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Figure 1. 12 Principles of green chemistry [8].  
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In our previous work, the esterification reaction 

of fatty acid with ethanol was developed to achieve 

a “greener” synthesis protocol for biodiesel produc-

tion. The green quantitative metrics of that process 

are shown in Table 1. It was found that sulfuric acid 

gave a higher yield percentage and a higher reaction 

mass efficiency than KSF montmorillonite under 

reflux method. However, KSF montmorillonite 

gave 17 times lower E-factor than sulfuric acid pro-

cess demonstrating that KSF montmorillonite-

catalyzed reaction is better to be implemented as an 

alternative green method [17]. 

When waste prevention could not be avoided, 

waste remediation stage is absolutely required to 

minimize the negative effect on the environment 

[18]. Several liquid waste remediation techniques 

have been established, such as coagulation, precipi-

tation, adsorption, bioremediation, and photocataly-

sis methods [9]. Coagulation and precipitation are 

carried out by changing the liquid state of the pollu-

tants to solid or semi-solid state either by physical 

process (centrifugation) or chemical process 

(precipitated as their insoluble materials). Adsorp-

tion is a process by which solid materials are uti-

lized to trap the pollutants on their pore and surface 

[18]. Bioremediation is a chemical process involv-

ing enzyme and/or microorganism for pollutant 

degradation [19]. While photocatalysis is defined as 

a chemical degradation process using a catalyst ma-

terial under light irradiation [20]. On the other hand, 

solid waste treatment usually performed through an 

incineration process followed by landfill application 

[9]. 

As an example, phenol (C6H5OH) is a useful raw 

material on the production of herbicide, detergents, 

polycarbonate, bakelite, and nylon polymer materi-

als. Although the demand for phenol is kept in-

(1) 

(2) 
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creasing because of its irreplaceable role, phenol 

belongs as one of 129 dangerous pollutants accord-

ing to the Agency for Environmental Protection 

[19]. Because of that, several phenolic wastewater 

treatments are developed and optimized. Phenol 

adsorption had been investigated using various het-

erogeneous materials to obtain as high as possible 

maximum adsorption capacity (mg phenol/g adsor-

bent). However, phenol desorption is sometimes not 

easy thus leaving a toxic solid material. Bioremedi-

ation of phenol becoming an alternative way to de-

grade phenol through enzymatic metabolism of bac-

teria, however, the bacteria require specific and sta-

ble environmental condition such as pH 7.4 at 310 

K [21]. That limitation makes the chemical process 

is not facile enough to be carried out in a large-scale 

commercialization stage. 

In contrast, phenol degradation to carbon dioxide 

and water is possible to be performed under light 

irradiation in the presence of metal oxide catalyst 

material [22]. This treatment is quite simple and 

efficient because it only needs light and reusable 

catalyst materials. In our previous work, we utilized 

red amaranth natural pigments to sensitize the P25 

TiO2 nanoparticles for phenol degradation under 

visible light. Bare P25 TiO2 did not give any photo-

degradation activity under visible light, however, 

sensitized-P25 TiO2 gave 22% photodegradation 

activity of phenol, which was remarkable [20]. This 

finding shows that a suitable combination of organ-

ic compounds with inorganic materials could serve 

as an ideal smart material for the phenol photodeg-

radation to water and carbon dioxide. 

 

3.  SAFER SOLVENTS 

“Chemical products should be designed to opti-

mize their function while minimizing their toxic 

effect.”  

 

Solvent is the major liquid compound which is 

required to dissolve the chemicals to form a solu-

tion. In a simple chemical process, sometimes a 

large volume of solvent is required for reaction me-

dia and/or purification stage [23]. Since the main 

role of the solvent is only for diluting the chemicals 

in the chemical reaction, it is quite possible to pre-

vent the usage of flammable, toxic and environmen-

tally damaging solvents such as benzene, carbon 

tetrachloride, formaldehyde, etc. [24].  Highly vola-

tile solvents such as carbon tetrachloride are easily 

evaporated thus making hazardous air pollution as 

well as high risk for human exposure [23]. On the 

other hand, high polarity solvents such as formalde-

hyde are unfavorable because they are possible to 

be accumulated in aquatic environment generating 

health damages to human population [25]. Because 

of that, several efforts for solvent substitution are 

going on to achieve a better environmental sustaina-

bility. Of course, solvent-free reactions such as 

grinding method and sol-gel reaction are the most 

desirable condition on the chemical processes [26]. 

Benzene recently had been substituted by toluene 

due to its carcinogenic effect while carbon tetra-

chloride had been substituted by either chloroform 

or dichloromethane due to its effect in depleting the 

ozone layer of the atmosphere [27]. Byrne, et al. 

introduced “green solvent” term as an environmen-

Parameter 
Catalyst 

H2SO4 KSF mont 

Yield (%) 90.0 52.0 

Atom economy (%) 75.0 75.0 

Reaction mass efficiency (mg/g) 11.0 6.3 

E-factor 12.0 0.7 

Table 1. The green quantitative metrics esterification reaction of fatty acid under reflux using different catalyst [17]. 

(3) 

(4) 

(5) 

(6) 
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Class Solvent Pfizer recommendation Sanofi recommendation 

Alcohols Methanol Preferred Recommended 

  Ethanol Preferred Recommended 

  1-Propanol Preferred Recommended 

  2-Propanol Preferred Recommended 

  1-Butanol Preferred Recommended 

  Ethylene glycol Usable Substitution advisable 

Hydrocarbons n-Pentane Undesirable Banned 

  n-Hexane Undesirable Substitution advisable 

  Cyclohexane Usable Substitution advisable 

  Benzene Undesirable Banned 

  Toluene Usable Substitution advisable 

  Xylene Usable Substitution advisable 

Dipolar aprotic Dimethyl sulfoxide Usable Substitution advisable 

  Acetonitrile Usable Recommended 

  N,N-dimethyl formamide Undesirable Substitution advisable 

Esters Methyl acetate Preferred Substitution advisable 

  Ethyl acetate Preferred Recommended 

Ethers Tetrahydrofurane Usable Substitution advisable 

  Diethyl ether Undesirable Banned 

  1,4-Dioxane Undesirable Substitution advisable 

  2-methyl tetrahydrofurane Usable Recommended 

Ketones Acetone Preferred Recommended 

  Methylethylketone Preferred Recommended 

Halogenated Carbon tetrachloride Undesirable Banned 

  Chloroform Undesirable Banned 

  Dichloromethane Undesirable Substitution advisable 

Miscellaneous Water Preferred Recommended 

  Acetic acid Usable Substitution advisable 

  Pyridine Undesirable Substitution advisable 

Table 2. List of solvent recommendation according to Pfizer and Sanofi [28]. 
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tally friendly solvent which is derived from the re-

newable sources with low net cumulative energy 

demand during its production process. As an exam-

ple, ethanol is a “greener” solvent than N,N-

dimethyl formamide because ethanol could be easi-

ly produced by a largescale fermentation process 

from the biomass waste. Table 2 list the solvent 

classification according to Pfizer and Sanofi based 

on their environmental effect and the production 

energy intake [28].  

In general, solvent-replacement is considered 

from the physicochemical properties of the solvent. 

As long as the alternative solvents have nearly same 

physicochemical properties to the used solvent, it is 

quite possible to do the solvent replacement. Those 

physicochemical properties are solubility (d), acidi-

ty (a), basicity (b) and polarity (p*) called as Kam-

let-Taft parameters. Through a careful investigation 

of those parameters, a rational design on solvent 

replacement could be achieved [29]. Several alter-

natives solvents have been reported to minimize the 

environmental damages from the chemical process-

es and they are listed in Table 3. Supercritical fluids 

and ionic liquids are also recently welcomed in sev-

eral chemical processes. 

 

4.  DESIGN FOR HIGH ENERGY EFFICIEN

 CY  

“If possible, all chemical processes should be 

conducted at room temperature and pressure.”  

 

Chemical reactions sometimes need high temper-

ature to pass the activation energy and/or make the 

reaction possible from the thermodynamic point of 

view. As examples, some inorganic materials re-

quire calcination at >700 K to form the desired 

crystal structure. On the other hand, organic reac-

tions usually carried out through a reflux method 

[30]. Nowadays, several “green” reaction condi-

tions have been established well such as sonochem-

istry, microwave chemistry, photocatalysis reaction 

and microfluidics reaction. The main keyword on 

applying the alternative reaction method is to deliv-

er energy rapidly from the heat sources to the chem-

icals thus the reaction time could be drastically 

shortened. Another way to decrease the energy us-

age of the chemical processes is by using catalyst 

material to shorten the reaction and purification 

process [31]. Catalyst is a chemical substance that 

enhances the reaction rate by decreasing the activa-

tion energy, however, the catalyst itself does not 

undergo any permanent chemical change [32]. By 

Solvent Issues Alternatives 

n-Pentane Low flashpoint n-Heptane 

Diethyl ether Low flashpoint 2-Methyl tetrahydrofurane 

Hexane Toxic Heptane 

Benzene Carcinogenic Toluene 

Chloroform Carcinogenic Dichloromethane 

Pyridine Carcinogenic Triethylamine 

N,N-dimethyl formamide Reproductive toxicity Acetonitrile 

Table 3. List of the alternative solvents for a safer chemical process [28]. 

Parameter 
Method 

Reflux Sono-chemical 

Yield (%) 52 86 

Atom economy (%) 75 75 

Reaction mass efficiency (mg/g) 6.3 11 

E-factor 0.7 0.4 

Energy (kWatt) 15.998 257 

Table 4. The comparison of ethyl 9,10-dihydroxyoctadecanoate synthesis using reflux and sonochemistry 

methods [17]. 
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changing the catalyst materials, it is possible to con-

trol the reaction selectivity as well as its stereo-

chemistry to obtain the desired product in very high 

yield and purity percentage [33]. It means the selec-

tive and high catalytic efficiency of the catalyst ma-

terial is much better than obtaining racemic a mix-

ture in a time-consuming reaction. 

Coming back to the green reaction conditions, 

sonochemistry method is defined as a process utiliz-

ing the ultrasonic radiation (20 kHz – 10 MHz) to 

undergo the chemical reaction. The main advantage 

of the sonochemistry method is generation of the 

hot spots with 5,000-25,000 K temperatures and 

1,000 atm pressure at a very short time (heating rate 

> 1011 K s-1) due to unique cavitation phenomena 

[34]. In our previous work, esterification of 9,10-

dihydroxyoctadecanoic acid with ethanol using 

KSF montmorillonite as the catalyst with reflux and 

sonochemical method had been investigated and the 

results are shown in Table 4. It was found that 

sonochemical method gave a higher yield and reac-

tion mass efficiency than reflux method. Further-

more, the E-factor and consumed energy were much 

lower than reflux method demonstrating that sono-

chemical method is a better and greener way to pro-

duce ethyl 9,10-dihydroxyoctadecanoate [17]. 

Microwave-assisted reaction happens through a 

suitable interaction between the chemicals and elec-

tromagnetic energy through collision and/or con-

duction process [35]. Recently, organic reaction 

utilizing microwave heating is known as Micro-

wave-Assisted Organic Synthesis (MAOS) and it 

had been thoroughly applied for some organic reac-

tions, such as ring-closing metathesis of diallyl de-

rivatives, intramolecular hetero-Diels-Alder cy-

cloaddition of alkenyl-tethered 2(1H)-pyrazolines, 

cyclotrimerization reaction between the diyne and 

benzonitrile, and so on [36]. For the cyclotrimeriza-

tion reaction, the reaction yield was significantly 

improved from 9% (conventional heating) to 92% 

using microwave-solid support method (300 Watt, 

Figure 2. MAOS process for several organic reac-

tions.  

10 min), which was remarkable. The reaction 

scheme of these compounds using microwave was 

shown in Figure 2.  

On the other hand, catalyzed photochemical reac-

tions such as Claisen rearrangement, Diels Alder 

reaction, and other pericyclic reactions are greatly 

focused due to manipulation of the orbital mole-

cules and/or charge transfer of the chemicals under 

ultraviolet (400-750 nm) or infrared (750-2,500 nm) 

irradiation [37]. The first photochemical reaction 

was reported by Trommsdorff in 1834 by reacting a

-santonin under visible light. Through visible light 

irradiation, the a-santonin was rearranged, dimer-

ized and reacted to form a single crystal [38]. Other 

useful reactions are the transformation of (Z)-1,2-

diphenylethene to phenanthrene through a photoox-

idation reaction, and the transformation of benzene 

to fulvene and benzvalene. Transformation benzene 

to fulvene is remarkable because that finding breaks 

an impossible issue of benzene to be degraded in a 

very simple way [39]. The reaction scheme of these 

compounds using photochemistry method is shown 

in Figure 3.  

Last but not least is the microfluidics reaction 

which is defined as the reaction on the micro-vessel 

device. Microfluidics offers high mass transfer rate 

as well as large surface contact area and very short 

diffusion distance [40][41]. Because of that, micro-

fluidics knowledge has been applied for several 

applications including chemical synthesis. Yoshida 

and coworkers have studied the application of the 

microfluidic device to synthesis organic compounds 

in submillisecond reaction time [41]. A very short 

reaction time could be achieved due to extremely 

fast reaction mixing which is impossible to be 

achieved in conventional reactors. Additionally, 

microfluidics offered higher reaction selectivity due 

to good kinetic control thus suppressing the unnec-

essary waste generation [42]. Due to rapid mixing 

velocity, the organic reaction is possible to be per-

Figure 3. Photochemistry reaction for the produc-

tion of organic compounds. 
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formed in mild condition at ambient temperature 

thus cryogenic condition and usage of protecting 

groups could be avoided. The miniaturized device 

making this technology is feasible to be used as a 

portable system thus reducing the energy for chemi-

cals distribution. It means that microfluidics served 

as an ideal reaction platform owing to high atom- 

and step-economical straightforward synthesis [41]. 

Organolithium compounds are known as highly 

reactive and pyrophoric compounds owing unstable 

carbon-lithium bonds. However, thank to merits of 

the microfluidics, organolithium reagents could be 

handled for an anionic Fries rearrangement (within 

a second), a catalyst-free amination of aromatic 

compounds (within a minute), a functionalization of 

2,5-norbornadiene (within 3 minutes), a Suzuki-

Miyaura cross-coupling reaction (within 5 minutes) 

and so on [44]. Furthermore, by using microfluidic 

technology, large-scale total synthesis of Pristane 

and Pauciflorol F compounds could be achieved 

within 5 minutes process, which was quite remarka-

ble [43]. 

 

5. USAGE OF RENEWABLE FEEDSTOCKS  

“Feedstocks are better in renewable stage thus it 

could be stable either in technically or economi-

cally practice.”  

 

As the fossil material sources are depleting by 

years, renewable sources are more glimpsed and  

greatly utilized recently [45][46]. Plastics industry 

from the petroleum feedstocks is facing serious 

condition because the demand is much higher than 

the production rate. Because of that, several indus-

tries try to shift from petroleum-based polymer to 

biomass-derived polymer [46]. Preparation of bi-

opolymer using an atom transfer radical (ATRP) 

polymerization had been known as an environmen-

tal-friendly method because it could be conducted 

in mild condition. Furthermore, by using a suitable 

catalyst material, the polymerization rate, polymeri-

zation degree and polymerization selectivity could 

be well controlled [47]. The catalyst material usual-

ly is built from an impregnation process on the sili-

ca materials making the process is cheap and con-

venient for the large-scale process. So far polylac-

tide (polylactic acid) could be used to replace poly-

styrene and/or polyethene materials. It was because 

polylactide could be degraded easily in aerobic con-

dition or under ultraviolet irradiation which was 

much easier than the degradation of either polysty-

rene or polyethene materials (> 1,000 years). Other 

biomass-derived polymers such as polyglyconic 

acid and bio-polyethene have been commercially 

produced from sugar beet and biomass fermenta-

tion, respectively, delivering good news for our 

earth [48]. 

As the fossil-based material stock is diminished, 

researchers are developing biomaterials from waste 

oils [17]. Several biolubricants, biogreases, and bio-

surfactants have been designed and evaluated their 

possibility to be applied in the commercial process 

[49]. In our previous work, we utilized used frying 

Figure 4. Structure of Biolubricant compound  A-K. 

oil as the raw material to prepare cyclic ketal of 

9,10-dihydroxyoctadecanoates, as well as other het-

erocyclic compounds [17][50][51][52]. At first, the 

used frying oil was transesterified, hydrolyzed, and 

then oxidized to obtain 9,10-dihydroxyoctadecanoic 

acid. That fatty acid was esterified and further re-

acted with carbonyl compounds to obtain the de-

sired product. From that process, dioxane-dione 

(A), dioxepame (B), dioxolane (C, F-I), and diox-

aspiro (D and E) compounds have been successful-

ly prepared. Their chemical structures are shown in 

Figure 4 while their physicochemical properties are 

shown in Table 5.  

From the physicochemical properties evaluation, 

the biolubricants A-E gave good density value, and 

much lower total acid number (TAN) and iodine 

value (IV) than either used frying oil or fossil-based 

lubricant, which was remarkable. Meanwhile, the 

total base number (TBN) is varied from low to me-

dium due to the variance of the attached substitu-

ents on the heterocyclic moiety. On the other hand, 

biogreases F-I also give lower TAN and IV but 
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higher TBN demonstrating that they are potential to 

be applied as biomaterial for machine-based chemi-

cal processes [20]. Further utilization of plant oils is 

the preparation of nonionic biosurfactants J and K. 

From the investigation of their physicochemical 

properties, it was found that their surface tensions 

were 16.1 and 14.2 mN/m, their foam stability val-

ues for 100 mins were 3.0 and 42 mL, their critical 

micelle concentrations were 1.5 and 1.5 g/L, and 

while their emulsification indexes were 10.0 and 

68.0% for 4 days observation, respectively. These 

physicochemical data show that the prepared 

nonionic biosurfactants are good candidates for in-

dustrial application [53]. 

 

6. CONCLUSIONS 

 

As a conclusion, careful attention is very crucial 

to establish an efficient and effective design of or-

ganic synthesis process, as well as to maintain our 

environmental sustainability. This condition could 

be achieved by applying the green chemistry princi-

ples, i.e. 1) preventing of generated waste by ob-

serving the green chemistry quantitative metrics, 2) 

utilizing the safer and biofriendly solvents, 3) using 

a suitable synthesis method owing high energy effi-

ciency, and 4) considering the use of renewable 

feedstocks such from the unused wastes. By that, 

there is no excuse to neglect the green chemistry 

perspective on running the chemical industries for 

better future of our earth. 
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