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The selection of a reaction pathway is the key step to establish the environmental
performance of a chemical process, affecting the downstream separation units
and their energy requirements, , and impacts.

1 Educational goals and topics covered in the
module

1 Green Chemistry (Chapter 7) and

1 assessing potential environmental impacts
based on limited information (Chapter 8)
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Educational goals and topics &T%green
covered in the module ph neering

Envitopmentll Constious Designof hemical Processes

Students will:

1 understand a “Tier 1” approach for chemical process
environmental evaluation

1 learn qualitative and quantitative approaches to Green
Chemistry

Michiyall Tech Michigan Technological University

Green Chemistry - Ch 7 ;ﬁgrfeee”mg

Exvitoamentll Costious Designof hemical Processes

1 Guiding principles for Green Chemistry
» Maximum incorporation of raw materials into final

products
» All chemicals should be nontoxic yet functional
» Auxiliary substances ( ) should be nontoxic

» High energy efficiency

» Use of renewable resources is recommended

» Recyclable reagents and raw materials

» End products should in the environment

Anastas, P.T. and Warner, J.C. 1998, Green Chemistry: Theory and Practice, Oxford University Press, New York
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&—‘}green_
Feedstocks and solvents ye XS neering

Envitopmentll Constious Designof hemical Processes

1 Important considerations

» Human / ecosystem health properties
— Bioaccumulative?
— Persistent?
— Toxic?
— Global warming, Ozone depletion, Smog formation?
— Flammable or otherwise hazardous?
— Renewable or non renewable resource?

» Life cycle environmental burdens? - Ch 13, 14
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Synthesis pathways ;e,%g”ee””g
‘Enviropmentally Conscious Desion of Chemical Processes
Reaction Type Waste Generation Potential
Addition Reaction » completely incorporate starting

Isobutylene + methanol — methyl tert-butyl ether material into product
C4Hg + CH30H — (C4Hg)-O-CH3

Substitution Reaction + stoichiometric amounts of
Phenol + ammonia — analine + water waste are generated
CeHs-OH+ NH; — CgHs-NH, + H,O

* stoichiometric amounts of
Ethylbenzene — styrene + hydrogen waste are generated
CeHs5-CoHs — CgHs-CoHz + Hy
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Atom and mass efficiency: &T%green
magnitude of improvements possible Yl neering

Envitopmentll Constious Designof hemical Processes

Atom Efficiency
- the fraction of starting material incorporated into the desired product -
CgH5-OH+ NH; — CgHs-NH, + H,0O
» Carbon - 100%
» Hydrogen - 7/9 x 100 = 77.8%
» Oxygen - 0/1 x 100 = 0%
« Nitrogen - 100%

Mass Efficiency (Basis 1 mole of product)

CeHs-OH+ NH; — CgH5-NH, + H,O

Mass in Product = (6 C)(12) + (7 H)(1) + (0 O)(16) + (1 N)(14) = 93 grams
Mass in Reactants = (6 C)(12) + (9 H)(1) + (1 O)(16) + (1 N)(14) = 111 grams
Mass Efficiency = 93/111 x 100 = 83.8%
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Chaptgr 7: Adipic Acid Synthesis &—‘}green.
Traditional vs. New p S neering
Traditional Route - from cyclohexanol/cyclohexanone
Cu (.1-.5%)
CgH,,0+ 2 2H,0 — " C¢H,,0, + (NO, No2 N,)
92-96% Yield of Adipic Acid hazardous \ '
global warming
« Carbon - 100% ozone depletion

* Oxygen - 4/9 x 100 = 44.4%
» Hydrogen - 10/18 x 100 = 55.6%
« Nitrogen - 0%

Product Mass = (6 C)(12) + (10 H)(1) + (4 O)(16) = 146 g

Reactant Mass = (6 C)(12) + (18 H)(1) + (9 O)(16) + (2 N)(14) =262 g

Mass Efficiency = 146/262 x 100 |= 55.7%

Davis and Kemp, 1991, Adipic Acid, in Kirk-Othmer Encyclopedia of Chemical Technology, V. 1, 466 - 493
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Chapter 7: Adipic Acid Synthesis &"%green
Traditional vs. New Pk neering

Envitopmentll Constious Designof hemical Processes

New Route - from cyclohexene
Na,W0,-2H,0 (1%)
CgHyo *+ 4 H,0, CgH1,0, + 4 H,0
[CH4(n-CgH,;) ;NIHSO, (1%)

90% Yield of Adipic Acid

« Carbon - 100%
» Oxygen - 4/8 x 100 = 50%
» Hydrogen - 10/18 x 100 = 55.6%

Product Mass = (6 C)(12) + (10 H)(1) + (4 O)(16) = 146 g

Reactant Mass = (6 C)(12) + (18 H)(1) + (8 O)(16) =218g

Mass Efficiency = 146/218 x 100 = 67 %

Sato, et al. 1998, A “green” route to adipic acid:..., Science, V. 281, 11 Sept. 1646 - 1647
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Maleic anhydride (MA) synthg&s: &"}green_
benzene vs butane - mass efficiency Y- Ryneetng

Benzene Route (Hedley et al. 1975, reference in ch. 8)
V205

2CHs+90,
(air) MoO,

2.C,H,0, + H,0 + 4 CO,

70% Yield of Maleic Anhydride from Benzene in Fixed Bed Reactor

Mass Efficiency = 2()(12)+ 32)16)+ 22)(1) (100) =| 44.4%
Y 2(6)(12)+9(2)(16)+2(6)(1) i

Butane Route
(VO),P,04
CHyp+350, ——— > C,H,0,+4H,0
(air)

60% Yield of Maleic Anhydride from Butane in Fixed Bed Reactor

Mass Efficiency = @)12)+ 3)(16)+ A1) (100)=| 57.6%
@)(12)+3.5(2)(16)+ (10)(1)

Felthouse et al., 1991, “Maleic Anhydride, ..”, in Kirk-Othmer Encyclopedia of Chemical Technology, V. 15, 893 - 928
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Maleic anhydride (MA) synthesis: &"}green
benzene vs butane - summary table Y Syneedng
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Chapter 8 Stoichiometry | $/Ib2 | TLV® | TW* [Persistence ® log
. 5
Material Air Water BCF
(d) (d)
Benzene Process
Benzene [71-43-2] -1.19 0.184 10 100 10 10 1.0
Maleic Anhydride 1.00 0.530 0.25 - 1.7 7x10™ -

Butane Process
Butane [106-97-8] -1.22 0.141 800 7.25

Maleic Anhydride 1.00 0.530 0.25 - 1.7 7x10* -

1 Rudd et al. 1981, “Petroleum Technology Assessment”, Wiley Interscience, New York

2 Chemical Marketing Reporter (Benzene and MA 6/12/00); Texas Liquid (Butane 6/22/00)

3 Threshold Limit Value, ACGIH - Amer. Conf. of Gov. Indust. Hyg., Inc. , www.acgih.org

4 Toxicity Weight, www.epa.govl/opptintrienv_indlindex.html and www.epa.gov/ngispgm3l/iris/substlindex.htm/
5 ChemFate Database - www.esc.syrres.com, EFDB menu item

Mic"iya” Tech Michigan Technological University

Maleic anhydride (MA) synthesis: @}green_
benzene vs butane - tier 1 assessment ¥ 15" e
(TLV Index)

Environmental Index (non - carcinogenic) = Z\ v,| X (TLV,)™

i

Benzene Route
TLV Index = (1.19)(1/10)+(1.0)(1/.25) |= 4.12

Butane Route
TLV Index = (1.22)(1/800)+(1.0)(1/.25) |= 4.00

Where V; is the overall stoichiometric coefficient of reactant or product i

Michiyan TECh Michigan Technological University
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Maleic anhydride (MA) synthesis: &T%green
benzene vs butane - tier 1 assessment yeiyneering

Envitopmentll Constious Designof hemical Processes

EPA Index

Environmental Index (carcinogenic) = Y| v,|x (Maximum toxicity we

Benzene Route
EPA Index = (1.19)(100)+(1.0)(0)| = 119

Butane Route
EPA Index = (1.22)(0)+(1.0)(0)|= 0

0 o 13
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A More Detailed Analysis of F®yreen
MA Production Y Reyneering
‘Eavironmentalla Constious Desian of Chemical Processes
Level 1. Input / Output Information
Benzene Process n-Butane Process
V,0,-MoO, VPO
2CH,+90, - 2C,H,0,+4CO, +4H,0 2C,H,,+70, - 2C,H,0, +8H,0
2C(H( +90, -12CO+6H,0 2C,H,, +90, - 8CO+10H,0
2C.H( +150, —»12C0O, +6H,0 2C,H,, +130, - 8CO, +10H,0
C,H,0,+0, -4CO+H,0 C,H,0,+30, - 4CO, + H,0
C,H,0,+30, -4C0O,+ H,0 C,H,0,+0, -4CO+H,0
Benzene conversion, 95% n-butane conversion, 85%
MA Yield, 70% MA Yield, 60%
Air/Benzene, ~ 66 (moles) Air/n-butane, ~ 62 (moles)
Temperature, 375°C Temperature, 400°C
Pressure, 150 kPa Pressure, 150 kPa

Michigan Te‘:h Michigan Technological University 1




Maleic anhydride (MA) production: &':%gre -

Sineerin
Costs o g
‘Environmentallq Constious Design of Chemical Processes

Level 1. Input / Output Information
“Tier 1” Economic analysis (raw materials costs only)

Benzene Process

1 mole/(0.70 mole) x (78 g/mole) x (0.00028 $/g) % 0.0313 $/mole of MA ‘

| | \

N

MA Yield Bz MW Benzene cost
N-butane process
has lower cost
n-Butane Process i

1mole/(0.60 mole) x (58 g/mole) x (0.00021 $/g) =’ 0.0203 $/mole of MA ‘

MA Yield nC4 MW nC4 cost

’ Assumption: raw material costs dominate total cost of the process ‘

Michiyall Teb‘h Michigan Technological University 19
MA production: I0 assumptions F%cyreen
’e/ (— ineering
Level 1. Input / Output Information
“Tier 1” Environmental Impact Analysis
CO, H,0, air

traces of CO, MA
benzene, n-butane

Pollution
Unreacted
Benzene Control
or 99% control
n-butane
Benzene CO, CO,, H,0, air, MA
or S
n-butane \
Reactor Product
Ar waco, | Recovery 1 mole
CO,, H,0 [99% MA recover MA
air
16
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Maleic Anhydride Synthesis i
Benzene vs Butane - Tier 1 Assessment ¥ &

Envitamentlly Consions DesinofCemicl Fracesses

Benzene ExitingReactor :
(1mole/((0.70)(.99))x (1- 0.95) =0.0722 mole benzene/mole of MA

Benzene Emission from Pollution Control :
(0.01)x(0.0722 mole/mole of MA) = 7.22x10™* mole benzene/mole of MA

n-Butane ExitingReactor :
(1mole/((0.60)(.99))x (1- 0.85) =0.2525 mole n-butane/mole of MA

n-Butane Emission from Pollution Control :
(0.01)x(0.2525 mole/mole of MA) = 2.53x10°® mole n-butane/mole of MA

Mic”iya" Tech Michigan Technological University i

Maleic Anhydride Synthesis T
Benzene vs Butane - Tier 1 Assessment ¥ 'S

Exvitoamentll Costious Designof hemical Processes

Benzene Process : CO Exiting Reactor :
mole CO
mole MA

(1mole/((0.70)(.99)) x (0.95 - O.7)><g =1.082

Benzene Process: CO Emission from Pollution Control :
mole CO
mole MA

(0.01)x(1.082 mole/mole of MA) =+ 1.08x10?

n-Butane Process : CO Exiting Reactor :
(1mole/((0.60)(.99)) % (0.85-0.6) x 4 =0.842 mole CO

2 mole MA
n-Butane Process: CO Emission from Pollution Control:
mole CO

(0.01)x(0.842 mole/mole of MA) =[8.42x10°®
10 mole MA 18
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Chapter 8: Maleic Anhydride Synthesis
Benzene vs Butane - Tier 1 Assessment ¥ &

Benzene Process : CO, Exiting Reactor :

(1mole MA)(

2mole CO
mole MA

2) + (1mole/((0.7)(.99)) x (0.95-0.7) xg =3.082

Benzene Process: CO, Emission from Pollution Control :

(3.082) + (0.99)(1.082) + (0.99)(0.0722)(6) + (0.01)(0.99)(4) =

n-Butane Process : CO, ExitingReactor :

(1 mole/((0.60)(.99))><(0.85—0.6))><g =0.842

».

reen

Envitopmentll Constious Designof hemical Processes

mole CO,
mole MA

4.622

mole CO,
mole MA

mole CO,
mole MA

n-Butane Process : CO, Emission from Pollution Control:

(0.842) +(0.99)(0.842) + (0.99)(0.25)(4) + (0.01)(0.99)(4) =2.705

MichiganjTech;

Michigan Technological University

mole CO,
mole MA19

MA production: Flows/Emissions
for process streams
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/ \Benzene process
low Rates/Emissions (kg/mole of MA
Maleic
Benzene CcO CO, anhydride Total
Reactor inlet [ ] 1.13E-01 | 0.00E+00 | 0.00E+00 | 0.00E+00 [ 1.13E-01
Reactor outlet 5.63E-03 | 3103E-02 [ 1.36E-01 [ 9.90E-02 | 2.71E-01
Separation unit 5.63E-05 | 303E-04 | 2.03E-01 [9.90E-06 | 2.03E-01
(w/pollution contro.
n-Butane process
Flgw Rates/Emissions (kg/mole of MA
Maleic
n-Butane CcO CO, anhydride Total
Reactor inlet \ 9.76E-02 (I.OOE+00 0.00E+00 | 0.00E+00 | 9.76E-02
Reactor outlet \ 1.46E-02 1.36E-O2 3.71E-02 | 9.90E-02 1.74E-01
Separation unit 1.46E-04 |/2.36E-04 | 1.19E-01 |9.90E-06 | 1.19E-01
(w/pollution control)

Michiganiech,
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MA production: Flows/Emissions
for process streams

& @Oreen
,em/' Jineering

Envitopmentll Constious Designof hemical Processes

Byﬁzeneb(ocess
Flow Rates(Emissions (kg/mole of MA
Maleic
Benzene/ CcO CO, anhydride Total
Reactor inlet 1.13E-0f1 | 0.00E+00 | .00E+00 [ 0.00E+00 | 1.13E-01
Reactor outlet 5.63E-(3 | 3.03E-02 | 1.36E-01 | 9.90E-02 | 2.71E-01
Separation unit 5.63E-05 | 3.03E-04 2!.03E—01 9.90E-06 | 2.03E-01
(w/pollution control)
n-Butane proc¢ss
Flow Rates/Emissions (kg/mole of MA
Maleic
n-Butane CO CO; anhydride Total
Reactor inlet 9.76E-02 | 0.00E-+00 | .00E+00 | 0.00E+00 | 9.76E-02
Reactor outlet 1.46E-03 | 2.36E-02 |3.71E-02 [ 9.90E-02 | 1.74E-01
Separation unit 1.46E-04\| 2.36E-04 / 1.19E-01 | 9.90E-06 | 1.19E-01
(w/pollution control)

Mic"iya” Tech Michigan Technological University
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MA production: Flows/Emissions
for process streams
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P
Benzene proc/ss \
Flow Rates/ﬁmissions Og mole of MA
Maleic
Benzene CcO / CO, anhydride Total
Reactor inlet 1.13E-01 0.00E+0[) 0.00E+00 \).OOE+00 1.13E-01
Reactor outlet 5.63E-03 | 3.03E-02 | 1.36E-01 | $.90E-02 [2.71E-01
Separation unit 5.63E-05 3.03E-0L1 2.03E-01 | 9.90E-06 |2.03E-01
(w/pollution control)
n-Butane process
Flow Rates/Emissions (kg/thole of MA
Maleic
n-Butane CcO CO, anhydride Total
Reactor inlet 9.76E-02 0.00E+d‘) 0.00E+00 b.00E+00 9.76E-02
Reactor outlet 1.46E-02 2.36E-02\ 3.71E-02 ]/9.90E-02 1.74E-01
Separation unit 1.46E-04 | 2.36E-04 \| 1.19E-01 /| 9.90E-06 | 1.19E-01
(w/pollution control)

Michigan Te‘:h Michigan Technological University
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MA production: Flows/Emissions &‘%green
for process streams ph neering

Envitopmentll Constious Designof hemical Processes

Benzene process / \
Flow Rates/Emissions (kg/mole of MY
Maleic
Benzene CcO CO, anhydride Total
Reactor inlet 1.13E-01 | 0.00E+00 0.00E+0d 0.00E+00 \1.13E-01
Reactor outlet 5.63E-03 | 3.03E-02 | 1.36E-0 1[ 9.90E-02 \2.7 1E-01
Separation unit 5.63E-05 | 3.03E-04 | 2.03E-0] |9.90E-06 J 03E-01
(w/pollution control)
n-Butane process
Flow Rates/Emissions [kg/mole of MA
Maleic
n-Butane CcO CO, anhydride Total
Reactor inlet 9.76E-02 | 0.00E+00 0.00E+0q 0.00E+00 I9.76E—02
Reactor outlet 1.46E-02 | 2.36E-02 | 3.71E-02 \| 9.90E-02 | 1.74E-01
Separation unit 1.46E-04 | 2.36E-04 | 1.19E-01 §9.90E-06 /| 1.19E-01
(w/pollution control)
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Emission F IS - :
ssion Factors Page 223 of textbdBi( reen

for major equipment  E=m, EF,, M Equatlon

Envitoamentll Constious Designof hemical Processes

Average Emission Factors for Chemical Process Units
Calculated from the US EPA L&E Database

EF,,
Process Unit (kg emitted/103 kg throughput)
Reactor Vents 1.50
Distillation Columns Vents 0.70
Absorber Units 2.20
Stripping Columns 0.20
Sumps/Decanters 0.02
Dryers 0.70
Cooling Towers 0.10
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Program Information

Simultaneous Comparison of Environmental and
Non-Envireonmental Process Criteria (SCENE)

CenCITT
National Center for Clean ial and T Technologi
Model and Software: Eric J. Oman Tonp M. Rogers David R. Shonnard
Bruce A. Barna  John C. Crittenden  David W. Hand

IMichigam (/¥ ]

Wersion 1.0.39 (Standard)
Ho Expiration Date
Copyright 1995-1993
L S

Houghton. Michigan

Start, Programs, CPAS Programs, SCENE

Michiganiech,
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EFRAT program
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A
- |t Constious Design of Chemical Processes
[lscene o [=] 53}
File PFD Analysis Took Help
Synch] AHP | [ analysis Seting Dataset - [Uniited] ‘
[ EFRAT - CUME~1'ADMINI~1'LOCALS~1Temp'cpasmdam_temp_1.$$%

Flug-In PFFD Tools Help

I Unchanged [ Validated ‘
1

Al Distillation | Tank | Reactor | Secondary | Utiity | Fugitive | Direct | Incineration | Bracketsd cohumns: Urits ~ kaysar
I

Emissions

Item | Type | Status |

|
File, New, check EFRAT box, do not link with simulator,
double click on EFRAT in new window

Michiganjech,
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.2Dichlorobenzene
.2 Dichloroethane
FButadiens

Michigan Technological University

EFRAT program: Benzene

i, Chemical Properties for Current PFD

3 71432
in T [Gobee =

Anetholeftans
Aniline
Anthracene

28
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] Carban monosids CaS i
" Maleic Anhydide _ =77 X
4 : afan , !Dalabase ]
mless: 32 -Dalabase 3
i
Hydrochloric acid s v T =
soprapyl alcohal At et orpgen rate, (cm 3] I !Dalabase B
lath b : L Lo

Michigan Technological University

New Emission
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EFRAT program: Reactor Emission

IHeactur 1

[ Basic Properties:

X' Enabled for calculations?

Item Name: Reactor 1

[ save changes | oK |

=]

Cancel |

&
y

‘Environmentally Conscious Design of Chemical Processes

reen
~/neering

E mission Factor:

Reactar TypeIDEFE“It j

1.50
100.0%

Emission Factor |aikg

Service Factor:

[ Flow Riate Parameter (Feed Stream)
O Use flow rate from linked stizam

@ilse userentered flow rated

[ Flow Rate Parameter (Froduct Stream)
O Uss flaw rats from linked stream

® Use user-entered flow rate

FlowRate: | 0112

Ikg/yeal

Link Stream: -

FlowRate: | 0269

Ikgfyear

Link Stream: -

=

[ Mass Fractions in Reactar Feed Stream:

[ Mass Fractions in Reactor Product Stream:

(Carban manaxide
Maleic Anhydride

—

Mass Mass
Chemical Fraction Chemical Fraction
Benzens 1 Benzens o207
Carbon dioxide 1] Carbon dioxide 0.502
a Carbon monaxice 3

Maleic Anhydride

[ Unchanged Validated 31
0 Michigan Technological University
EFRAT program: Direct Emission E®5reen
Sineering

y

Exvitoamentll Costious Designof hemical Processes

[ Basic Properties:

It M anne: |

[X Enabled for calculations?

Direct 1

[ Mass Fractions in Emigsion Strean:

Chemical

Benzene

Carbon dioxide
Catbon monoxide
Maleic Anhydride

j | OK I Cancel I
Flow Rate Parameter:
) Use flow rate from linked stream
® Use user-entered flow rate
Flow Rate: | 0.202 kgdyear j
Link Strean: -
Mass I J
Fraction
0000276
099582

£l

| Data Changed |

Validated

Michiganjech,

Michigan Technological University
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EFRAT program: Emissions Window
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‘Enviropmentally Conscious Design of Chemical Processes
.14 Temp',cpasmdam_temp_1. =] 3]
Plug-In PFD  Tooks Help
E ‘ Data Changed | Yalidated
Al Distillation | Tank | Reactor | Secondary | Utility | Fugitive | Direct | Incinesation | Eracketed cobumns Unite<kepear |
|
Emissions
liem | Type | [Benzene] | [Carbon dioride] [ [Carbon manoside] [ [Maleic Anhydiide] [ Status
 Direct 1 Direct 5575E-05 0.2016 3.010E-04 9817606 valdated|LE)
" Reactor 1 Reactor 8818605 1.013E-04 2.250E-05 736405 Validated(uE]
< | |
o o 33
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EFRAT program: Viewing Results ;
prog & & Q0reen
E . 1 S ’e —ineering
mission ummary O
‘Enviropmentally Conscious Desion of Chemical Processes
ol
Edit
All emigzion walues are in kg/year
Benzene
Carhan dioxide 000010128 02016384
O mors 2
Maleic Anhydride 7.364E-005 9.817E-006
4
Michi i ) _— 34
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Envitamentlly Consions DesinofCemicl Fracesses

&}green_
Recap ek neering

Green Chemistry concepts and Atom Economy are useful for designing
more environmentally beneficial reaction pathways. Early design Green
Engineering analysis methods for environmental impacts of alternatives.

1 Educational goals and topics covered in the module

1 Green Chemistry (Chapter 7) and assessing potential
impacts based on limited information (Chapter 8)

1 Estimating emissions from processes in early design.
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