Chap 2 Green Chemistry

CHAPTER 2: GREEN CHEMISTRY

2.1. Genesis of Green Chemistry

Chemistry has played a central role in the improseinof human life especially during
the last two centuries. Different domains have bestke from chemistry research and
dramatic revolutions have taken place from thasgirigs.

At the time when antibiotics were still unknownselases ravaged mankind. If one
became ill, a disease could easily spread in a lpopn potentially leading to the
extinction of life, but with the invention of anidiics, many diseases have become
curable. In general, the medical revolution hasesrifrom developments in chemistry
research which has raised the average life expectfeom 47 in 1900 to 75 years in the
1990s[1].

With the production of chemicals that protect amdhance crops growth (fertilizers,

pesticides) by the chemical industry, food secuni&g been reached in many countries
and the problem of hunger has been satisfactoolyesl. Nowadays, chickens can be
raised for consumption in few weeks instead of eras was the case traditionally due

to the progress in food chemistry [2, 3].

People are not much influenced by weather conditibecause of the success in the
textile industry which uses synthetic fibres [4, 5]

We can see the impact of chemistry in our dailgdivwithout products from petroleum
such as gasoline and diesel or their homologuesyitd be not be possible to drive a car;
to perform a surgery a doctor needs an anaesthetiergents are very useful in cleaning
objects; to print documents from a computer or pbapier, a toner is needed. These are
just a few examples to illustrate the importantifp@s chemistry has in the modern

society.
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From the above considerations, one could expect/leedy in this world to be enjoying
the advantages brought about by chemistry innovadiod to have a high regard for

chemists.

In contrast, many members of the society see clignaisd chemicals in a different light.

For them, chemicals are something to be afraidrad, to be avoided as much as possible.

So where does this negative consideration, thisstaed image of chemistry come from,

in spite of all the achievements realized by chayfs

One of the answers to this question could be thativithstanding, the unbelievable
achievements of chemistry, at the same time, thasébeen a high cost to pay in terms of

human health and the environment. A few exampladeaused to clarify this statement:

Everyone knows how pesticides are very efficientniproving crop growth. In 1962,
Rachael Carson reported how the use of DDT andr gbesticides could spread
throughout the food chain causing irreparable amghticipated harm to the environment
[6, 7, 8].

A substance called “Thalidomide” {€1:0N.O,) has been used by pregnant women to
reduce the effects of nausea and vomiting durimgpaincy. Unfortunately, it was later
discovered that children born to mothers taking thnug suffered acute birth defects in

the form of missing or grossly deformed limbs [0].1

The contamination of Times Beach soil by the takmxin from dioxin-tainted waste oil
and the leak of toxic chemicals through a clay wéich was support to seal a garbage
dump in Love canal in Niagara Falls NY are moreergcexamples of environmental

contamination by chemicals [11].
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In the 1980s it was discovered that the chlorofdearbons CFC’s have a negative

impact on the atmosphere by destroying the ozorer lesulting in global warming [12].

Accidental chemical disasters like in Bhopal, Indvehere methyl isocyanate killed
hundreds of people and the eruption of toxic g&ses Lake Nyos, Cameroon, can also

be listed among catastrophes arising from the poesef chemicals [13].

Given this dilemma that chemistry is viewed on tre hand as beneficial to human
society, and on the other hand, chemistry is sesem@e harmful than beneficial, one

obvious question can be asked:

Is it possible to do Chemistry by keeping its beneficial side and simultaneously

eliminating or reducing its negative effects on human health and the environment?

To answer this question is to suggest thaseéhmanufacturing chemicals add another
aspect to their systems so that when considerm@mtbduction of a desired product, they
consider also the short and long term effectsdégradation and disposal of chemical

wastes.

Indeed recently, chemists have commenced a reamasioh of chemical production and
this has led to the birth or genesis of what hanbeferred to aGreen chemistryn the
early 1990's.

As defined by P.T Anastas and J.C Warner [14], Gi@kemistry is the utilization of a

set of principles that reduces or eliminates theearsgeneration of hazardous substances

in the design, manufacture and application of axsbal product.

A. Munyaneza 6



Chap 2 Green Chemistry

In the green chemistry approach, the term hazampdses all the types of dangers that
are part of the production of a substance: expdosss, flammability, corrodibility but
also acute and chronic toxicity, carcinogenicitgplegical toxicity as well as global
threats like global warming, resource depletion gausistence of chemicals in the
environment.

The whole philosophy of Green chemistry relieslmnfact that it is better to prevent that
to cure. It is less dangerous and less costlydugnt the production of waste that to treat
the waste after it has been produced.

Different terminologies such as environmentally iganchemical synthesis, alternative
synthetic pathways for pollution prevention, benigndesign etc. are currently used to
convey the same message that it is better to preyahution than to treat hazardous
substances once formed [14].

Green chemistry is governed by some principles wiserve as guidelines to enhance

human health and environmental protection.

2.2. Principles of green Chemistry [14, 15]
1. It is better to prevent waste than to treat lsan up waste after it is formed.

Design reactions that do not generate waste, #wsl rfor separation, treatment and
disposal of hazardous substances will be eliminatgdmatically.

2. Synthetic methods should be designed to maxiimézacorporation of all materials
used into the final product
Do not judge the success of a reaction by the yietle desired product formed but take

into account the quantity and nature of by-prodgetserated by the reaction.

3. Wherever practicable, synthetic methodologies shdm¢ designed to use and
generate substances that possess little or no itpxto human health and the
environment.
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Do not rely on the exposure control methods becaasestimes they can fail but reduce

the intrinsic toxicity in order to minimize the kis

4. Chemical products should be designed to presefieaey of function while reducing
toxicity.
From the understanding of reaction mechanism ariddlmgy, design safer chemicals

while maintaining the desired purpose of the produc

5. The use of auxiliary substances (e.g. solventgragpn agents...) should be made
unnecessary wherever possible and innocuous whezh us

Avoid as much as it is possible the use of auyilmrbstances for they can become part

of the waste stream and pose an environmentaldazar

6. Energy requirements should be recognized for tleawvironmental and economic
impacts and should be minimized. Synthetic metblbdsld be conducted at ambient
temperature and pressure.

Lower the energy required for a particular reactwamenever possible because it is a

potential for environmental harm and carries arirenmental cost.

7. A raw material of feedstock should be renewablderthan depleting wherever
technically practicable.

Do not deplete natural reserves; look for alteusatieedstock in order to develop

sustainable chemical industry.

8. Unnecessary derivatization (blocking group, protaodeprotection, temporary
modification of physical/chemical processes) shtnelivoided whenever possible.

Do not pass by multi-step synthesis if really netessary. The additional steps result in

increase in materials, time and energy.
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9. Catalytic reagents (as selective as possible) apesor to stoichiometric reagents.

Drive the reaction to a preferred product by usangatalyst in order to reduce waste
generation and energy needed for the reaction.

10.Chemical products should be designed so that ag¢tiaeof their function they do not
persist in the environment and break down into auous degradation products.

Give the fate of the chemical products a prioritythe process design because the
persistence of chemicals in the environment mayepasrisk to organisms due to

exposure and bioaccumulation.

11.Analytical methodologies need to be developed kowafor real-time, in-process
monitoring and control prior to the formation offexrdous substances.

Incorporate in-line monitoring in your processesider to maximize yield and minimize

the formation of hazardous substances.

12.Substances and the form of a substance used ieraichl process should be chosen
S0 as to minimize the potential for chemical aaeideincluding releases, explosions
and fires.

Avoid chemical accidents as much as possible fey ttan have a devastating effect on a

local community.

Inspired by the Green chemistry principles, numsmomains of chemistry are currently

being revisited in order to comply with the ided&sleaner chemistry.
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2. 3. New chemistry methodologies based on the principles of Green Chemistry.
2.3.1. Solventless chemistry
2.3.1.1. Historical and generalities

Traditionally, chemical syntheses and transfornmstiovere carried out in solvents to

facilitate the mass and heat transfer as well @ssthiation and purification of the desired
product from the reaction mixture [16, 17]. In sooiemical reactions, the solvent was
even used without any special reason simply becasisaid by Aristotle ‘no coopora nisi

fluida’ meaning no reaction without solvent [18].

Nevertheless, those solvents are often volatile lmaxhrdous for the human health and
the environment.

As stipulated in principles 1 and 5 of the twelvimpiples of green chemistry, it is better

to prevent the production of waste than to treastevafter it is formed and the use of

unnecessary auxiliary substances like solventsldhmiavoided.

Therefore, new synthesis methodologies such aseguves carrying out chemical
transformations in the absence of solvents areatkefl number of terminologies are
currently used to refer to those procedures: stlfrer, solventless, solid-solid, solid
state, dry medium reactions [19]. Hence, a modaemist should minimize as much as
possible the use of solvents in the chemical readesign.

However, the chemical transformations in the absesfcsolvents were practised from
long time ago. Historically, a solvent-free tramgfation can be recorded already from
the prehistorical time when the primitive man wasg friction to make fire [20] but it
has been reported that the first written documbeotuta solvent-free chemical reaction
comes from Theophrastus (371-286 B.C) in his bk Lapidibus’ (on stones) [21]. He
noted that if a native cinnabar is rubbed in a $nawrtar with a brass pestle in the
presence of vinegar, metallic mercury is obtaingtis phenomenon was described by
the following chemical reaction:

HgS + Cu——» Hg + CuS
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After historical reviews, the chemical transforroas in the absence of solvent
reappeared in the end of*1@entury with the work of Carey Lea [20, 22, 23]vesl| as
the work of Ling and Baker in 1893 [24, 25]. Th#da managed to prepare quinhydrone
by only grinding two solids together. Seeminglystldiscovery did not attract much
interest from researchers for more than a halfurgnt

In 1960’s, Rastogi and co-workers [26, 27, 28] eartdd detailed investigations about
fundamental issues governing the reaction betweensblids such as mobility on the
interface, kinetics and mechanism. In 1984, Patilake [29] prepared successfully
unsymetrically substituted quinhydrones.

The idea was to find an alternative way of obtagninese products because the solution
procedure was problematic due to the self oxidatiesctions that were observed. In
1987, Toda et al [24] introduced the idea of hastgj complex formation in the solid
state. The mechanism proposed is that the quinibknses and its vapor attacks certain
hydroquinone’s sites.

In all these experiments, the procedure consistgdst grinding solid reactants together

in agate mortar and pestle.

In general, two methods can be used to bring abosblventless chemical reaction:

mechanochemical activation or thermochemical attina

2.3.1.2. Mechanochemical activation

As defined by Ostwald [20, 30], ‘mechanochemisig/’a branch of chemistry which
deals with chemical and physico-chemical changessudstances in all states of
aggregation’. In other words mechanochemistry @igsin a mechanical mixing of
chemical reagents to bring about the reaction @anrtemperature. A range of mills such
as ball mill, planetary mill, vibratory mill, stirrg ball mill, pin mill, rolling mill etc. can

be used in mechanochemical activation [21].
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Most of the historical solvent-free transformationsere carried out using
mechanochemical procedures. Nowadays, mechanodhenssa well established in

material sciences and solid state chemistry.

2.3.1.3. Thermochemical activation

There are chemical systems which do not lead theantcal reaction by simply mixing
the reagents at room temperature. They are push&actt by rising the temperature and
this results in most of cases in the formation afielt phase, and then the reaction takes
place in a melt phase. Rothenberg and co-workdisd8tablished that most of solvent-
free reactions which were thought to occur in splichse were really happening in the

melt phase.

However, the melt phase formation is not a guaeatitat necessarily a chemical reaction
will take place [32]. It has been found that otlfeeators such as reagent concentration,
temperature, electronic and steric properties @édtermine significantly the rate and

pathways of a solvent-free reaction.

Solvent free procedures present some advantagesgaatbers, no medium to collect
and purify, compounds once formed are often pughérn yields are normally obtained
compared with procedures using solvents, no neespfecialized equipment to carry out
the reaction etc.[33]. The disadvantages relatettié¢asolvent-free procedures entail the
formation of hot spots in the reaction medium tald lead to possibility of runaway

reactions.
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Generally, solventless reactions can be broadisdiad into three main categories [18]:

- Reaction between neat reactants: solid/solid, Aiglidd, liquid/liquid, gas/solid
- Reaction between reactants supported on a solidratiauch as silica, alumina or

clays

- Reactions carried out under phase transfer casalysi

Solventless reactions are currently applied inotarifields of chemistry

2.3.1.4. Solventlessreactionsin organic chemistry

Organic chemistry was the first field to revealaage number of applications of the

solventless procedures in chemical synthesis [84hy systems which were previously

conducted in organic solvents can now be donelirestless media. Some examples are
listed below:

McCluskey et al [35] have demonstrated that the W€oagel condensation reaction

between substituted benzaldehydes and cyanoanmdi ipresence of piperidine as a
catalyst proceeded faster and led to higher yi@ldsolvent-free conditions compared

with refluxing ethanol or refluxing water condit®ffigure 2.1).
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Figure 2.1. Knoevenagel condensation reaction [35]
Yoshizama et al [36] reported that the Claisen tremacof the ester substituted with a

sterically bulky group proceeded very efficientty solvent-free conditions (figure 2.2).

In contrast, these reactions did not take plas®iation procedures.

O
R\)‘\ BuOK
—>
OEt OEt
R

Figure 2.2. Claisen condensation reaction [36]

In the beginning, solvent-free reactions were donea small scale usually in agate

mortar and pestle, but nowadays industrial appdioatare starting to emerge.
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For example Bose et al [37] have demonstratedtkieaBiginelli reaction, a reaction in
which an aldehyde, #-keto ester and urea or thiourea are involved todyce
tetrahydropyrimidinones can be done using solvexd-fconditions at industrial scale
(figure 2.3).
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HoN NH,
CHO
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ol N
I
o = X=0,5
p-TSA = p-toluenesulfonic acid
N X
H

Figure 2.3. Biginelli reaction [37]
The yield is higher than that usually obtained freoilvent procedures. Tanaka [34]

presented a concise collection of organic chemigagtions carried out in solvent-free

procedures.
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2.3.1.5. Solventless reactions in organometallic chemistry

Most of the preparative work in organometallic cls&ny was conducted in a
homogeneous solution using an organic solvent [38f first case of solventless
organometallic reaction appears to be that of Vaski®d66 [39] on the reaction between
IrX(CO)(PPh), (X = CI, Br, I) and HY (Y = CI, Br, I) to give thexidation addition
reaction products IRX(H)(Y)(CO)(PRh. Until recently, not much work followed this
groundbreaking initiative.

However, solvent-free reactions of ferrocene déinrea have received attention in recent
years. For example Liu and co-workers have repathetl working in a dry medium,
ferrocenylethene and 1, 5-diketone containing fe¥ngl derivatives can be synthesized
in relatively easy reaction conditions [40, 41]\eat-free synthesis of ferrocenylimines
from ferrocenylaldehydes and aromatic amines hdse been reported to occur in

excellent yields [42, 43].

Generally, solvent-free organometallic chemistrgct®ns reported in the literature can
be grouped into three major categories: reactioesvdéen solid particles, surface

organomtallic chemistry and solid-gas organometahiemistry.

2.3.1.5.1 Solid-solid organometallic chemistry

The reaction takes place between two solid maseridsually a ball mill mixing is
required to ensure good contact between partialegndition for the reaction to occur.
Organometallic reactions taking place in solidestadve been reported in the literature.
For instance Nareetsile et al [44] reported theidsasitate isomerization of ttt-
RUCL(RNCL(PPh), to cct-RUCKRNC)L(PPh), (R = 2,6—xylyl, '‘Bu, 'Pr, benzyl, 2-
OMe-4-Clphenyl). The solid state isomerization odibstituted cyclopentadienyl
molybdenum and tungsten derivatives have beernratswrted [45] (figure 2.4).
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R R
CO/M"'\””/CO CO/M"’\”’// |
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R = Me,'Bu
L = PPh, P(CPr)
M = Mo, W

Figure 2.4. Isomerization reaction scheme for gqyefdadienyl Mo and W compounds
[45]

Another example of solid state isomerization oflggentadienyl tungsten compounds
has been recently reported by Bala and co-workés [

Migratory-insertion reactions have been found touscén solventless conditions between
(M>-CsHs)M(CO)sMe (M = Mo, W) and phosphine or phosphite ligands,[48].
Generally, studies carried out in order to elu@ddite mechanism of these solid-solid
reactions revealed that they are diffusion corgmb[49, 50, 51].

2.3.1.5.2 Surface organometallic chemistry

This category comprises the reactions dependentthen interactions between an
organometallic precursor and mineral oxides suclsisa, alumina, zeolites etc. to
activate bonds in organometallic complexes. In gresence of a ligand, new
organometallic compounds can be formed on the ciidd those oxides using thermal or
photolytic methods.
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Compounds such as [Ir(C&)],, [Ru(COXCl,], etc have been synthesized in high yields
from the corresponding metal trichloride supportad a silica surface by reductive

carbonylation at atmospheric pressure [52].

The reaction of RiCO), with 2,2’-bypridine on Si@ has led after surface extraction
with conc.HCI to the synthesis of Ru(bipy)(€Ol. [53]. More examples in which the

organometallic reactions occur at the interfacelmafound in the literature [54].

2.3.1.5.3 Solid-gas organometallic reactions

It has been reported that the simplest reactiondha take place between a solid and a
gas is a ligand displacement reaction [38]. Maragtiens of this type have been reported
and typically the incoming gaseous ligand is a smmallecule such as CO,,Hetc. For
example the reaction of I(COD)(PhCNL[L = PPh, AsPh) with CO vyielded an
addition/displacement product [Ir(COD)(CQ)" [55]. A displacement reaction between
Os(CO)iL (L = MeCN, GH,4) and small molecules such ag BO and NH have been
also reported [56].

2. 3.2 Chemistry with green solvents.

If the use of a solvent in a particular reactionre@ be circumvented, the alternative way
of doing benign chemistry is to use “green solvemis safer solvents to replace the
traditionally used Volatile Organic Compounds (VOQ&].

Some inconveniences related to the use of volaiiiganic solvents include the
conjunctival irritation, nose and throat discomfdmeadaches, allergic skin reactions,
nausea, fatigue and so on [58]. To solve these lgmay one would look for an

alternative solvent which does not present the almentioned constraints.

A. Munyaneza 18



Chap 2 Green Chemistry

But before taking the option of using an alterragwlvent as green, an assessment of the
full life cycle assessment of the solvent shouldlbee including the effect on the overall
requirements for the application and the overadirditative and qualitative assessment of
waste generated from the application [33].

2.3.2.1 Supercritical fluids: SCF

A triple point and a critical point are charactecis of all stable compounds [59]. The
critical point is the end point of the liquid-gasd in the phase diagram. There the liquid
and the gas become indistinguishable (figure 2.5).

super critical
fluid

high

W, critical point

vapor

Pressure

low

Temperature

low

Figure 2.5. Phase diagram showing a supercrittase $60]
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Different definitions have been proposed for a scpical fluid state but the following
seems to be the most precise: a supercritical fuahy substance, the temperature and
the pressure of which are higher than their ciittedues and which has a density close to
or higher than its critical density [61].

In that region of the supercritical phase, the farxe appears in a single condensed state
and its properties are intermediate between thdése gas and those of a liquid [62].
Physical properties are significantly affected byarging either the pressure or the
temperature. As the temperature of a liquid risesecomes less dense and as the
pressure of a gas rises it becomes denser; atrifi@lcpoint the densities become
equivalent. Generally, the density of a SCF is elts the density of the liquid and its
viscosity is similar to that of a gas (see tablg.2.

Table 2.1. Typical liquid, supercritical fluid amghs properties [63]

Liquid SCF Gas

Density (g/ml) 1 0.1-0.5 10
Viscosity (Pa.S) 19 10%-10° 10°
Diffusity (cm’s™ 10° 10° 10°

The critical points of some substances are reaspmaacessible whilst it is not easy to
reach critical points for others. For instancec®c= 31°C; Pco, = 73 atm, conditions
which are relatively facile to realize but e = 374C; Pgi20 = 218 atm, conditions
which are very difficult to achieve.

Difficulty to reach the critical point of a partiler substance is one of the major
handicaps which limit the use of supercritical dsii Some typical data for common

SCF’s are given in table 2.2
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Table 2.2. Critical data for some substances [61].

Substance

Ammonia

Carbon dioxide

Ethane
Ethene
Fluoroform
Propane
Water
Ar
CHa
Kr
Xe
CaFs
CCIR
N.O
Sk
H,S
Pentane
'PrOH
MeOH
EtOH
'BUOH

Benzene

A. Munyaneza
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Tc(K)

405.4
304.1
305.2
282.2

298.9
369.7

647.2

150.8

190.6

2094

289.8

293
302.0
309.7
318.7

373.5
470.2

508.5

513.7

516.6

548.2
562.1

Pc (atm)

113.2
73.8
48.7
50.4
48.2
42.5
220.5
48.0
45.8
54.3
58.0
30.2
38.1
71.7
36.7
88.9
33.3
47.0
78.9
63.0
424
48.3

p (g/ml)
0.24

0.47
0.20
0.22
0.62
0.22
0.32
0.53
0.16
0.93
1.15
0.62
0.58
0.45
0.73
0.35
0.23
0.27
0.27
0.28
0.27
0.30
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However, from a green chemistry viewpoint, the a88CFs presents many advantages
although some disadvantages must be recognizeddisbession will be covered when

assessing a specific SCF.

2.3.2.1.1 Supercritical Carbon dioxide: ScCO,

ScCQ is the most commonly used supercritical fluid. teli€ally, ScCQ attracted the
interest of researchers during the energy cristeen1970s [33]. At that time, distillation
was the most costly operation in the chemical ibgusith regard to energy. Therefore,
there was an obvious need for alternative solvemish do not have to be removed by
distillation and ScC@was among the good candidates. Advantages andvdistages of
using ScCQ@ are condensed in table 2.3 but in summary, bec@@eis a non polar
solvent, it has the ability of dissolving a widenga of non polar organic compounds
having high volatility. In addition some compoursisch as fluoropolymers which are
only soluble in chlorofluorocarbons, dissolve incC®, [64]. This is a remarkable
positive feature with regard to green chemistryéss because in that sense, Sg€dh
replace environmentally hazardous halogenated stdveThe ability for ScCo to
dissolve polar, ionic or polymeric compounds iseedingly limited but alternative ways
to overcome these problems have been proposed.efample in organometallic
catalysis, the solubility of transition metal coexts can be achieved by modifying a
ligand. By replacing an aryl group by an alkyl ¢koxy group, a complex can become
easily soluble in ScCO[33]. A suitable counter ion can dramatically irope the
solubility of ionic metal complex in ScGOFor example [(3,5-(GCsH3)4B]” and
CR:SGs are the typical counter anions used for extraatetgonic Rh and Ir complexes.
CO; released from use as a solvent has the advantegeCa&) produced from burning
fossil fuels in the sense that it does not contelta global warming. The reason could be
that CQ produced during a chemical process is an indldbggproduct (e.g. from

ammonia manufacture) which would normally have bedrased to the atmosphere.
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Due to its non polarity, one would expect Sec@@dissolve hydrocarbons but this is not
always the case and the reason for this is beliggethe associated with its high
guadrupole moment [65].

At the same time, this high quadrupole moment m&eSQ a good solvent for small
polar molecules like methanol and caffeine. Finalwe lack of polarity for ScC{bffers

a positive impact for many reaction rates since, @Gl not readily coordinate to many

catalysts or solvate complexes.

Table2.3. Advantages and disadvantages of usin@sa€a solvent [63].

Advantages Disadvantages
Non toxic Relatively high pressure equipments
Easily removed Equipments can be capital intensive:
Potentially recyclable Reactive with powerful nuapéailes
Non flammable Possible heat transfer problems

High gas solubility
Weak solvation
High diffusion rates
Ease of control over properties
Good mass transfer
Readily available

Applications of ScCO

In homogeneous catalysis, the importance of SCFs igraored until the early 1990s
when Rathke [66] used ScG@s a solvent in the hydroformylation of olefing& that
time, many researchers have become interestedsiarigue reaction medium.

The uses of ScCran be grouped in two main categories [33]:
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- ScCQ as extraction solvent

A widely established extraction process uses Sd6Qthe decaffeination of coffee [66].
Before the 1980s, dichloromethane was the solvesed un this regard. Given the
potential hazard of chlorinated compounds, it wassely decided to replace
dichloromethane by non harmful solvents like £®he use of ScCas extraction
solvent has also been extended to the food indufstryexample, in the extraction of
flavours from hops, extraction of essential oil. ¢&7].

Finally, ScCQ is used in the dry cleaning process to replace ftheerly used
chlorinated solvents like carbon tetrachloride pedchloroethene [68]. ScG@as been

also used in the extraction of metals from aqueolistion [69].

- ScCQ as a process solvent

The most quoted application of Sc&@s a reaction solvent can be found in the
polymerization area where Scg@ffords polymers of different molecular weights by
altering the density of the medium through simgeation of pressure [66].

The big challenge in polymerizing polar materi@g( acrylates) in ScGGas to build up
the molecular weight to the stage where the polybsmomes commercially interesting
before it falls out of solution.

Hydrogenation is also a very well established readn ScCQ. The high miscibility of

H, with ScCQ compared to its solubility in organic solventstlie main reason for

choosing ScCoinstead of organic solvents in hydrogenation ieast[70].
2.3.2.1. 2 Supercritical water: ScH,O
Contrary to ScCg conditions required to obtain SgBi are harsh (TckD = 374C;

PcHO = 218 atm) [71]. This has limited the use of Z0HFrom a solubility perspective,
differences arise from what might be expected.
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For instance Sc¥D dissolves hydrocarbons and gases such as oxpgerjoes not
dissolve ionic compounds like B8Oy [72]. In fact, the properties of Segfl are very
different from those of ambient water. Under ambonditions, liquid water is formed
of a network of hydrogen bonds between moleculdshigh temperatures (like Tc =
374°C), this network is no longer there due to a veighhthermal kinetic energy.
Therefore, water at high temperature behaves like ather polar solvent [71]. This
could then explain the unusual solubilities obsdrue ScHO. Gases are miscible to
ScHO providing the opportunity to conduct chemistryansingle fluid phase which
could only have been done in a multiphase systedemuoonventional conditions [73].
The advantages of a single supercritical phasedechigh concentration of reactants and
the lack of an interface to reduce the mass trahppocess.

Under supercritical conditions,,B8 is an excellent solvent for organic compoundse Du
to the higher concentrations of ldnd OH, ScHO is an effective medium for acid and
base catalyzed organic reactions. In fact the eunation of H is sufficient so that some
acid catalyzed organic reactions would proceedowitlany added acid [74].

The use of SckD can be limited for example by its high corrosivéispecially when
chloride-containing solutes are dissolved as welthee cost of specialized reactors in
order to achieve the supercritical state.

Nevertheless, Sci® has many other interesting applications [75]:

- The synthesis of quartz crystals for mobile phorfldgy are formed from the
reaction between silica and sodium hydroxide atiao406C and 700 bars. In
this process, NaFeSiGs used to protect the reactor from the high cowty of
ScHO;

- Supercritical Water Oxidation, SWO, is a techniqudely used in remediation
and waste treatment. SgBi achieves this advantage by increasing the scbpe o
products which can be mineralized and speeds uprteess so that most organic
materials can be completely oxidized within 2 mawjt

- Treatment of soils impregnated with industrial veasuch as polychlorinated

biphenols which are normally difficult to treat;
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- Pyridine and nitrogeneous pollutants are succdgdektroyed in SWO reactors

at temperatures around 6Q0

2.3.2.2lonicliquids

Based on the temperature, an ionic liquid can binetk as a salt with a melting
temperature below the boiling point of water (%00 The essential feature of ionic
liquids is that they have a very wide liquidus ranmeaning that the interval of
temperature between the melting point of an iomjuaidl and its boiling temperature is
significantly large [76, 77].
No molecular solvent can match the liquidus rang@mic liquids. lonic liquids can be
viewed as normal ionic materials such as NaCl, ibaoic liquids are liquids at low
temperature. Many terminologies are used to ref@rtic liquids [78]:

- Room temperature molten salts;

- Low-temperature molten salts;

- Ambient temperature molten salts;

- Liquid organic salts.

Historically, ionic liquids were firstly reportedyBbNalden in 1914 when he reported on
the synthesis of ethylammonium nitrate [79].

The ionic liquid was formed by the reaction betweka concentrated nitric acid and
ethylamine. After the reaction, water was removgdllstillation affording a pure salt

which was a liquid at room temperature.

By far, the most used and investigated ionic liquidre those based on 1,3-

dialkylimidazolium cations [80, 81, 82].
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These liquids possess many physical-chemical ptiegethat qualify them as “tailor-
made” green solvents for various reactions and ggees: non volatile, liquids over a
wide range of temperatures, low viscosity and higlensity than most classical organic
solvents, high thermal-electrochemical-chemicdbiitg, dissolve a very broad spectrum
of organic —inorganic compounds, typically non choating solvents, easily prepared
from commercially available reagents through classynthetic procedures etc. Some of
the ionic liquids are now commercially availabl&]8

The “greenness” of ionic liquids is not as obviassthat of solvent-free systems or SCFs
but some applications can be pointed out [84, BBgse include:

- Avery low vapor pressure, which, in combinationthathe fact that, ionic liquids
can act as both catalyst and solvent is of a cerslde interest. The very low
pressure could make ionic liquids a viable altemeasolvents for volatile organic
solvents;

- Tunability: by changing the cation/anion ratio, peaties such as acidity/basicity,
melting point and viscosity can be affected;

- Stability at high temperatures (>3@) which gives an opportunity to carry out
reactions at high temperature and low pressure;

- Their immiscibility with organic solvents or watarakes ionic liquids useful in
product separation or in liquid-liquid extractioropesses.

The main issues linked with the use of ionic liquidre centered on their eventual
toxicity. Most ionic liquids have not been assesaed despite the potential for recycling,
the fate and protocol for their ultimate disposahot well known [86]. Another problem
associated with the use of ionic liquids is theirification which is sometimes difficult
[87, 76].

The assessment of the overall greenness of iogueds should also take into account
their mode of synthesis for most of them are sysigesl and purified using volatile and
chlorinated solvents [86].
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2. 3. 2. 3 Fluorous biphasic solvents

The fluorous biphase is a terminology used to attarae fully fluorinated hydrocarbon

solvents (or other fluorinated inert materials lddhers) that are immiscible with organic

solvents at ambient conditions [88, 89]. The wofiddrous” is used to express the

philicity to the perfluoroalkanes with the analoy“aqueous”, a word which refers to

the philicity to water [90]. The whole philosopheltind the use of fluorous biphasic

solvents is that reactants and catalyst could hékoin a fluorous phase under reaction

conditions but products could readily separate anthstinct phase at ambient conditions

T

|
Fluorous phase

+ catalyst

Pre-reaction

Hoqueneous
reaction phase

Reaction

Figure 2.6. Fluorous biphasic solvents action

Product

Fluorous phase

+ catalyst

Post-reaction

Two types of fluorous compounds can be distinguld68]:

- Fluorous compounds with integral (permanent) flnated domains:

(C6F14C HzC Hz)gS nH ;

A. Munyaneza
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- Fluorous compounds with removable (temporary) fhuated domains also called
tags (figure 2.7).
Ph

(C10F21CH,CHy)3SI N 'Bu

o

Ph

Figure 2.7. An example of a fluorous compound [63].

Tags or “pony tails” are often long perfluoroalkylains.

Apart from some low molecular weight solvents suak pentane and ether,
perfluorocarbons are generally immiscible with waé@d organic solvents at room
temperature [91]. Thus when mixed with water oranig solvents, the organic or water
phase forms the upper layer, while the denserdiu®iphase forms the lower layer. This

gives an important role to the fluorous compoumdsaparation chemistry.

The behavior of fluorous/organic mixed systems egsloited successfully by Horvath
and Rabai [92] in their landmark work in fluorodsemistry in 1994.
The use of fluorinated solvents can be classiintd several categories among others:
- As a solvent in a reaction with fluorous reagemtsl/ar fluorous substrates
because of high solubility in fluorinated solvents;
- As an acidic catalyst or reagent for rearrangemeandensation or cleavage
reactions;
- As amphiphilic solvents, easy to remove, with bgibavork-up;
- As alternative green reaction media for harmfuioxic chlorinated solvents.
The benign properties possessed by the perfluednaompounds come from the
stability of the C-F bond. These include their rioricity, high level of inertness, high
thermal stability, low-flammability and hydropholic[93].
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Nevertheless, there are some issues regardingéhefyerfluoro compounds.

These include the cost of the material, the “greestof their manufacture and to a
lesser extent, their ultimate effect on the enwinent regarding their disposal. In fact, C
and G fluorocarbons are potent greenhouse gases butoarordp typically containing 6-
10 carbons are much less volatile and they poseolies threat.

The use of a non - polar fluorous phase works bettd the separation of the product is
facilitated when reactants are non polar and tharippof the product is relatively high.

2. 3.3 Chemistry using Microwaves

Microwave radiation has a wavelength regime betwdenm and 1 m in the
electromagnetic spectrum (frequencies of 30GHzQ0OMHz). It lies between infrared
radiation and radio frequencies. The interactionn@ftter with microwave radiation
results in a temperature enhancement [94]. A sfiedlimechanism to explain the
interaction can be summarized as follow [95]: wleersubstance possessing a dipole
moment like HO is subject to electromagnetic radiation, it vaittempt to align to the
electromagnetic field by rotation.

In liquid substances this rotation causes frictibetween neighbouring molecules
resulting in a temperature rise. The heating miefluenced by the rate of rotation and
the radiation frequency. The rise of temperatuoenfthe interaction of a substance with
radiation is exploited by chemists to initiate cheahtransformations.
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Table 2.4: Effect of microwave heating on someesus [95]

Solvent T(°C) Boiling point (°C)
Water 81 100
Methanol 65 65
Butanol 109 117
1-Hexanol 92 158
Chloroform 49 61
Acetone 56 56
Hexane 25 68
Heptane 26 98
Carbon tetrachloride 28 77

However, all radiation cannot lead to a temperatige: at high frequencies, the change
in the direction of the field is too quick to allowtation to occur, and no heating effect
would occur; at low frequencies, the rate of ratatis too slow resulting in a minimal

heating effect; in the microwave region of the $peu, the rates of rotations are good
enough to produce a rise of temperature in dipsldastances. The effect of microwave

radiation on some solvents is presented in tadle 2.

This said, non polar substances cannot be heatedicrpwave radiations. One of the
ways of solving this problem is to add a small antaf a polar substance to the non -
polar material. The mixture will quickly achievesaiform temperature under irradiation.

Gases are not also heated by microwave radiatientduhe long distances between

molecules.
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If the solution contains ions, the heating is aedieby conduction. The electric field will
move the ions through the solution and the kinetiergy resulting from collisions will
be converted into heat [96].

One of the advantages of using microwaves as asaimeat is that the heat is directly
imparted to the reaction medium rather than toanthls of a reaction vessel as is the case
for conventional steam or oil baths. As a resuieroical reactions can be performed in
an extremely short time compared to the traditionethods of heating.

Solvent free microwave assisted reactions [97, 98].

These types of reactions are suitable for microweading since the radiation is directly
absorbed by the reactants giving enhanced enefgyeaty. No energy conduction is
required. Moreover, some non crystalline solid sufgppsuch as some metal oxides are
poor at conducting heat but absorb microwave endtgy instance, simply by mixing a
solid oxidizing agent with a range of secondarphbis and irradiating for a period less
than 1 min, ketone yields higher than 90% are abth{figure 2.8).

R

R )
MW < 1min

OH >
catalyst
R R’

Figure 2.8. Reaction of secondary alcohols underowave irradiation

The “greenness” of solvent-free microwave reacti@ssdes in the elimination of the use

of volatile and toxic organic solvents, thus enaplthe neat reactants to undergo facile
transformations at atmospheric pressure. Thisifats easy isolation of the products
and promotes safety associated with handling theetimn in open vessels, thus

culminating in chemical processes with unique laities such as faster reaction kinetics,
higher product yields and safer manipulations [99].
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The main issue associated with the use of microw@vthat non polar substances cannot
be heated.

2. 3. 4 Sonochemistry

The term sonochemistry refers to chemical reactimmgiced by ultrasound [100].
Ultrasound is a sound wave with a frequency highan those detectable by the human
eari.e. around 18 KHz.

Like microwaves, the interaction between matter alihsound results in a temperature
rise but the mechanism is different [101].

When a sound wave passes through a liquid mediurauses the molecules to oscillate
around their mean position. During the comprespioase, the average distance between
molecules is reduced while it is increased duriagefaction phase. In the rarefaction
cycle, attractive forces of the molecules may beroeme and bubbles could be formed.
This phenomenon is called “cavitation” [102]. ltemnal forces are great enough to cause
collapse of these bubbles, very high local tempeeat (~5008C) and pressures (>1000
bars) may be created. It is these temperaturespagssures which initiate chemical
transformations.

The sound waves are generated by converting elacehergy using a transducer. The
main advantage of the use of ultrasound in cheynistrthat the technique does not
require any special characteristic of the systerarder to function [103]. For instance,
microwave chemistry occurs with dipolar specieslevBbnochemistry requires only the
presence of a liquid to transmit energy.
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2. 3.5 Catalyssand green chemistry.

One of the key technologies to achieve the objestaf green chemistry is the use of
a catalyst in a chemical transformations [104]dltranally, a catalyzed reaction
presents many advantages over uncatalyzed readiwart from the fact that some
reactions under specified conditions do not procatedll in the absence of a suitable
catalyst, many others are dramatically acceleriayatie use of a catalyst [105].
The action of a catalyst consists in lowering tb#vation energy of the reaction resulting
in quicker kinetics due to a lowered energy barfidre design and the application of new
catalysts and catalytic systems achieve simultasigdhe double goal of environmental
protection and economic benefit. The numerous gobemistry benefits offered by the
use of catalysts include: lower energy requiremeratalytic versus stoichiometric
amounts of materials, increased selectivity andredsed use of processing and
separation agents, use of less toxic materials][1®6paration through distillation or
extraction may no longer be needed when workingeunteterogeneous catalysis
conditions. Nevertheless, new catalysts and catalgthnologies need to be developed
to replace some hazardous catalysts still in u8é][Many studies have been performed
in the field of catalysis that have shown the adages from a green chemistry
viewpoint. Some examples are listed below:
1. Cheng et al [108] have developed a catalysthvaffords polycarbonate products at
enhanced rates using milder conditions thawmipus catalysts.

2. Conventionally, the synthesis of methyl anispiadustrial products important in the
manufacture of agrochemicals, proceeds via a caatibm of cresols with a methylating
agent such as dimethyl sulfate and alkali in THRe Process itself is atom inefficient

generating a salt waste and the reagents are @@ toxic.
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A recently developed catalyst consisting of a aesloaded silica (Cs/Sip achieves

vapor phase methylation of cresols with high selgégtand conversions [109].

3. The cleavage and removal of thioacetals andke@bs conventionally use heavy
metals such as mercury (ll) chloride and seleniuoxide. Bandgar and co-workers
[110] have developed a catalytic mode to removedlwarbonyl protecting groups: using
microwave radiation and solvent free conditions arwhtalytic amount of kaolinitic clay,
the thioacetals and thioketals liberate the carb@oynpounds in good yields. These
examples show the importance of the use of thelysatérom the perspective of

achieving the goals of green chemistry.

2.4. Barriersto green chemistry development

Green chemistry is an approach dealing with patuprevention problem. Although this
approach has so far yielded to dramatic improvesdatthe general state of the
environment (air, water, soil), there are still ®omandicaps blocking its spreading all
over the world. These can be broadly categorized three groups: knowledge,

legislation and economic barriers [111, 112, 113].

24.1. Knowledge barrier

There is a philosophy believed to have introducgdPlarcelus many years ago that
‘everything is poison depending on the dose’ [T4jis rationale is sometimes used to
justify the inertia of some people as for thenmgverything is toxic nothing can be done
to control the toxicity. It is true that the excesfsanything leads most of times to a
negative consequence but all substances are naliyegazardous. The level of toxicity

varies from a compound to another.
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Therefore, it is always important to minimize thekrof exposure to the hazardous
substance, avoid their production and use whengessible and look for alternative non
hazardous substances in order to protect the htwewth and the environment in general
[114].

Another problem related to the knowledge issuehaé the toxicological data are only
available for a very low percentage of the totanber of known chemical compounds
[115]. This may serve as a pretext to the inactibaome people. However, correlations
within chemical classes have been extensively &staol. Hence, if no toxicological
data are available for a particular chemical sulzstait is reasonable to assume that it
will behave similarly to other compounds belongitey the same class for which

toxicological data are known.

In order to overcome this knowledge barrier, it Heeen proposed that school and
university chemistry courses should contain gre@enustry topics so that when
graduates enter the industry, they are alreadyoctmuns about the waste generation, safer
synthetic design and all other green technolodié6,[117].

24.2. Legislation barrier

In general, there is a lack of legislation agaerstironmentally unfriendly processes. As
a consequence, the less environmentally friendbgenfures are still carried out and no
legal action can be taken because there is no ddated to the matter. This plays a
significant role in the discouraging the green cisttypdevelopment [118].

2.4.3. Economic barrier

Green technologies are sometimes considered ag bwre expensive than the classical
technologies.
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When this perception is coupled with the lack obkiedge about the new technology to
be introduced (no demonstration facilities, no cately for example), this results in

hindering the adoption by the industry of the rssabming from the research [119].
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