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1. Separations in Chemical Engineering:
Multi-scale Perspective
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Separations in Chemical Engineering

Grams
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Separation processes

Unit design:
Determine unit size (capital cost) and utility requirements

cw

Overhead

vapor, OV
Grams N Distillate, D
Water and Condenser, C (mou - drum (TS:t;c: s','.g”,{‘"
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( feed }";’ 1 a
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£ x'0 Reflux, R Component  kmol/h
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Stage
1 Feed, F (Sat'd liquid)
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x P = 2027 kPa gg | Column with
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Component kmol/h plates
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Raffinate Pure
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Seader and Henley, 2006
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L Separation process system synthesis G

Example 1: Separation process sequence

Distillation column sequence to separate
multiple components

FIGURE 1

Membrane cascade to increase recovery
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r 4 r r N
Stage 1 Permeate

Reyneke et al. US 7311813 B2
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Separation process system synthesis (continued)

Example 2: Ethylene hydration to produce ethanol

e 2 reactors

e 7 separation units (3 absorbers, 3 distillation columns, 1 flash)
Grams
Water Recycle ethylene Vent
s >
Ethylene \l( IVent
r——————
Y | ,
Water Water
Ethylene : i
hydration Low-
(fixed-bed Ethylene Absorber pressure Absorber
catalytic recovery flash
raactor) (partial . {fiash
condensation) vaporization)
't &Wastewater
Recycle light ends 74‘3
7
Diethyl ether r———-——l Hydrogen
93 wt%
ethanof Water Crude
] > distillation
Final Absorber antli-;gtt::\;ler
purification (distlflation) Hydro-
tower . generation
{distillation) e (fixed-bed
e catalytic
L . L reactor)
Wastewaterl t J : f lWastewater
Recycle water

Seader and Henley, 2006 8
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2. Undergraduate education
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Enrollment in Chemical & Biomolecular -
Engineering at Georgia Tech
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Popularity for energy and sustainability: Class size increasing
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Courses related directly to separations

Freshman Chemical Process Principles
l Mass and heat balance calculations
Sophomore Thermodynamics | \
Thermodynamics Il \Transport Phenomena |
Junior Transport Phenomena || Separation processes
Unit Operations Lab
Senior N Process design (lecture and project) "
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Vapor-liquid equilibrium

Temperature, °C
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Stage calculations
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Example: distillation column

From physical properties to separation process design

—~

Cir

Mass balance and unit design

3
Total S
condenser d
Distillate 5 cw
Hp = 0872 7 Overhead
Reflux, L, ] vapor, OV
v, "
x i 4 Distillate, D
i g
Stgjee Condenser, C (I'S:gigh;ulédl
P =1931kPa
1y L
Y Reflux, R Component  kmol/h
Stage | Rectifying
[} saction 2283 kmol/h Propylene 157.6
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1‘_ l' 189.2
Stage Feed, F (Sat'd liquid)
5 T=325K
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Separation techniques covered in undergraduate course

Absorption

Distillation Extraction

Coalescence plates Light phase weir

Light phas
outlet
Adjustable heavy

weir

Heavy phase
outlet

Adsorption and ion exchange L
Crystallization

Membrane (liquid and gas) v
%
Permeate gy e '
1 Yy
Feed N —> Reject P, P2
+ * * Porous support

tube

www.wikipedia.com
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Computer-aided engineering in separations

§

Students use Aspen Plus® from sophomore until senior in multiple courses

Physical property database Process flowsheet
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Covers most traditional chemicals (commodity chemicals)

http://www.aspentech.com/
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: Capstone senior process design project Gr

Process flow diagram

(from raw material to final product) Process economics: cost and profitability
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Industry involvement in capstone design course

Past sponsors include:

Chevron

EASTMAN =
C/eaner - 6reener - Cﬁe@ﬂer

lyondellbasell Ga/r'&';” = XIDE

TECHNOLOGIES

Human Energy"

Sponsors are involved in this course through:

* Project problem development

» Guest lectures

« Evaluation of oral presentations
* Recruiting

We are currently looking for sponsor for 2015!

17
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Introducing energy and sustainability in process design project

Algal biofuel processes Sponsors

ALGENOL

BIOFUELS

Cleaner - Greener - Cheaper

Human Energy”

=

Life-cycle assessment for production of cosmetic esters

RAW MATERIALS
EXTRACTION

Sponsor
EASTMAN

http://www.solidworks.com/

18
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Separations for biological and biochemical products

Same separation techniques as in traditional chemicals:
Chromatography (adsorption), membrane, centrifugation, etc.

Lack of

* Product information
* Property database
* Public information of process flow

Www.novasep.com www.pharmaceuticaltechnology.com 19
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3. Graduate education
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Graduate courses related separations

Chemical Engineering Core Courses (mandatory for 15t year graduate students)

 Chemical Process Safety

 Chemical Engineering Thermodynamics
 Transport Phenomena

 Mass Transfer

« Kinetics and Reactor Design

 Mathematical Modeling of Chemical Processes
 Chemical Engineering Elective

No “Separation” course!
Courses related closely to separations are in red

21
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Sankar Nair

Nanoporous materials

for adsorption and
membrane

Ronald Rousseau

Crystallization

Yoshiaki Kawajiri
Chromatography,

adenrntinn

Separation faculty in Chemical Engineering Gip

at Georgia Tech

Christopher Jones:
Carbon capture
adsorption materials

William Koros
Membranes

Amyn Teja
Thermodynamics

Krista Walton
Metal organic framework,
adsoption

Charles Eckert:
Supercritical separations

Ryan Lively
Membrane
hollow fiber adsorbent 22
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Graduate research programs in US
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Current focus in most research programs in the US,
heavily on materials

Smaller number of research programs in US

23



Georgla Ihstitute
off Techmnelogyy

Collaborators:

Chromatogram of lanthanides

| 3.0 MHNO,

Zoncentration [mi]

i i ]
0 g 10 15 20 25 a0
time [min]

Tertiary pyridine resin
—{CH, CH}—{CH, CH}—

Sreedhar, Hobbs, Kawajiri, Separation and Purification Technology, in press
Sreedhar, Suzuki, Hobbs, Kawajiri, Journal of Separation Science, in press

David Hobbs (Savannah River National Laboratory)

23

Process-level research example: Multi-column chromatograph%l’f

Tatsuya Suzuki (Nagaoka University of Technology, Japan)

Mathematical model

dq
(1—¢) a—l kai(C; =€)
ac, aq aC,
Sba +(1_€b) l a_xl=0
q; = kD,iCieq

Simulated moving bed chromatography

Fee cl Raffinate

I—II—O—|

Direction of liquid flow
and valv switching
'

4

$

] L

‘ L4
*am” &

Extract Desorbent

24
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@ University Partnership Program

Amberlyst™ 15

Production of Dowanol™ PMA )J\ —/J\/O — )J\ /l\/o )
o ~ 0 o~

Acetic Acid DOWANOL™ PM DOWANOL™ PMA
1-Methoxy 2-Propanol 1-Methoxy 2-Propanol
Acetic acid Water DOWANOL™ PMA

Reaction in a DOWANOL™ PM
chromatographic column

Chromatographic column

Raffinate

Multi-column continuous

reactive chromatographic g
separation ’

Extract Desorbent

Agrawal, Oh, Sreedhar, Donaldson, Frank, Shultz, Bommarius, Kawajiri, Journal of chromatography A (in press).
Oh, Agrawal, Sreedhar, Donaldson, Shultz, Frank, Bommarius, Kawajiri, Chemical Engineering Journal (in press).
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Current focus in most research programs in the US,
heavily on materials

Smaller number of research programs in US
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CO, capture from flue gas in coal-fired power plant

Flue gas

Post-combustion CO, capture

»
»

A

Air

PC Boiler ____, Particulate —, £, Sultur CO, Capture
— Removal ___jRemoval Process
Coal l ‘

LP Steam

Ash

v
Comp.

CO, to Storage

Target by NETL.:
CO, recovery = 90%
Increase in cost of electricity < 35%
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CO, capture by hollow fiber adsorbent material

Signal A = inLens  Date :8 Jun 2012 10um* EHT = 500 k¥ Signal A= InLens  Date 8 Jun 2012
Photo No. = 1257 Time :3:32:04 Mag= 110KX |—mr WD= 7mm Photo No. = 1254 Time :3:26:53

Cooling water

CO, adsorption

Desorbate

CO, desorption - j/// Zeil

Hot water

Hot water

Christopher Jones William Koros Ryan Lively Matthew Realff Yoshiaki Kawajiri
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Development of separation process

Rapid temperature swing adsorption process

Flue gas
CO,/N,

Cooling water -
__sorption enthalf _»Cold water

Hot Water: -
80° C Interstitial gas

4 min

N, sweep

Hot water

Hot

water:80° C
Near-pure CO,

Rezaei, Swernath, Kalyanaraman, Lively, Kawajiri, Realff: Chemical Engineering Science 2014, 113
Kalyanaraman, Fan, Lively, Koros, Jones, Realff, Kawajiri, Chemical Engineering Journal, in press

Mathematical models to design
process and operation

aT A Ty 10T °T a
piCor fo 4 ( f fy f)—ﬂ;ﬁh‘m q;

ot (I—ep\ o "1or " o2 ot

daT aT.,
I.} CPW d;u""f.-'wc‘gwuw [} —-I'q.J'h“ T“—Tflr ilm-
dly
Pg Cpg 4 g Cpglls—= —ADhg{T_ﬂr —Ty)

Model validation with
experiments

0, mole %
Ve v | o p R ITHI

0 S0 100 150 200

, 62_76 Tirie, Sec
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Grams

tons

Fluflgas
CQiIiN,

Cooling water
sorption enthalf

old water
-
i
Hot water:

80" C ‘l\‘

Interstitial gas

Hot
water:80° C

Near-pure CO,
Flue gas
4
A PC Boiler ___,| Particulate ;;n' | Sulfur CO, Capture
» | Removal ‘ Removal |
Coal T '
Ash . ._____________L_p__s_"??_"l________'
Target by NETL:

From molecular level to plant level

Jones

Koros Lively

Kawajiri

CO, recovery =2 90%
Increase in cost of electricity < 35%

Realff

G

Development of
separation material

C

Separation process
modeling and
design

C

Process integration,
technoeconomic
evaluation

30
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Summary

1. Separations in chemical engineering covers multiple scales

2. Challenges in undergraduate education includes:

« Enrollment keeps incrasing

* Integration with sustainability and energy topics
« Computer aided design

e Biological and biochemical processes

3. Challenges in graduate education includes
 Few process-level and plant-level research projects
e Collaborations with industry
e Multi-scale collaborative research

31
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