iC4: 0.6/171.7=0.0035
• nC4:0
• iC5:0
• nC6:0

Split ratio
• C2: 1/(1-0)=infinite
• C3: 0.9614/(1-0.9614)=24.91
• iC4: 0.0035/(1-0.0035)=0.0035
• nC4:0
• iC5:0
• nC6:0

taking column 2 as an example, stream 3 is the feed, stream 4 is product 1.

feed Product 1 Product 2



• Each column is designed to make a split between two adjacent key components in the feed
• splits are sharp (SF > 0.95 for the light key and SF < 0.05 for the heavy key), except for Column C1

• A sharp split is desired in separation
• SF close to 1 or 0
• SR>>1 or <<1



Purity and recovery

Purity: flow rate of the major component/total flow rate in a certain product stream
• Purity of C3 in stream 4: flow rate of C3 /total flow rate of stream 4=54.8/56.0=97.86%
• Purity of iC4 in stream 6: flow rate of iC4 /total flow rate of stream 6= 162.50/175.50=92.59%

Recovery: flow rate of the major component/total flow rate of the component in the initial feed
• Recovery of C3: flow rate of C3 in stream 4/total flow rate of C3 in the feed=54.8/57.0=96.14%
• Recovery of iC4:flow rate of iC4 in stream 6/total flow rate of iC4 in the feed = 162.50/171.8=94.59%

Product Product Product Product



Separation sequence

• The three-column recovery process has other alternative sequences that can 
separate the feed into the four products 

•  Each column has a single feed and produces an overhead product and a bottom product.

• If only two products are desired, only a single column is required. 



Separation factor/power

• Some separation operations are incapable of making a sharp split between key 
components.

• The split fraction (SF), split ratio (SR), recovery, or purity depends on
• the relative molar amounts of the two phases leaving the separator

• thermodynamic, mass transport, and other component properties

• Number of stages and configurations

• A measure of the relative degree of separation between two key components, i 
and j, is the separation factor or power, SP

• C: composition of the product, usually described by the molar flow rate n, unit: mol/s or kmol/h 
• Physical meaning: the ratio of relative composition of i to j in two product streams
• a large value corresponds to a relatively high degree of separation
• a small value close to 1.0 corresponds to a low degree of separation factor



Split fraction and ratio: review

• Split fraction (SF) of component i in the kth separator: 
the fraction of one component found in the first product

• A split ratio between two products

• i: component, k: separator
• First and second products need to be defined

• A sharp split is desired in separation
• SF close to 1 or 0
• SR>>1 or <<1



Separation factor/power: review

• A measure of the relative degree of separation between two key components, i 
and j, is the separation factor or power, SP

• C: composition of the product, usually described by the molar flow rate n, unit: mol/s or kmol/h 
• Physical meaning: the ratio of relative composition of i to j in two product streams
• a large value corresponds to a relatively high degree of separation
• a small value close to 1.0 corresponds to a low degree of separation factor

Superscript refers to  product #

subscript refers to  component #

Separation factor: relative composition of i vs j



Notes

• Split fraction (SF), split ratio (SR), and separation power (SP) are 
all dimensionless 

• Split fraction (SF), split ratio (SR)
• Measures how well one component is split into two different products 

by the separator

• Best separation: SF=0 or 1, SR: very large or very small

• Separation power (SP)
• Measures how well two components are separated

• Best separation: SP: very large

• Recovery and purity are also dimensionless, usually presented 
as percentage 
• Range: 0% to 100%

• Recovery: measures how much a product recovers a component from 
the feed

• Purity: measures how pure a product is



Separation power: examples

Product 1Product 2

or= (226.6/28.1)/(0.7/11.9)=8.06/0.0588=137.1

In general, when reporting SP of i and j, the order of i and j is arbitrary, we choose them so 
the SPi,j  > 1.0. In another words, SP is always > 1 by definition

= (2.2/171.1)/(54.8/0.6)=0.00014, different 
from the text, why?
Take its reciprocal, get ~7100

= (226.6/0.7)/(28.1/11.9)=137.1



Quiz: 5 minutes

1. What is the split fraction of iC4 in the overhead of column 3 (stream 6)?

2. What is its purity and recovery?

3. What is the separation power of iC4/nC4 in column 3?



1. What is the split fraction of iC4 in the overhead of column 3 (stream 6)?
• How much iC4 from the feed ends up in the referred product

• 162.5/171.1=0.9497

2. What is its purity and recovery?
• Purity, how much iC4 is in the referred product, 162.5/175.5=0.9259=92.59%

• Recovery, how much iC4 is recovered from the initial feed, 162.5/171.8=0.9459=94.59%

3. What is the separation factor of iC4/nC4?
• How well iC4 is separated from nC4

• Relative concentration in the overhead: 162.5/10.8=15.04

• Relative concentration in the bottom: 8.6/215.8=0.03985

• Separation factor/power: 15.04/0.03985=377.6



Quiz

1. What does a split ratio of 1 mean?

2. What does a split fraction of 1 suggest?

3. What does a separation factor of 1 suggest?



Quiz

1. What does a split ratio of 1 mean?

2. What does a split fraction of 1 suggest?

3. What does a separation factor of 1 suggest?

The component to be separated is equally distributed in two product streams, no separation at all

The component to be separated all ends up in one product stream, best separation possible

The relative composition of component i to j is the same in two product streams, no separation at all 



Quiz

• A sharp split between two species occurs when
A. The split fraction is close to 1 or 0

B. The split ratio is close to 1 or 0

C. The separation factor is far larger than 1

D. The separation factor is close to 1

E. The recovery is close to 100%

F. The purity is close to 100%



Quiz

• A sharp split between two species occurs when
A. The split fraction is close to 1 or 0

B. The split ratio is close to 1 or 0

C. The separation factor is far larger than 1

D. The separation factor is close to 1

E. The recovery is close to 100%

F. The purity is close to 100%

ACF
B: sharp split occurs  if the split ratio is close to 0, but no separation effect if the split ratio is 1
E: necessary conditions to achieve good separation
F: close to 100% purity means in the product stream there is very little impurity. It usually indicates a 
sharp split
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Selection of Separation process

• Most important feed conditions
• Composition and flow rate

• The cost depends strongly on the concentration in the 
feed.

• Other conditions (temperature, pressure, and 
phase) can be altered

• But can be energetic costly

• vaporization, condensation, compression

• Some separations perform best on dilute feeds

• use of barriers or solid agents



Separation cost

Factor VIII

Entropy barrier



Maturity of different separation technologies

Operations based on barriers are more expensive



• Hydrocarbons from crude oil. 
• Uranium from seawater
• Alkenes from alkanes
• Rare-earth metals from ores
• Benzene derivatives from each other
• Trace contaminants from water
• Greenhouse gases from dilute emissions



Summary

• Industrial chemical processes include equipment for separating chemicals in the process 
feed(s) and/or species produced in reactors within the process

• The extent of separation achievable by a separation operation depends on the 
differences in species properties.

• The more widely used separation operations involve the transfer of species between two 
phases, one of which is created by energy transfer or the reduction of pressure, or by 
introduction as an MSA.

• Separation operations are subject to the conservation of mass. The degree of separation 
is measured by a split fraction, SF, and/or a split ratio, SR.

• For a train of separators, component recoveries and product purities are of prime 
importance and are related by material balances to individual SF and/or SR values.

• The cost of purifying a chemical depends on its concentration in the feed. The extent of 
industrial use of a separation operation depends on its technological maturity
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