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Course Outline

7 topics
1. Introduc0on / Mass balance
2. Ideal reactors
3. Thermal balance 
4. Vapor-liquid equilibrium; Single stage  

dis0lla0on (evapora0on)
5. Dis0lla0on (mul0stage)
6. Mass transfer: Diffusion + Convec0on
7. Mass transfer: Design of a mass contactor
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Content of a Session
ØHomework (pre-work) on the Lecture before the 

session (slides with embedded oral explana;ons will 
be given in Edunao).

ØDura;on of a session 2.00 hours
1. During 30 min: discussion about the content of the 

lecture, simultaneously in classroom and through MS 
Teams « ST5 - 52 - Bioprocédés (2020-2021) » (team 
code: c2ouf10). What are the main point to highlight and 
remember? The key points will be discussed and 
summarized.

2. During 1:30: Case Study. Progressive Solving. The 
correcLon will be given at the end (available on Edunao)

3Chemical Engineering: application to environment and sustainable production



Assessment
2 marks:

Ø One short project
• A case study to solve during a limited 3me (3 hours)
• A wri9en report indica3ng the approach followed, the details of the 

calcula3ons, the numerical values obtained, and comments are to be 
submi9ed in due course

• A work in group of 4 students. One group = one typing report 
• September 23rd

è 40 % of the final mark

Ø Final wri2en exam
• 1.5 hours
• November 3rd (to be confirmed) 
• Individual exam
è 60 % of the final mark 
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Course Schedule: 9 sessions
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Please note: Sessions start on at 9:30 AM or 2:45 PM

Occurrence Topic Nature
Duration 

(hour)
Date Occurrence Topic Nature

Duration 
(hour)

Date

Lecture + Lecture +

Case Study Case Study

Lecture + Lecture +

Case Study Case Study

Lecture +

Case Study

Lecture +

Case Study

Mon. 19/10 8:30 
AM

Executive 
summary

Lecture

Lecture4 9

5

1 6

2 7

3 8Project

2.00

2.00

3.00

2.00

2.00

Wed. 23/9 8:30 AM

Fri. 25/9 2:45 PM

Mon. 28/9 9:30 AM

Wed. 16/9 2:45 PM

Tues. 15/9 9:30 AM 2.00

2.00

2.00

3.00

Wed. 30/9 9:30 AM

Mon. 5/10 9:30 AM

Wed. 7/10 9:30 AM

Ideal 
Reactor

Ideal 
Reactor

Thermal 
Balance

Intro. & 
Mass 

Balance

L-V Eq. 
Flash 

distillation

Multistage 
distillation

Diffusion & 
Convection

Mass Transfer 
Contactor 

Design



Syllabus
ØIntroduc0on – Mass and enthalpy balances, 

simple flow models
ØAn example of a unit opera0on: dis0lla0on, ideal 

stage model
ØReactor,  0D & 1D models, chemical & enzyma0c 

kine0cs
ØHeat & mass transfer, influence of hydrodynamics
ØPolyphasic systems
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Objec&ves

• To know the basic no-ons presented in the lectures

• To analyze the running of an industrial process

• To write Heat & mass balances for an equipment or at the 
scale manufacturing unit

• To develop a modeling strategy for an equipment

• To use modeling for the defini-on / diagnosis / 
op-miza-on of equipment / troubleshoo-ng (solving 
problems)
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Outline: Session 1

1. Chemical Engineering: Defini0on
2. Processes in industry – Process engineer
3. Sustainable Development: main principles
4. Towards a sustainable Process Engineering
5. Industrial Process: brief introduc0on
6. Mass balance
7. Bibliography
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Ø Chemical Engineering is the study and prac0ce
of transforming substances at large scales for the
tangible improvement of the human condi0on

ØSuch transforma0ons are executed to produce
other useful substances or energy (most of the
0me both)

ØPresence in vast segments of the industry:
chemicals, petroleum-oil, cosme0cs, crop
science, pharmaceu0cals, electronics, etc.
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Chemical Engineering differs from Chemistry
mainly in the focus on large scales

ØLarge Scale: How Much???

The defini0on of "large" is a bit arbitrary, of course,
but is set mainly by the scale of useful commercial
produc0on
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Chemical Engineering: Defini;on
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ØScales of inves;ga;on and produc;on (in volume):

vLab scale: milliliter to liter à invesLgaLon of chemistry,
definiLon of a (bio-)chemical route

vPilot scale: tens to hundreds of liters à validaLon of the
chemistry, detecLon of some issues (heat transfer,
rheological behavior of the flow, etc.), validaLon of the
producLvity (kg/batch or kg/hour)

vPlant scale: thousands of liters à producLon
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Chemical Engineering: Scales
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E. Davis, founding father of 
chemical engineering

Manchester Technical school, 
UK, 1888

Ø Birth of Chemical Engineering 
in the MIT in 1902 with W. H. 
Walker

Ø Concept of Unit Operation (A. 
D. Little, MIT,1915) – 1rst
Paradigm

Ø Foundation treaty: “Principles of Chemical Engineering” by Walker, 
Lewis et McAdams, 1923

Chemical Engineering: The founda;ons
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Ø Transport of fluids: agita1on-s1rring, mixing
Ø Hea1ng / Cooling
Ø Mass Transfer opera1ons : 

q stripping, dis8lla8on (Gas / Liquid)
qemulsifica8on, extrac8on (Liquid / Liquid)
qdissolu8on, crystalliza8on, précipita8on (Liquid / Solid)
q condensa8on, drying, lyophiliza8on…(Gas / Solid)

Ø Reac1ons in liquid or gas state
Ø Opera1ons on powders: milling, sieving, conveying, etc.

In the fiGies: 1 opera1on ó 1 operator (simple automa1on)
From the seven1es: a plant ó only a few operators (development 
of advanced control systems)
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Chemical Engineering: Evolu2on
1st paradigm: Approach by considering unit opera6on
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Ø In the unit opera-ons à same mechanisms involved:
qTransfer Sciences  (Mass, Heat, Flow)
qTransport phenomena, Bird, Steward and LighSoot, 1960

Ø Coupling (pairing) phenomena: 
(Heat & Mass; Mass & Flow ; Heat & Flow; Mass & Chemistry, etc.)

Ø Chemical / Biochemical Reac-ons:
qChemical ReacWon Engineering, O.Levenspiel, 1999 (3rd Ed.)
qGénie de la RéacWon Chimique; J. Villermaux, 1993 (2nd Ed.)
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Chemical Engineering: Evolu2on
2nd paradigm: Approach by considering mechanisms
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(Charpentier 2013)

Molecular /
Electronic

Fluid dynamics /
Transport phenomena

Cell reaction
Catalytic reaction

Reactor/
Bioreactor

Plant

Length (m)
Tim

e (s)

Chemical Engineering: 
What are the scale (spa4al and 4me) to consider?



Time and spa+al Mul+scale approach:
Impact on Modelling in Chem. Eng.

Ø PSM : Process System 
Modelling

Ø CFD : Computa3onal Fluid
Dynamics

16
(Charpentier 2013)
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Chemical Engineering Approach

Balances (Mass ; Heat)

« Nothing is lost, nothing is created, 
everything is transformed/converted »

Methodology

No general result but a general methodology
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Outline: Session 1

1. Chemical Engineering: Defini0on
2. Processes in industry – Process engineer
3. Sustainable Development: main principles
4. Towards a sustainable Process Engineering
5. Industrial Process: brief introduc0on
6. Mass balance 
7. Bibliography
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Ø Objec&ves: 
qTo transform raw materials (fossil, renewable, waste) in end-used 

products
qTo provide services to other industries

Ø Numerous industrial sectors (almost Endless!)
qChemistry, Oil/petroleum
qMaterials : metallurgy, cement,  gypsum, ceramics, glass, tex8le, 

inks, adhesive, coa8ng, pain8ng, semi-conductor, etc.
qCosme8cs
qPharmaceu8cals, vaccine
qFood / Feed industry
qEnvironment 
qEnergy Produc8on 
qEtc.

19

Processes in Industry
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Ø DESIGN / RUN / UPGRADE-OPTIMIZE / TROUBLESHOOT

20

Process Engineer: his/her job

Ø To Design plants for manufacturing several quali5es 
and quan55es of well-defined products

Ø Iden5fy 

• Inlets & outlets of Mass, Energy and Wastes 
• Essen5al equipment / setups
• Connec5on between them

Ø Design equipment / setups

Chemical Engineering: applica0on to environment and sustainable produc0on



Outline: Session 1

1. Chemical Engineering: Defini0on
2. Processes in industry – Process engineer
3. Sustainable Development: main principles
4. Towards a sustainable Process Engineering
5. Industrial Process: brief introduc0on
6. Mass balance
7. Bibliography
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Sustainable Development: Defini9on

Most frequently quoted definiWon :
“Sustainable development is development that meets the needs of 
the present without compromising the ability of future generaWons 
to meet their own needs”
(from the World Commission on Environment and Development’s (the 
Brundtland Commission) report Our Common Future (Oxford: Oxford University 
Press, 1987)

Ø It contains within it two key concepts:
q the concept of needs, in par3cular the essen3al needs of the world's 

poor, to which overriding priority should be given
q the idea of limita:ons imposed by the state of technology and social 

organiza3on on the environment's ability to meet present and future 
needs
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Ac7ng on 3 Pillars (Social/Environment/Economy)

Sustainable Development

3 requirements:

Cost-effec:ve manner

Socially fair

Environmentally sustainable

Sustainable Development: Main Principles
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Outline: Session 1

1. Chemical Engineering: Defini0on
2. Processes in industry – Process engineer
3. Sustainable Development: main principles
4. Towards a sustainable Process Engineering
5. Industrial Process: brief introduc0on
6. Mass balance
7. Bibliography
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Last Century : No Sustainable
Development in Industry

25

Only 25 % mass 
of the inlet in 
the tube is
converted into
products and 
services

Need to enhance the process efficiency by:
• Factor 4 (Von Weizsacker, 1998)
• Fractor 10 (Schmidt-Bleek, 1993)
• Factor 20 (AllChemE, 2001)

Natural
ressources

Products &
Services

Pollution, Waste,
Environmental

disturbance
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ØSeveral road maps published
qGreen chemistry: 12 principles
qGreen Engineering: 12 principles
qOther recommendaLons published in the open literature

ØPrac;cally:
qCO2 sequestraLon
qLow carbon energy (consumpLon/emission) process
qReducLon of wastage of natural resources
qSubsLtute fossil energies by renewable energies
qMain resources of materials = wastes
qEtc.

26

Towards a Sustainable Process Engineering
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Towards a Sustainable Process Engineering
How to balance social and economic constraints?

Low carbon / Safe & clean process
ê

ØBeber control of the Process (0me and space):
qTo know the -me and spa-al dynamics of the involved 

phenomena
qTo understand and to describe the rela-onships 

between events at NANO and MICRO Scales to bePer 
convert MOLECULES to USEFUL PRODUCTS at the 
PROCESS-scale

ØProcess Intensifica0on
Chemical Engineering: application to environment and sustainable production



Mul$-length scale approach

Molecular 
mechanism

Ac0ve sites

Genes

nano

< 107 m< 10-10 m

Par0cles

Bubbles

Droplets

Microorganisms

micro

Reactors

Exchangers

Separators

Pumps

meso

Produc0on 
units

Plants

macro

Environment

Atmosphere

Oceans

Soils

mega

28
(Charpen)er 2013)
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Process Intensifica<on
“producing much more and beder with using much less”

3 areas of improvement:

1. To Develop mul0func0onal equipment 
(“Technology Push”)

2. To use new opera0ng modes

3. To use microengineering and microtechnology
29Chemical Engineering: application to environment and sustainable production



Process Intensifica$on:
1 – Mul+-func+onal equipment

Ø Ex.: Implementa:on of a Liquid-Liquid Biphasic Catalysis 
(Dimersol process : Dimeriza:on of olefins)

30



Process Intensification:
2 - New Operating Modes

ØEx.: Use of External driving forces in order to enhance mass transfer

31(Stankiewicz, ChERD, 2006, 84, 511) Chemical Engineering: application to environment and sustainable production

Beware : applicability at large volume



Process Intensifica;on:
3 - Using micro-devices

32

Ø Higher  surface/volume ratio and 
turbulent flow :

Ä Mass transfer ä
Ä Better heat control ä

Ø Better chemical selectivity
Ä æ need in reactants
Ä æ waste volume

Ø Better safety

Ø ONLY for valuable products L !!
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Process Intensifica0on :
3 - Using micro-structured elements embedded in 

conven0onal technologies

a) Liquid Film flowing on a folded surface & sheared by a gas
b) Elementary cell of a microstructured packing 
c) Packing Element
d) Mass transfer column 

33(Sulzer ChemTech) Chemical Engineering: application to environment and sustainable production



Outline: Session 1

1. Chemical Engineering: Definition
2. Processes in industry – Process engineer
3. Sustainable Development: main principles
4. Towards a sustainable Process Engineering
5. Industrial Process: brief introduction
6. Mass balance
7. Bibliography
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Purifica(on

Energy 
produc(on

Recycling
Valoriza5on

Ul5mate 
waste

Effluent treatment

Synthesis 
of product

Reagents
Reagents
Products
Impuri5es

Effluents

EffluentsReagents

Elabora(on

Elaborated 
product

Intermediate 
product
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è Mass Flow
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è Heat Flow

Process flowsheet (diagram)



Transforma8on

Separa8on /
Blending (mixing)

Reactor (chemical)

& Bioreactor (biochemical)

Column, Crystallizer, Filter, Dryer, 
Mixing devices, etc.

Process
Flowsheet
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Equipment

Purification

Energy 
production

Recycling
Valorization

Ultimate 
waste

Effluent treatment

Synthesis 
of product

Reagents
Reagents
Products
Impurities

Effluents

EffluentsReagents

Elaboration

Elaborated 
product

Intermediate 
product

è Mass Flow

è Heat Flow



ØChemical reactor

Equipment
(main and surrounding)

Reactor 192m3

Dis,lla,on Column
Pressure Filter

37

ØTwo phase separator :

– Without mass transfer between phases 

(filters, etc.)

– With mass transfer between phases 

(dis5lla5on column, extrac5on device, 

etc.)
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Heat exchanger

Energy generators (vapor, etc.)

Pumps, compressors, valves, pipes, etc.

Equipment
(main & surrounding)
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Outline: Session 1

1. Chemical Engineering: Defini0on
2. Processes in industry – Process engineer
3. Sustainable Development: main principles
4. Towards a sustainable Process Engineering
5. Industrial Process: brief introduc0on
6. Mass balance
7. Bibliography
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Mass Balance
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3 – To establish the mass balance between t à t + dt
• On the whole flow
• For each (bio-)chemical component

2 –To know the involved (bio-)chemical kine:cs
e.g. A is converted at a volumetric rate 𝒓𝑨 (𝒌𝒈 % 𝒎

_𝟑 % 𝒔_𝟏)

4 – To integrate the mass balance from t = 0 à t = end

dV

Input flow (feed flow)
Reac5ve Component (A, B)
Inert component (solvent)

Output flow (withdrawal flow)
Component (A, B, P)
Inert materials (solvent)

1- To define an elementary volume dV
Ä To define the boundaries

Ä To write the boundary condi:ons



rate of  material 
A flowing into 
dV during dt

[IN]

=+
Rate of material A 

Produced in dV
during dt

[P]

rate of material A 
flowing out of dV

during dt

[OUT]

+

Rate of reactant A 
consumed / 

converted in dV
during dt

[C]

Rate of 
accumula,on of 
reactant A in dV

during dt

+

[Acc] = [Final] – [Ini:al]

41

INPUT [IN] + ProducIon [P] = OUTPUT [OUT] + Conversion [C]+ AccumulaIon [Acc]
⩾0 ⩾0 ⩾0 ⩾0 ⩾0 or ⩽0

Mass Balance 

[Acc]       =    ( [IN] - [OUT] )  +  ( [P]  - [C] )

Chemical Engineering: applica0on to environment and sustainable produc0on

element of volume dV; 7me interval dt; 
A: chemical species / substance / component / material
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INPUT [IN] + ProducIon [P] = OUTPUT [OUT] + Conversion [C]+ AccumulaIon [Acc]
⩾0 ⩾0 ⩾0 ⩾0 ⩾0 or ⩽0

[Acc]    =    ( [OUT] - [IN] )  +  ( [P] - [C] )

Mass Balance 

Several situaIons:

v A = Reactant à no producIon of A , only conversion à [P] = 0 and [C] > 0
v A = Product or by-product à no conversion, only producIon à [C] = 0 and [P] > 0
v A = Inert à no conversion, no producIon à [C] = [P] = 0 

Ø Close system (Batch) à [OUT] = [IN] = 0 
Ø Semi Open system (Fed Batch) à [IN] > 0 and [OUT] = 0 (no withdrawal) 
Ø Open system (ConInuous) à [IN] > 0 and [OUT] > 0 

q ConInuous mode in steady state regime à [Acc] = 0 (no Ime dependency)

Chemical Engineering: application to environment and sustainable production

element of volume dV; 7me interval dt; 
A: chemical species / substance / component / material



dVF1 
Binary mixture A-B

F2
Binary mixture A-B

F3
Binary mixture A-B

F1, F2, F3: 
Mass flows

43

Mass frac7on of A: XA
Mass frac7on of B: XB

massTotal
BMassX B =

massTotal
AMassX A =

XA + XB = 1

Mass Balance:
case 1: Con8nuous + Steady State Regime without reac+on



dV
F1, XA,1, XB,1

F2, XA,2, YB,2

Balance on A (mass flow of A): F1⋅XA,1 + F2⋅XA,2 = F3⋅XA,3

Balance on B (mass flow of B): F1⋅XB,1 + F2⋅XB,2 = F3⋅XB,3

Overall balance A+B (overall mass flow): F1 + F2 = F3
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Mass Balance:
case 1: Con7nuous + Steady

State Regime without reac+on

rate of  reactant 
A flowing into dV

rate of  reactant A 
flowing out of dV=

[IN] + [P] = [OUT] + [C] + [Acc]
>0      =0       >0       =0     =0

F3, XA,3, XB,3



F1

Binary mixture A-B

F3

mixture A-B-C

Element of volume dV

A à C

dt

Mass Balance on reactant A in dV during dt:

Rate of flow A
into dV

Rate of reactant
A consumed in 

dV
+

Rate of flow A
out dV=

[IN]        + [P] = [OUT]          +               [C] + [Acc]
>0 =0 >0 >0 =0

+
Rate of 

accumula,on of 
reactant A in dV

+
Rate of reactant A 

Produced in dV
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Mass Balance:
case 2: Continuous + Steady State Regime with reaction



F1

Binary mixture A-B

F3

mixture A-B-C

Element of volume dV

dt

Mass Balance on reactant A in dV during dt :

F1⋅XA,1 +         0           =        F3⋅XA,3 +      dV⋅(-dXA/dt)   +   0 

with chemical conversion rate rA = -dXA/dt > 0    since dXA < 0
46Chemical Engineering: applica0on to environment and sustainable produc0on

[IN]     +   [P]             =            [OUT]                 +                [C]                  +   [Acc]
>0 =0 >0                                       >0                         =0

A à C

Mass Balance:
case 2: Con8nuous + Steady State Regime with reac+on



Outline: Session 1

1. Chemical Engineering: Defini0on
2. Processes in industry – Process engineer
3. Sustainable Development: main principles
4. Towards a sustainable Process Engineering
5. Industrial Process: brief introduc0on
6. Mass balance
7. Bibliography
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ØCase Study #1: 

Bioethanol produc0on (1rst-genera0on biofuel)
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