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Introduction

Asbestos

e Naturally occurring
fibrous minerals

e Good tensile strength
e Flexibility

e Heat resistant

e Electrical resistance

e Good insulation

e Chemical resistant
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Intfroduction

La preoccupazione dell'uomo e del suo
destino devono sempre costituire
l'interesse principale di tutti gli sforzi
tecnici. Non dimenticatelo mai in
mezzo a tutti i vostri diagrammi ed alle

vostre equazioni.

Albert Einstein




Sustainable Development

"Sustainable development IS
development that meets the needs of
the present without compromising the
ability of future generations to meet
their own needs".

(Brundtland Report, 1987)
Gro Harlem Brundtland

"Green chemistry is the design of
chemical products and processes that
reduce or eliminate the use or
generation of hazardous substances”.

Green Chemlstry
for a

Sustam'able (US EPA, Early 1990s)
.. Healthy Economy




Sustainable Development

Sezione ll, capitolo 19. A substantial use of chemicals is essential o meet
the social and economic goals of the world community and tfoday's best

practice demonstrates that they can be used widely in a cost-effective

manner and with a high degree of safety.

UNITED NATIONS CONFERENCE ON
ENVIRONMENT AND DEVELOPMENT

Rio de Janeiro 3-14 June 1832




The 12 Principles of Green Chemistry

12. Accidents prevention

1. Prevention
2. Aromic cconomy “
John quner

3. Safer chemical
' synthesis
4. Safer chemicals design

9. Use of safer solvents and

auxiliaries

11. Real-time analysis for
pollution prevention

A
10. Degradation products {%
design % =

9. Caralysis @

8. Reduction of
derivatives
7. Use of renewable raw

materials

(1

6. Energy efficiency

Green Chemistry: Theory and Practice, 1998

Paul Anastas




The 12 Principles of Green Chemistry

R1 e R2 : reagents
P1+P2+W P1 e P2: products
W: waste

R1 + R2

1) It is better to prevent waste than to treat or clean up waste after it has
been created.

Total waste(kg)
Product (kg)

E-factor =

2) Synthetic methods should be designed to maximize incorporation of all
materials used in the process into the final product. (Atom Economy)
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The 12 Principles of Green Chemisiry

2) R1 e R2 : reagents

R1+R2 —— P1+P2+W P1 e P2: products
W: waste

*100

. _ actual quantity of products achived (P1)
Yield (P1)(%) = theoretical quantity of products achievable (P1)

Es. actual quantity of products achived (P1)= 60g

theoretical quantity of products achievable(P1) =80g Yield = %*1 00 =75%

. . _ vyield of desidered product (%P1) .
Selectivity (P1)(7%) = yields of all products (%P1+%P2) 100

Es. yield of desidered product (%P1)=75%
amount of substrate converted (%P1+ %P2)=75% + 10%

Selectivity(P1)= —>—*100 =88%

(75+10)

Both parameters do not take into account

N.B. Both parameters do not take into account W. H




The 12 Principles of Green Chemistry

Molecular Mass of desidered poducts %100

2 Atom economy (A.E.) =
) y( ) Molecular Mass of all reactants
eee| High atom economy

® . Low atom econol ny

All reactant atoms included in the desired ‘ ED] Q .

product.

Some reactant atoms not included in the desired
product.

12



The 12 Principles of Green Chemistry

J— OH

/

\

A

Ambretone® (Toray)
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The 12 Principles of Green Chemisiry

3) Wherever practicable, synthetic methods should be designed to use
and generate substances that possess little or no toxicity to human health
and the environment.

4) Chemical products should be designed to preserve efficacy of function
while reducing toxicity.

5) The use of auxiliary substances (e.g. solvents, separation agents, etc.)

should be made unnecessary wherever possible and innocuous when
used. (Process Mass Intensity)

total mass in a process or process step

(Process) Mass intensity PMI =
mass of product

6) Energy requirements should be recognized for their environmental and
economic impacts and should be minimized. Synthetic methods should be
conducted at ambient temperature and pressure.

14



The 12 Principles of Green Chemisiry

Life Cycle Assessment (LCA): from cradle to grave

Example LCA Process

Recycled Materials

Iy
End of Life l ’

Energy Energy

Raw
Materials

Part l
Manufacturi
Waste

Energy Energy

Transportation m Disposal

l Recycle
Waste Waste l

Waste

Product
Use

Emissions to Y
air and water Emissions to

air and water air and water air and water
Assembly

Emissions to Emissions to
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The 12 Principles of green chemistry

/) A raw material or feedstock should be renewable rather than depleting
whenever technically and economically practicable.

8) Unnecessary derivatization (use of blocking groups, protection/deprotection,
temporary modification of physical/chemical processes) should be minimized or
avoided if possible, because such steps require additional reagents and can
generate waste.

?) Catalytic reagents (as selective as possible) are superior to stoichiometric
reagents.

10) Chemical products should be designed so that at the end of their function
they break down into innocuous degradation products and do not persist in the
environment.

11) Analyfical methodologies need to be further developed to allow for real-
time, in-process monitoring and conftrol prior to the formation of hazardous
substances.

12) Substances and the form of a substance used in a chemical process should
be chosen to minimize the potential for chemical accidents, including releases,
explosions, and fires.

16



1) It is better to prevent waste than to treat or clean up waste after it has been created

"In a ideal chemical factory there is, strictly speaking, no waste but only
products. The better a real factory make use of its waste, the closer it
gets to its ideal, the bigger is the profit".

R. W. Hofmann, 1848

Most favoured option

lowering the amount

Reduce of waste produced

using materials repeatedly

using materials to make
new products

Recycle

recovering energy
from waste

‘ 3 - safe disposal of waste
Landfill [y

Least favoured option

17



5) The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be made
unnecessary wherever possible and, innocuous when used. (Process Mass Intensity)

Chemical Reactions: reagents, solvents, energy

Solvents

e they represent, in terms of mass, the majority of the materials introduced
intfo the chemical reaction system;

e they are not incorporated in the final product (auxiliary substances)and
must be recovered and freated as waste.

Reaction Vessel
Energy input
'

PRODUCTS
[ 7
| >
Reagent/
Catalyst

\\ |

|

'
Solvent

18



5) The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be made
unnecessary wherever possible and, innocuous when used. (Process Mass Intensity)

Volatile Organic Solvents (VOCs)

VOCs are easy to remove (significant vapor presssure at room
temperature and relatively low boiling point (<250°C)).

Dizziness Nausea
Healthy Esffects of
VOCs
Conjunctival
irritation
Headache

Fatihue

19



5) The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be made
unnecessary wherever possible and, innocuous when used. (Process Mass Intensity)

Idieal Solvent

N\

Engineering
process

20



5) The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be made
unnecessary wherever possible and, innocuous when used. (Process Mass Intensity)

Alternative Solvents 1 : benign non-volatile organic solvents (e.g. ethyl lactate)

¢ " X

9
A e &
Vel l

18 e
) o\

Corn & Soybeén Ethanol

Life Cycle of Ethyl




5) The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be made
unnecessary wherever possible and, innocuous when used. (Process Mass Intensity)

Table 3

Principles fulfilled by ethyl lactate in the 12 Principles of Green Chemistry (Perera et al, 20011).

Principles Description

Rizas oms

15t

3ind

4th

Oth

10th

12th

Waste should be avoided instead of treated after generation

Synthetic methodologies should be designed to use and generate sub-
stances that possess little or no toxiaty to human health and
CnVIronment

Chemical products should be designed to preserve efficacy while re-
ducing toxicity

Raw material or feedstock should be renewable rather than depleting
Selective caalytic reagents are superior to stoichiomelric reagents
The chemicl produds do not persist in the envimonment but break
down into mnocwous degradation products

Substance used should be sale Irom chemical aocidents such as release,
explosion and fire

Ethyl lactate producton could be carried out without any ecira waste of reacdants.
The exoess reactant will be recycled untl the reacton completes.
Water is the only by-product generated during ethyl lactate production.

Ethyl lactate has high solvency power, non-@rcinogenic and nondoxic It was
reported o pose lesser harm as compared to other solvents at a wide con-
enlrabon range.

Ethanol and lactic add are required for ethyl lactate produdion. They are obtained
from plant biomass through fermentation.

Hete rogeneous acid @talyst is used to improve the reacton kinetics ol ethyl
lactate production.

Under acrobic condition, B5% of ethyl lactate is readily biodegrade to water and
crbon diozade, which are not harmitul or oxc o the environment.

Ethyl lactate has low volatility and high flash point, creatng saler working
environmeent.

Sustainable Chemistry and Pharmacy 2016 21 22



5) The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be made
unnecessary wherever possible and, innocuous when used. (Process Mass Intensity)

Alternative Solvents 2 : Water based processes

Advantages Disadvantages
Non-toxic Distillation is energy intensive
Naturally occurring Poor solvent capacity properties for

organic molecules

Inexpensive Contaminated waste streams may be
difficult to treat

Non-flamable Incompatible with some compounds

High specific heat capacity- High specific heat capacity-difficult
exothermic reactions can be to heat and cool rapidly
more safely controlled

Opportunity for replacing VOCs

23



5) The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be made
unnecessary wherever possible and, innocuous when used. (Process Mass Intensity)

Idieal Solvent = No Solvent
(Solvent-Free processes)

Engineering
process

24



5) The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be made
unnecessary wherever possible and, innocuous when used. (Process Mass Intensity)

CH;Cl,
Acetone
Ethanol
Methanol
Ether
Ethyl Acelate
2-Butanone
Toluene
Pyridine
t-Butanol
i New solvenl

1300 Likg 100 L/kg 22 Likg 7 Likg 4 leg
Medicinal Chemistry Opumtsefi Commercial Route  Commercial Route  Fuyture
1990 Med. Chemistry (1997) Following solvent  Target

1984 Recovery

Fig.1 The amount of organic waste produced by the sildenafil citrate processes at various time pomnts.

Green. Chem. 2004, 43 25



6) Energy requirements should be recognized for their environmental and economic
impacts and should be minimized. Synthetic methods should be conducted at ambient
temperature and pressure.

Alternative Forms of energy 1: Microwave assisted organic synthesis (MAQOS)

o o

Reflux 1hr 90% conv.
Microwave 140°C 7 min. > 99% conv

26



6) Energy requirements should be recognized for their environmental and economic
impacts and should be minimized. Synthetic methods should be conducted at ambient
temperature and pressure.

Alternative Forms of energy 1: Microwave assisted organic synthesis (MAQOS)

~
Br i NH
N A DIEA, NS SN\
" THF O OH
O OH DMSO
Reflux: 120 g/synthesis (72 h)
Microwave:35 g/synthesis (1h)
1200 g of product in 35 h
|
OIN\
SN0
F e
X
i
—
N N
O OH

HIV Treatment

27



6) Energy requirements should be recognized for their environmental and economic
impacts and should be minimized. Synthetic methods should be conducted at ambient
temperature and pressure.

Solvent-free Microwave assisted organic synthesis

Radiation is absorbed by the reactants, giving enhanced
energy efficency

Pt/allumina
CH4 + NH3 > HCN + 3H2

Microwave 1200°C

Dupont Process

Microwave assisted reactions in water

(o) H H,O
:/I/ + \NHZ - \
Microwave 220°C N

30 min H




6) Energy requirements should be recognized for their environmental and economic
impacts and should be minimized. Synthetic methods should be conducted at ambient
temperature and pressure.

Alternative Forms of enerqgy 2 : Photochemical Reactions

Reagent 1*

Light/ Reagent 2

A, Reagent 2
Reagent 1 — | Product

Sun-llrlght Glucose
Carbon dioxide (sugar)
n +

Water Photosynthesis  Oxygen

29



6) Energy requirements should be recognized for their environmental and economic

impacts and should be minimized. Synthetic methods should be conducted at ambient
temperature and pressure.

Over the last few decades, the call for sustainable and environmentally friendly technologies has led to
an 1ﬂ|:rea.5|ng interest in green n:hemntn [I] jm‘n::rng the Ic:ncmn grf'wz ch-fmemf

reagent [2]. D-f:":-pll'f: thli dd‘n-’d.[ltﬂg-ﬂ however, 'i‘-ﬂlhﬂtll: organic ph -
by the chemical industry. The main reason for this neglect i1s e high energy deman
light sources.

f most artificial

v’ Light is a clean and traceless reagent;
v' mild reactions condifions.

v High energy demand of most articial light source.

Pure Appl. Chem. 2007, 1939 30



6) Energy requirements should be recognized for their environmental and economic
impacts and should be minimized. Synthetic methods should be conducted at ambient
_temperature and pressure.

Sunlight

v" Naturally occurring (available in

Spectral parts large quantity);
UV VIS IR-A IR-B
2 5 ey ,

£ v’ free energy source;
c
NE 20 I -
S v fully renewable and zero
o 15F ! emissions;
QO
c
0
& WOr 4 v' broad energy spectrum.
£ osf i
Q
)
Q.
w0 0.0 1 1 1

0 500 1000 1500 2000 2500 3000
Photon wavelength [nm]

31



6) Energy requirements should be recognized for their environmental and economic
impacts and should be minimized. Synthetic methods should be conducted at ambient
temperature and pressure.

Window ledge chemistry

v Discontinuous intensity;

v small amount of material can be
treated for day.

“On the arid lands there will spring up industrial
colonies without smoke and without smokestacks;
forests of glass tubes will extend over the plains

| | and glass buildings will rise everywhere; inside of
these will take place the photochemical processes
that hitherto have been the guarded secret of the
plants, but that will have been mastered by human
industry which will know how to make them bear
even more abundant fruit than nature, for nature is

| { ki is”

Giacomo Ciamician
Science 36, 385 (1912)

32
Giacomo Ciamician, University of Bologna



6) Energy requirements should be recognized for their environmental and economic
impacts and should be minimized. Synthetic methods should be conducted at ambient
temperature and pressure.

Solar Photoreactors

Ascaridole synthesis

sunlight, air, chlorophyll O

EtOH

40 g of 6 in 5 | air-saturated EtOH
100-200 g of stinging-nettle leaves (chlorophyll)
ca. 10 g (ca. 20%) of 7 in 2 sunny days (summer)
ca. 2 kg of 7 for the whole plant (200 bottles)

33



6) Energy requirements should be recognized for their environmental and economic
impacts and should be minimized. Synthetic methods should be conducted at ambient
temperature and pressure.

Receiver

mx
angle

Concentrator

Receiver

3 AXis of
rotation

PROPHIS Parabolic tRough collector for Organic PHotochemical syntheses In Solar light

34



6) Energy requirements should be recognized for their environmental and economic
impacts and should be minimized. Synthetic methods should be conducted at ambient
temperature and pressure.

Window ledge chemisiry

Solarbox

35



7) A raw material or feedstock should be renewable rather than depleting
whenever technically and economically practicable.

Biomass: all living material may be considered as biomass but, commonly, only non-
animal renewable resources tend to be referred to as biomass.

Agricultural crops and residues | Forestry crops and residues

i Sl
Industrial residues |'::|- Biomass sources " aaneianssassansd SEWAQE

-

Municipal solid waste

Animal residues

36



7) A raw material or feedstock should be renewable rather than depleting
whenever technically and economically practicable.

Biomass: all living material may be considered as biomass but, commonly, only non-
animal renewable resources tend to be referred to as biomass.

[ Biomass feedstock J

! ! '

[Bin—materials } [ Bio-chemicals ] [ Bio-fuels ]

h 4

/ Textile \\

Cosmetics
Health care
Detergents
Energy
Pulp and paper
Food and feed
Bio-remediation
Bio-sensors

\ Others /

37



7) A raw material or feedstock should be renewable rather than depleting
whenever technically and economically practicable.

Bioethanol: production of ethanol from fermentation of glucose-based crops

such as sugar cane and corn starch using yeast.
H OH

H_ o
HO
HO

H o Cellulose: n = 3.000

OH

OH

Cellubiohydrolase

Hy OH

OH
H
H_o
HO H_o
HO 0 _
H OH HO o4 P-glucosidase
H H H OH | —

H H

Oligosaccharides: m<n

cellobiose glucose



7) A raw material or feedstock should be renewable rather than depleting

whenever technically and economically practicable.

Bioethanol: production of ethanol from fermentation of glucose-based crops

such as sugar cane and corn starch using yeast.

1* generation

£ N

sucrese containing starchy matetials
feedstocks

sugar beet

swaet sorghum

2" generation

v

Hgnocellulosic
biemass

Disadvantages

v’ Waste disposal after the

manufacturing process
of ethanal;
fermentation processes
typically give a product
with an ethanol
concentration of
between 7% and 15%.
Distillation is required to
obtain higher
concentration

39



7) A raw material or feedstock should be renewable rather than depleting
whenever technically and economically practicable.

Biodiesel

"L'uso degli oli vegetali come carburanti per i motori pud sembrare
insignificante oggi, ma tali oli nel corso del tempo possono
diventare altretftanto importanti quanto il petrolio e il carbone; la
forza moftrice potrd essere ottenuta col calore del Sole anche
quando le riserve dei combustibili liquidi e solidi saranno esaurite”.

Rudolph Diesel, 1912
Biodiesel from vegetable oils

—"0COR; —— OH R,CCOR
catalyst

—— OCOR, + 3ROH — OH + R ,CCOR

—— OCOR, —— OH R,CCOR

Triglyceride Alcohol Glycerol Biodiesel

R, R,e R, = chain fatty acid
R = alkyl group

40



7) A raw material or feedstock should be renewable rather than depleting
whenever technically and economically practicable.

Syngas

Gas
steam Synthesis gas
oil refarming
S QRSB PR oioeh, Synthetic
Coal gasification (syngas)
Bio

mass

41



7) A raw material or feedstock should be renewable rather than depleting
whenever technically and economically practicable.

HO,C(CH,),,CO,H (CHZ);CH;
Brassylic acid
Nylon 13, 13
Musks
NH, (CH2)11CO,NH,
O; or Erucamide, anti slip agent
H,0,/TiO, (CH3);CH;
Chemicals from Fatty Acids
(CH,){1COOH
Reduction Euric Acid H,/Ni
(CH3);CH;
H;C(CH,),,CO,H
Behenic acid
PVC antiblocking agent
(CH,)441CH,OH

Behenyl alcohol
Cosmetics
Detergent foam control agent

Evaporation retarder in paint strippers "



9) Catalytic reagents (as selective as possible) are superior to
stoichiometric reagents.

v Substrates bind to active p Once bound to the p Substrate binding p Product detaches from
active site, the

site of enzyme alters the shape enzyme; entire process can
substrates are held of the enzyme, and now be repeated

/‘a,_ together and their this change promotes
?‘ interaction facilitated product formation
Substrates
\ o >
\ / ‘ L
\3!,1!‘
Active Enzyme-substrate

site complex

energy

Catalyst: a material which without catalyst

changes (usually
increases) the rate of
attainment of chemical
equilibrium without itself
being changed or
consumed in the process.

with catalyst

reactants

products

reaction profile

43



9) Catalytic reagents (as selective as possible) are superior to
stoichiometric reagents.

Homogeneows catalysis

/PTOCLJC"Z

¢
F:eactant:s// 0 = CB — 8 + O — Catalyst
\\O T [nterrhedi ate

Heterogeneous catalysis

Reactants Product
O oo
O
Adsorbed l Intermediate T Adsorbed

readtants — O @ —» O —» O@ — product
I |

Catalyst surface

44



9) Catalytic reagents (as selective as possible) are superior

stoichiometric reagents.

fo

Heterogeneous catalysis

Homogeneous catalysis

Distinct solid phase

Same phase as reaction medium

Readily separated

Often difficult to separate

Readily regenerated and recycled

Expensive/difficult to recycle

Long service life

Short service life

Rates not usually as fast as homogeneous

Often very high rates

Quite sensitive to poisons

Usually robust to poisons

Low selectivity

High selectivity

Often high energy process

Often takes place under mild conditions

Poor mechanistic understanding

Often mechanism well understood

45



9) Catalytic reagents (as
stoichiometric reagents.

selective as possible) are superior to

Haber Bosch process

HNO;

NH,NO;

600°C
150-200 bar
N + 3H; > 2NH;
[Fe]

N2{g) and H2(g) added
to system

4

Reaction 500°C
Chamber —— 30-60 MPa,
iron oxide
catalyst

!

MNH3{g) removed from system

N2(g)
and

H2(g)
recycled
back into
system

46



9) Catalytic reagents (as selective as possible) are superior to
stoichiometric reagents.

Catalytic hydrogenation of Fatty Acids

GQH1Q C5H12CDDH

Saturated Tatty acidS

CgH1g CgH12C00H Ni, H,

— ; - +
250 °C Cabre

Clis fatty acid ——
CgH42CooH

Some converted to

During partial hydrogenation some molecules get ;
- - trans [ally acid

hydrogenated, some get converted to a low energy
trans state and in some molecules double bonds get

shifted to different carbons +
r CgH13
/.f’ 5 SENIA DU T4 PALSA
/ valle’ —
| !~"laifl.‘t,.’n.‘cg[mxenfe CgH4gCooH
oan oy P‘va
‘?m ~ W?ﬁ:?,?‘" Another trans isomer

with shifted double bond




9) Catalytic reagents (as selective as possible) are superior to
stoichiometric reagents.

Biocatalysis: use of biological systems (or reagents) to catalyze the
conversion of a substrate to the desired product.

v Opportunity for agueous phase reactions;
v' non-toxic, low hazard catalysts;

v energy efficient reactions under moderate
conditions of pH, tfemperature;

v high degree of selectivity.

48



9) Catalytic reagents (as selective as possible) are superior to
stoichiometric reagents.

Production of acrylamide

Fructose synthesis

nitrile
idratasi
%\CN —_— é\"/NHz HOH
o H,O
5°C, H,O 0O HO
H OH
(o)
OH H
Glucose
Cleavage of galactose
OH Glucose
HO isomerase
Ho
H OH \
HO
HO OH H OH H OH
H H o Ho B-galactosidase H . H Galactose HOH,C O. OH
HO H “oH oHo OH
H “oH H OH HO /CH,0H
H H 2
H Ho
HO
Lactose HO T OH OH
OH Fructose
H

Glucose

49



9) Catalytic reagents (as selective as possible) are superior

stoichiometric reagents.

fo

Vanilline synthesis

COOH O H
Pycnoporus
MeO cinnabarinus MeO

OH OH
COOH
X COOH

MeO Aspergillus MeO
OH niger OH

/. EXTRADY

VANILLINE
A

anrr?

\ » 1
/

AN cpurrn o

L.

’

Pycnoporus
cinnabarinus MeO
OH

50



9) Catalytic reagents (as selective as possible) are superior to
stoichiometric reagents.

Limitations of biocatalysis

v' Stability of enzymes within a narrow range of pH and T;

v' cost of enzymes and recovery difficulties once the
cycle has been completed;

v’ isolation of the products obtained;

v difficulty of using enzymes in solvents other than water,

HOH
Ho B Xhanthomonas HOH H =
L : i LO :
HOH OH campestris ~ HO

OH Ho + \ H H

OH 9y on HO oH OH o

o
OH H

Maltose

51



9) Catalytic reagents (as selective as possible) are superior to
stoichiometric reagents.

Photocatalysis: change in the rate of a chemical reaction or its inifiation
under the action of ultraviolet, visble or infrared radiation in the presence
of a substance—the photocatalyst—that absorbs light and is involved in

the chemical transformations of the reaction partners.
IUPAC GOLD BOOK

Photocatalyst: catalyst able to produce, upon absorption of light,
chemical transformations of the reaction partners. The excited state of
the photocatalyst repeatedly interacts with the reaction partners
forming reaction intermediates and regenerates itself after each cycle

of such interactions.
IUPAC GOLD BOOK
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9) Catalytic reagents (as selective as possible) are superior to

stoichiometric reagents.

Titanium dioxide-self cleaning window

@

@

AR R
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Designing Greener processes

(%) traelitiongl mldfi-gheg aynaifaeis

2 .'/_‘
;/_‘ r mu .'/-\ 1. work-up 1. wark-up
E jl 2 purity @ 2. purify

I Ry

Bl roecfor T ey page for 2 Bunrch rescror 3

dfarathin 2ho-by-alng badeh Ayathaais
indprmocianes Camd O isolated ang puritied

(4 conlinucus Tew mult-step syathosis

@~
@f.-"'l

Flow resctar 1= flow reactar 2 == Mow reactar 3 = —= @

& avad D vl idalsfid
i contimuous ond-low, malfilsiep” symimals
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Designing Greener processes-Microreactors

55



Ibuprofen synthesis

Ibuprofen Synthesis by Boots
P y Y Green Synthesis

HCI, AcOH, Al Waste HCI AcOH
y‘ [T i AcOH
P < I I p ﬂ ' ﬁ
ok NGE A ceHgom [ H,0 / He [
] %%k I ] NaOEt ﬂ'/f%, = s HF H, / Ni CO. Pd
T N L.l Ac,0 —
COCH, I ],
EtO,C -«(_CI) e\
NH,OH 0 HO HO,C
i | 3
e, H,0 / H+ ) /—
'/; By /}7—1\*} o 3 {/f_ /
" e =’ om Y=/ v’ 3 steps;
| "~ v catalysts rather than reagents;
AV
N, v’ less waste.
v last two steps 100% A.E. and
v’ 6 steps; 100% vyields;

v’ reagents rather than catalysts;

v’ copious amounts of waste.
v CO
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Highly efficient synthesis of Sitagliptin

Presidential Green Chemistry Award 2006 and ICHEME AstraZeneca for sustainability award

aon

E Total waste

250 1 0 Agqueous Waste

v 3 steps;
v 50% increase in yield;
v less waste.

VWaste Generated (ka)
— [X]
& =]

3

&

First eneration R ouie Mew Foue

L=}
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Phenol Synthesis

Bakelite Polycarbonates

58



Phenol Synthesis

Old Synthesis Green Synthesis
SO;H
O o (5
high silica 100% A.E.
N .
SO3H SO3Na © + = zeolite 100% ylled
2 @ + Na,CO; 2 +CO, + H,0 O, |Acid Catalyst

OH o OOH
H* 100% A.E.

SO3Na ONa )_k
* H,0
+2 NaOH + Nast3 + H20

ONa OH v 3 STepS}
© +H,80, —— @ + NaHSO, v two steps 100% atom economy.
v’ 4 steps;

v’ copious amounts of waste;
v low atom economy.
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