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Separations and Syllabus Goals 

Applications: Surviving in Space, on a desert island without fresh water 
 

Obtain Quantitative Understanding of the following processes: 
Filtration -    we started and continue!            We’ll also cover this week: 
Aggregation 
Centrifugation  
Crystallization (controlled freezing) separation 
Adsorption 
Leaching (extracting metals from ores, making coffee, dry cleaning) 
Osmosis 
   Forward Osmosis 
   Reverse Osmosis 
Ion-exchange membranes 
 
Drying 
 
Distillation (controlled evaporation and condensation) 
  and the many kinds of distillation 

http://large.stanford.edu/courses/2012/ 
Great Student report case studies 
On many technologies 
 
Also: 
http://large.stanford.edu/courses/2013/ 
http://large.stanford.edu/courses/2017/ 
 
 



Recommended Reading 
Available on Knovel – in the library: 
De Haan & Bosch, Industrial Separation Processes, 2013, de Gruyter (Berlin) 
 
Distillation Fundamentals and Principles, Gorak & Sorensen, eds., 2014, Elsevier 
 
Reactive & Membrane-Assisted Separations, Lutze & Gorak, eds., 2016, de Gruyter 
 
Also from 
Seader, Henley, & Roper, Separations Process Principles, 2011, Wiley 
 
 
Pre-assigned class reading -> will have a chance to discuss problems in class 
 
Drying of Solids: 
Ch. 7 in 
De Haan & Bosch, Industrial Separation Processes, 2013, de Gruyter (Berlin) 
 



Types of Exchange Resins 

Styrene-divinyl benzene based exchange resins Are there alternatives? 

Sulfonated side groups for 
Cation exchange 

Aminated side groups for 
Anion exchange (Cl- or OH- form) 

De-ionization of water makes use of both types of resins. 
Cationic resins are placed first to avoid precipitaiton of metal hydroxides 

Mixed bed systems give better results than sequential columns. 



Ion-Exchange Capacity and Rate 

Univalent ion-exchange plot Are there alternatives? B is preferred if KA
B > 1 

For Cations B+ from solution in exchange for A+ on the resin: 

resin-SO3
 –A+ + B+ ⇔ resin-SO3

– B+ + A+ 

Equilibrium constant determining 
selectivity of a resin for B over A 

q = capacity (conc.) ions in resin 
       [mol/kg] 
m = concentrations of the ions in the 
solution [mol/L]  or [mol/kg] 



Problem Solving 

Are there alternatives? 

Sulfonated side groups for 
Cation exchange 

How do we go about solving this? 

Problem 7. A commercial ion-
exchange resin is made of 88 wt% 
styrene (MW = 0.104 kg/mol) and 12 
wt% divinyl benzene (MW = 0.1302 
kg/mol). Estimate the maximum ion-
exchange capacity in equivalents/kg 
resin when an sulfonic acid group 
(MW = 0.0811 kg/mol) has been 
attached to each benzene ring. 

Hints:  What is ion-exchange capacity? 
    What are the units of capacity? 
  



Drying of Solids  
Please read – Ch. 7from De Haan & 

Bosch, Industrial Separation Processes, 
2013, de Gruyter (Berlin) (on Knovel) 

You’ll learn about drying fruit, and bread, and vapor in pores 



Drying – Slowly at Low Vapor Pressures 

Drying rate Φvap          = kg (csat(Ts) − cf )       
units [mol s–1 m–2] 

For low drying rates, and  
low vapor concentrations c,  
drying rate Φvap is proportional  
to the driving force (csat(Ts) − cf) 

where 
Tf = temperature of heated air (with concentration cf) 
Ts = temperature of wet surface [K] 
csat = saturation vapor (water) concentration at Ts [mol m–3] 
cf = vapor (water) concentration in feed gas (air) [mol m–3] 
kg = mass transfer coefficient [m s–1] 



Drying –  
Terminology and Learning Goals 

By the end of this lecture you’ll be able to: drying. (how prosaic!) Yet, in a 
quantitative way in which none of your friends outside this class would be able to. 
 
Say what are  wet-bulb temperature, absolute humidity, relative humidity, How 
to make bread rusk, . Other vocabulary:  Chilton-Colburn transfer numbers for 
heat and mass,  
 
We’ll identify Drying Mechanisms and  
 
Derive simplified rate equations to estimate drying times 
 
Discuss Drying Methods and Drying Equipment 
 
Applications in: Foods, building materials, powders, papers, fabrics 
 
Discuss Efficiency and cost –  
Drying vs. unnecessary transportation of products containing water 

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



Bread Rusk and Hair Drying 

Need to strike an optimum balance between  
Temperature and Drying Rate 



Drying – Wet Bulb Temperature 

Φvap ⋅ ΔHvap    =    h (Tf − Twb)       units [J s–1 m–2] 

When the amount of air >> amount of evaporated moisture 
The dynamic equilibrium (non-equilibrium steady state)  
Temperature of a wet surface is called Twb, the wet-bulb temperature  

where 
h = heat transfer coefficient (convection) [W m–2 K–1] 
ΔHvap = molar heat of evaporation [K] 
 
Examples – Passive cooling in non-glazed pottery 
Twb  indicates max amount of vapor that can be carried the dry gas 

Drying rate Energy transfer 
Energy  from the surface 



Air Humidity – From Wet-Bulb Temp. 

Psychrometer – measures directly the wet-bulb temperature 



Air Humidity – From Wet-Bulb Temp. 

Relating Wet and Dry-bulb temperatures – via adiabatic cooling lines 



Psychrometric Charts 

A grain of water is approximately one drop, and  
there are 7,000grains of water to one pound of water 



Psychrometric Chart 



Properties of Air - Psychrometric Chart 



Psychrometric Chart - Practice 



http://www.dartmouth.edu/~cushman/course
s/engs44/comfort.pdf 



Psychrometric Chart 



Psychrometric Chart 



Comfort Zone 

http://www.energy-design-tools.aud.ucla.edu/climate-consultant/request-climate-consultant.php 
And http://www.energy-design-tools.aud.ucla.edu/ 
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Climate Consultant App 

http://www.energy-design-tools.aud.ucla.edu/climate-consultant/request-climate-consultant.php 
And weather data from 
https://energyplus.net/weather-
location/europe_wmo_region_6/GBR//GBR_London.Gatwick.037760_IWEC 
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http://www.dartmouth.edu/~cushman/course
s/engs44/comfort.pdf 



http://www.dartmouth.edu/~cushman/course
s/engs44/comfort.pdf 



Danger – Reaching Dew Point in a Wall 

Vapour barriers – needed to prevent mould 



Psychrometric Chart 



Saturation Vapor Pressure of Water 

where 
T = temperature in °C  
and  P = pressure in kPa 
 
Above form valid for  
T > 0 °C  

The Tetens equation 



Air Humidity – From Wet-Bulb Temp. 

When stream of air Φair at Tf is mixed thoroughly and adiabatically, 
with liquid at Tsat, it leaves completely saturated with vapors (@Tsat) 

In Adiabatic cooling dry bulb temperature is lowered without altering  
the amount of heat in the air. Latent Heat is the heat in the gas absorbed  
by the moisture as it changes from liquid to vapor during evaporation. 

Longer contact  
with cool water 
leads to temp. 
Tsat less than Twb 

(not an adiabatic 
process anymore) 



Drying – Slowly at Low Vapor Pressures 

Drying rate Φvap          = kg (csat(Ts) − cf )       
units [mol s–1 m–2] 

For low drying rates, and  
low vapor concentrations c,  
drying rate Φvap is proportional  
to the driving force (csat(Ts) − cf) 

where 
Tf = temperature of heated air (with concentration cf) 
Ts = temperature of wet surface [K] 
csat = saturation vapor (water) concentration at Ts [mol m–3] 
cf = vapor (water) concentration in feed gas (air) [mol m–3] 
kg = mass transfer coefficient [m s–1] 



Drying – Wet Bulb Temperature 

Φvap ⋅ ΔHvap    =    h (Tf − Twb)       units [J s–1 m–2] 

When the amount of air >> amount of evaporated moisture 
The dynamic equilibrium (non-equilibrium steady state)  
Temperature of a wet surface is called Twb, the wet-bulb temperature  

where 
h = heat transfer coefficient (convection) [W m–2 K–1] 
ΔHvap = molar heat of evaporation [K] 
 
Examples – Passive cooling in non-glazed pottery 
Twb  indicates max amount of vapor that can be carried the dry gas 

Drying rate Energy transfer 
Energy  from the surface 



Air Humidity – Measurement & Units 
When Humidity is measured as  
Moisture content Hf per unit dry air 
   it is easy to find the mix’s heat capacity 
Cp = Cp, dry air + Hf ・ Cp, vapor         [J/K.kg] 

Then combining Drying rate  
Φvap          = kg (csat(Ts) − cf )             [mol s–1 m–2] and 
Energy Transfer rate: 
Φvap ⋅ ΔHvap    =    h (Tf − Twb)       units [J s–1 m–2] 
   we get: 
csat(Twb) − cf =     h (Tf − Twb)               [mol s–1 m–2] 

ΔHvap⋅ kg 



Chilton–Colburn J-factor analogy – also for liquids 

Heat Transfer vs. Mass Transfer 

Chilton-Colburn analogy of transfer numbers:   https://www.youtube.com/watch?v=7YlQ_4jL_gs 
In Part 2 of KETF40 Mass Transfer & Unit Operations Course, ChemE, Lund University 
https://www.youtube.com/watch?v=bVzYzOCVGd8&list=PLvpgTFzUKO49qlw61JRGCeezUpcqxnhK8 

ΔHvap 

Mw 

f = Fanning’s friction factor 
Sc = Schmidt number 
Pr = Prandtl number 

Reynolds analogy – ok for ideal gases 

https://www.youtube.com/watch?v=7YlQ_4jL_gs
https://www.youtube.com/watch?v=7YlQ_4jL_gs
https://www.youtube.com/watch?v=7YlQ_4jL_gs


Chilton–Colburn analogy – heat & mass transfer 

Chilton-Colburn J-factor analogy 

Chilton-Colburn analogy of transfer numbers:   https://www.youtube.com/watch?v=7YlQ_4jL_gs 
In Part 2 of KETF40 Mass Transfer & Unit Operations Course, ChemE, Lund University 
https://www.youtube.com/watch?v=bVzYzOCVGd8&list=PLvpgTFzUKO49qlw61JRGCeezUpcqxnhK8 

ΔHvap 

Mw 

If one type of transfer number is known, we can 
use it to find the value of the others. E.g., 
 
From the Nusselt number, for heat transfer, we can 
find the  Sherwood number for mass transfer! 
 

https://www.youtube.com/watch?v=7YlQ_4jL_gs
https://www.youtube.com/watch?v=7YlQ_4jL_gs
https://www.youtube.com/watch?v=7YlQ_4jL_gs


Air Humidity – Adiabatic Saturation 

A number of people have made attempts to relate 
Diffusivities of momentum, heat, and mass. 

therefore, saturation humidity Hsat as a function of  
Adiabatic saturation temperature Tsat = Twb is: 

ΔHvap 

Mw 
Hsat - Hf = Cp           (Tf - Tsat ) 

Using the Chilton-Colburn analogy, one can derive: 

And since Prandtl & Schmidt #s 
(Pr, Sc) for air are almost equal, 

≈ Cp 



Bound/Unbound Water   and  Structure of the solid 
– lead to different drying regimes and mechanisms 
 

ΔHvap⋅ kg 
Unbound 
vs.  
Free  
Moisture 

Drying Solids 



ΔHvap⋅ kg 

Measuring Volume of Liquids 



The curvature of the menisci in pores determines 
the pressure of water in the pores. 

ΔHvap⋅ kg 

Drying Solids – Hydrophilicity and Pores 

Hydrophobic walls  Hydrophilic walls 



Pressure in curved geometries – from Laplace Eqn. 

ΔHvap⋅ kg 

Drying Solids – Water in Pores 

Pressure in the liquid can  
affect pressure above it 

where Vliq = molar volume of liquid. 



Pressure in curved geometries – from Laplace Eqn. 

ΔHvap⋅ kg 

Pressure in Droplets vs Bubbles 

DP = 



Higher pressure in droplets, lower in bubbles 

ΔHvap⋅ kg 

Pressure in Bubbles and Pores 



Pressure to empty pore         Pressure to Fill pore 

ΔHvap⋅ kg 

Pressure in Bubbles and Pores 



Ideal Cyllinder Pores    Irregular Pores 

ΔHvap⋅ kg 

Drying Porous Solids 

Adsorption/ desorption hysteresis 



Drying Curve   Drying Rate 

ΔHvap⋅ kg 

Drying Solids 

At Critical moisture, surface is dry, water is deeper, 
Comes to the surface by diffusion or capillary flow 



Tray Dryer – Gentle handling – but not very fast 
 

ΔHvap⋅ kg 

Drying Solids – Drying Equipment 



Drum Dryer – Continuous, faster  
 

ΔHvap⋅ kg 

Drying Solids – Drying Equipment 



Spray Dryer – Bulky and expensive but 
Very fast – large surface area and capillary speedup 
 

ΔHvap⋅ kg 

Drying Solids – Drying Equipment 



Higher pressure in droplets, lower in bubbles 

ΔHvap⋅ kg 

Pressure in Bubbles and Pores 



Vacuum Dryer – Slow and expensive but 
can dry temperature sensitive compounds 

ΔHvap⋅ kg 

Drying Solids – Drying Equipment 


