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WASTE PREVENTION



It is better to prevent waste than to treat or clean up waste after it is formed.

Image: HarshawChemical Company discharges waste water into the Cuyahoga river
Source: National Archives and Records Administration

WASTE 
PREVENTION



1. The Waste Treatment Pyramid

2. Reduced Solvent Use

3. Waste as a Feedstock

4. Biodegradation of Waste

5. Designing Processes to Include 
Biodegradation of Waste

Topics To Be Covered
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We need various types of 
technology to reduce and 
reuse waste.

Ultimately, the production of 
waste should be prevented.

WASTE TREATMENT PYRAMID: THE 4 RS
REDUCE, REUSE, RECYCLE, RECOVER



ÅConsolidated material is buried with mud 
and other sealing agents to enable chemical, 
bacteriological, and physical degradation.

ÅSemi-anaerobic conditions lead to 
production of methane and CO2.

ÅIf captured, landfill gas (methane) from 
decomposing garbage can be used to 
produce electricity, heat, and fuels.
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LANDFILLS



Ç Incineration

ÅSolid organic waste is combusted.

ÅSome thermal treatments allow energy 
capture.

ÅSolid mass is reduced by 95-96%. 

Ç Pyrolysis

ÅThermal decomposition at 200-300°C 
occurring in the absence of oxygen.

ÅPrecursor of both the combustion and 
gasification processes.

ÅThe products of biomass pyrolysis include 
biochar, bio-oil, and gases - such as 
methane, hydrogen, carbon monoxide, and 
carbon dioxide.
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INCINERATION AND PYROLYSIS



Recycling
Å Converting waste materials into new materials and 

objects.

Å Available for metals, plastic, paper, glass.

Composting
Å Organics undergo a biological decomposition to form a 

material (compost) that is non-toxic to plant growth. 

Å By-product of the reaction are CO2, water and heat.

Anaerobic conditions and biogas production
Å Adopted for farm waste.

Å Can reduce greenhouse gas emissions and can provide a 
cost-effective source of renewable energy. 

Å Recovered biogas can be an energy source for electricity, 
heating or transportation fuel.

Cost-benefit of recycling: energy savings

Material Energy savings

Aluminum 95%

Cardboard 24%

Glass 5-30%

Paper 40%

Plastics 70%

Steel 60%
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RECYCLING AND COMPOSTING



Gasification:
ÅConvertsorganicbasedmaterials intoCO, H2 and CO2.

ÅAchieved by reacting the material at high temperatures 
(>700°C), without combustion, with a controlled 
amount ofoxygen and/orstem.

ÅThe resulting gas mixture is calledsyngas.

ÅSyngas is combustible and often used as a fuel.
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Alcohol production (biomass conversion into mixed alcohol fuels):
ÅBiological/chemical method for converting anybiodegradablematerial into useful 

chemicals, such as biofuels (e.g., ethanol,propanol,n-butanol,isopropanol, 3-
pentanol).

ÅMade by enzymatic breakdown of biomass into simple sugars, followed by yeast 
fermentation into alcohols.

REUSE AND REPURPOSE



ÇReduced solvent or solventlessprocesses

ÇSelf separation

ÇProcess intensification

ÇMaterial deposition

ÇUse waste as a feedstock
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THE REDUCTION AND ELIMINATION 
OF WASTE



Sildenafil citrate, commonly known as Viagra, is a selectiveinhibitor of phosphodiesterase 5 (PDE5). This newdrughas 
immediately became a major seller, achieving sales of more than $1 billion during its first year on the market. With such a 
rapid sales take off it was critical that the environmental performance of the synthesis was good from the outset.

Å Average yield of last three steps = 97% yield. 
Å Reduction of the ratio of solvent waste/kg product 

over 17 years from 1300 L/kg to only 7 L/kg by 
minimizing solvent use, increasing solvent recovery, 
improving solvent selection, and telescoping steps. 

Å Only the solventst-butanol, ethyl acetate, 2-
butanone, and a trace of toluene still require 
disposal.

Comparison of organic and aqueous waste and vapor 
emissions for the sildenafil citrate process at three time points

Dunn, P.J et al Green Chem., 2004,6, 43-48

REDUCED SOLVENT: SILDENAFIL 
CITRATEPRODUCTION 

https://doi.org/10.1039/1463-9270/1999


ÅA one-pot, three step sequence.

ÅEliminates the need for several hazardous reagents such as ZnCl2, triphenylphosphine, 
and solvents such as dimethylformamide and dichloromethane.

ÅE-factor improved by an order of magnitude.

ÅSolvent consumption reduced by 95%, hazardous waste by 65%, 
preventing 1.5 million tons of hazardous waste per year.

They are the building blocks of bothDNAandRNA, which are chains of nucleotides made through the 
processes ofDNA replicationandtranscription.Nucleoside triphosphates also serve as a source of 
energy for cellular reactionsand are involved in signaling pathways. Nowadays they are synthesized 
and used in molecular biology.

REDUCED SOLVENT: DNTPS



Ethylene oxide is used as an intermediate in theproduction of several industrial chemicals, the most 
notable of which is ethylene glycol. It is also used as a fumigant in certain agricultural products and as a 
sterilant for medical equipment and supplies.

Å Use of molecular oxygen removed the need for 
chlorine.

Å New process generated more than 16 times less 
waste than the original one, eliminating the 
formation of wastewater.

REDUCED SOLVENT: PRODUCTION 
OF ETHYLENE OXIDE



Chemistry physically activated

Ç Motion ҦFriction ҦHeat ҦReaction

Uses High Energy Ball Milling 

Ç Vibrating ball mill crushes particles which 
results in large surface areas.

Ç Mixing of solids allows reaction at surfaces.

Ç Thermal equilibrium is broken ςάƘƻǘ 
ǎǇƻǘǎέΣ ŜǎǘƛƳŀǘŜŘ ŀǘ млллл YΣ ςLasting 10πт

seconds.

Ç Collisions break crystalline material.

Ç High pressures are generated.

Wilkening, M., Düvel, A., Preishuber-Pflügl, F., et al. (2016). Structure and ion dynamics of mechanosynthesized
oxides and fluorides.Zeitschriftfür Kristallographie- Crystalline Materials, 232(1-3), pp. 107-127.

SOLVENTLESSPROCESS: 
MECHANOCHEMISTRY



Some examples:

Ç Waste cooking oil for biodiesel

Ç Crustacean shell waste for chitosan based products

Ç Red mud for bricks

Ç Glycerol for lactic acid using catalyst

UTILIZING WASTE 
AS A FEEDSTOCK



Å 2011 US bio-diesel production 
reached 967 million gallons.

Å 1 Olympic-size swimming =  
approximately 660,000 
gallons.

Å Almost 1460 Olympic-sized 
swimming pools of glycerol.

Å Current treatment:

Å Dispose (sold for $240/ton!).

Å Combust as fuel.

Chen, L.; Ren, S.; Ye, X. P., Fuel Processing Technology 2014,120, 40-47.
T. Werpy, G. Petersen, Top value added chemicals from biomass, Pacific Northwest National Laboratory 
(PNNL), National Renewable Energy Laboratory (NREL), Office of Biomass Program (EERE), 2004.

Bio-dieselñWasteò

EXAMPLE: ELECTROCATALYTICOXIDATION 
OF GLYCEROL TO CHEMICAL FEEDSTOCKS



Polylactic acid

Valuable 
medicinal 
product

Sunless 
tanning 
product

Anti-freeze

Industrial 
chemical 
precursors

Skin 
exfoliating 
reagent

GLYCEROL TO 
OTHER CHEMICALS



90% of lactic acid comes from anaerobic 
fermentation of hexose sugar (e.g. corn 
starch).
ÅCompete with food sources.
ÅSlow and requires a lot of purifications.

Dusselier, M.; Van Wouwe, P.; Dewaele, A.; Makshina, E.; Sels, B. F., Energy & Environmental Science 2013,6 (5), 1415-1442.

Other applications of Lactic Acid:

ÅFood preservatives

ÅEdible pH modifier

ÅTextile industry 

ÅCosmetic and pharmaceutical industries

PRODUCTION AND APPLICATIONS 
OF LACTIC ACID



2H2O ---> O2 + 4H+ + 4e- 2H+ + 2e- ---> H2
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Supply

e-

e-

e- e-

e-

e-

e-

Cathode:
Any conductive materialsAnode:

Expansive platinum group metals

/ƻōŀƭǘ мΣнπōƛǎόŘƛǇƘŜƴȅƭǇƘƻǎǇƘƛƴƻύŜǘƘŀƴŜ 
(Co-DPPE)

Bloomfield, A. J.; Sheehan, S. W.; Collom, S. L.; Crabtree, R. H.; Anastas, P. T., A heterogeneous water oxidation 
catalyst from dicobalt octacarbonyl and 1,2-bis(diphenylphosphino)ethane. New J. Chem. 2014, 38 (4), 1540-1545.

WATER ELECTROLYSIS WITH EARTH 
ABUNDANT METAL CATALYST



2H2O ---> O2 + 4H+ + 4e-

2H+ + 2e- ---> H2

ÅWater-compatible
Å Atmospheric pressure 
Å Rm temp. or above
Å Very low current / voltage
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ELECTROCATALYTICOXIDATION
OF GLYCEROL



The Bayer Process (Karl Bayer, 1887)

Element Composition

Fe2O3
30-60wt%

Al2O3
10-20wt%

SiO2
3-50wt%

Na2O 2-10wt%

CaO 2-8wt%

TiO2
trace-25wt%

K, Cr, V, Ni, 

Ba, Cu, Mn, 

Pb, Zn, Sc

Traces

NaOH, 170 ς180 °C
1 ς6 atm

Sodium aluminate
Na+ Al(OH)4

-

Precipitation

Electrolytic Reduction

Red Mud

Alumina 
Al2O3

(~2 tonne)

Aluminum
(~1 tonne)

Bauxites
(4 ς5 tonne)

Source: http://www.aluminiumleader.com/production/aluminum_production

Red mud is a toxic byproduct of 
the industrial process that refines 
bauxite, raw aluminum ore, into 
aluminum oxide, or alumina.

Depending on the origin, quality 
and composition of the bauxite, 
the amount of red mud left over 
from the alumina refining can vary 
widely. For every ton of alumina 
produced, the process can leave 
behind a third of a ton to more 
than twotons of red mud.

EXAMPLE: NEUTRALIZATION OF RED MUD 
THROUGH ENERGY EFFICIENT EXTRACTION 

OF SODIUM IONS



Stade, Germany Ajka, Hungary

Noranda Alumina plant at Gramercy -
located alongside the Mississippi River

Damandjodi, India

The mud also has a high pH because 
of the sodium hydroxide solution used 
in the refining process. The base is 
strong enough to kill plant and animal 
life, and to cause burns and damage 
to airways if the fumes are breathed.

Most refineries collect the mud in 
open ponds to allow some of the 
water to evaporate. Once it's dry, 
after several years, the red mud is 
buried or mixed with soil.

The red mud is kept in reservoirs, so 
there isthe possibility of leaks and 
floods, as seen in western Hungary.

RED MUD: POLLUTION AND 
ACCIDENTS



If it is neutralized to pH 8 ς9:
ÅBuilding Materials

ÁCement, bricks, tiles, etc.

ÅPollution Control
ÁRemoval of toxic heavy metal: Cd, Pb, Cr, etc..

ÁRemoval of aromatic pollutant: dyes, phenols, 
chlorophenols, boron agents, etc.

Economically Unfeasible 
Schemes:
ÅAcid neutralization (from waste plant).

ÅCO2 pumping.

ÅSeawater neutralization.

Arch. Environ. Sci. 2012,6, 13-33

We can fight pollution with pollution!

RED MUD: NEUTRALIZATION AND 
POTENTIALS
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2H2O ---> 2O2 + 4e- + 4H+

Water oxidized to lower pH and 
pushes Na+ ions through

4 H2O + 4eҍҦ нI2 + 4OHҍ

Generates OH- to facilitate the Na+

passing

*Patent Pending

NEUTRALIZATION OF RED MUD THROUGH 
SELECTIVE EXTRACTION OF SODIUM IONS
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6 volt, Room Temperature, 12 hours

[Ion]hr=12

(Cathode ςTrial 1)
0.1 71.6 - - 0.1

[Ion]hr=12

(Cathode ςTrial 2)
0.1 71.6 - - 0.2

[Ion]hr=12

(Cathode ςControl,no e-)
0.0 0.0 - - 0.0

Using this process, red mud 
can be neutralized at room 
temperature in 12 hours.

SUCCESSFUL NEUTRALIZATION



Ç Biodegradation - "A process by which microbial organisms transform or 
alter (through metabolic or enzymatic action) the structure of chemicals 
introduced into the environment." ςUS EPA, 2009

Ç άwŜŀŘȅέ ōƛƻŘŜƎǊŀŘŀōƛƭƛǘȅ ςremove 70% of dissolved organic carbon 
AND achieve 60% theoretical oxygen demand or CO2 production within 
a 10-day window in a 28-day test. ςOECD

Ç ά¦ƭǘƛƳŀǘŜέ ōƛƻŘŜƎǊŀŘŀōƛƭƛǘȅ ς60-70% of organic carbon converted to 
CO2 within 28 days.

BIODEGRADE THE WASTE



Difference in oxygen supply, organism types, and 
products formed.

AEROBIC VERSUS ANAEROBIC 
DIGESTION



Ç Bacteria consume organic matter.

Ç Needs a constant supply of oxygen, pH adjustments, and mixing.

Ç Byproducts: heat, CO2, and H2O.

Ç Frequently used by water treatment plants or in composting.

AEROBIC DIGESTION



Ç Bacteria consume organic matter in the absence of oxygen.

Ç Common in fermentation and landfill; produces biogas consisting of 
methane, ammonia, hydrogen sulfide.

Ç Biogas is considered a renewable energy.

ANAEROBIC DIGESTION



Ç Not all chemicals will biodegrade at the same rate (think plastic 
vs paper).

Ç The rate of biodegradation depends on the microorganism, but 
also a chemical structure of the molecule.

Ç Some parts of the molecule are known to be more biodegradable 
than the others.

Ç There is a publically available software that analyses the 
chemical structure and predicts whether the molecule will 
degrade slower (days) or slower (months, years).

DIGESTION VERSUS CHEMICAL 
STRUCTURE



EPI = Estimation Programs Interface http://www.epa.gov/oppt/exposure/pubs/episuitedl.htm

PREDICTING BIODEGRADATION: 
EPA, EPISUITE


