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How to Identify and Evaluate Sustainable Materials for the Chemical Industry

Peter Saling 
BASF Aktiengesellschaft, Ludwigshafen, Germany


Abstract

Quantifying the sustainability benefits of Chemicals is an important issue for the further development of this field of opportunities in the future. Generating a realistic and validated estimate of its innovative potentials by using a quantitative method is essential for the development of new products and processes. Using the Eco-Efficiency Analysis of BASF is seen as a life-cycle management tool and involves assessment of the entire product life-cycle, from concept development, to design and implementation, further to marketing, and finally, end-of-life issues. The analysis incorporates both, economic and environmental aspects. 

For the calculation and comparison of the environmental position of each alternative, data from the different production methods are assimilated and analyzed to provide a value for energy consumption, raw-material consumption, emissions, use of area, risk potential and toxicity potential. 

In the same manner economical data from the life-cycle chain of a product application or process evaluation, may also be calculated and summarized. At the end, this analysis can lead to better decisions and strategies for the usage of chemicals in different applications.

Promising products can be identified at an early stage, thus facilitating decision-making about the prime thrust of the development. Major R & D projects are to be accompanied by eco-efficiency analyses during the following development phases, mini-plant, pilot plant, and basic design of a production facility, and the projects evaluated at each milestone. 

It will be shown in several examples, how this methodology can be used to support and to evaluate chemical products and processes over the whole life cycle
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Opportunities for the Production of Fine and Specialty Chemicals from Renewable Raw Materials’
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Abstract

The use of biomass for the production of energy, chemicals and materials is one of the key issues of sustainable development. Indeed, bio-based resources are renewable and CO2 neutral in contrast with fossil fuels. Also, the molecules extracted from bio-based resources are already functionalised so that the synthesis of chemicals requires a lower number of steps than from hydrocarbons. Also, bio-based products may have unique properties compared to hydrocarbon-derived products, for instance biodegradability and biocompatibility. Products issued from biomass have a potential market differentiation and their marketing is made easier because of their “natural” or ”bio” label. 

Conventional agroresources (carbohydrates, vegetable oils, terpenes) can be employed as raw materials for the production of specialties and fine chemicals, however lignocellulosic materials should rather be employed whenever the tonnage of targeted chemicals becomes important.

The processing cost of biomass has to be decreased by designing new processing routes and catalytic systems different from those employed from hydrocarbons and adapted to the specific molecular structure of biomolecules. Two process options that could be integrated in a biorefinery scheme will be illustrated by selected exemples1: 

(i) From biomass to products via platform molecules: 

Biomass is converted via biotechnological processes to well-identified platform molecules that can be employed as building blocks for chemical synthesis via catalytic routes. 

(ii) From biomass to products via one-pot reactions:

The formulation of many commercial products (cosmetics, paper, paints, binders, construction materials, etc.) often involves a mixture of molecules with the same functionalities that can be obtained via one-step process. Thus, natural polymers such as starch or cellulose can be modified by catalytic routes to produce a blend of chemicals that can be incorporated in the formulation of many end-products.

[1] Gallezot P., Green Chem., 2007, 9, 295-302
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Surfactants Based on Renewable Resources for Personal Care and Home Care



Dr Ansgar Behler 
Cognis GmbH, 

Abstract 
In concepts for new products the performance, product safety, and product economy criteria are equally important. They are taken into account already when the raw material base for a new industrial product development is defined. Here, renewable resources gain - again after the earlier “green trend” in the 1980ies - increasing attention as an alternative raw material source compared to fossil feedstock. The industrial use of carbohydrates, proteins and vegetable oils aligns perfectly with the principles of “Responsible Care” and is an important part of “Green Chemistry” and sustainability in general. 
Since the 1950s oleochemistry has been grown to a major research and technology area in several institutions and industries. A large variety of products based on fats and oils has been developed since then for different uses, such as specialties for polymer applications, biodegradable mineral oil replacements for lubricants, and surfactants and emulsifiers for the home and personal care industries. However, at present it seems that the use of renewable resources, especially vegetable oils, has to compete more and more with the increasing demand for bioenergy, which could cause an unbalanced supply in the future or even a threat for the increasing demand for food in certain areas of the world. 
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Abstract
The idea of "green solvents" expresses the goal to minimize the environmental impact resulting from the use of solvents in chemical production. To assess how "green" a solvent is, we propose a comprehensive framework for the environmental assessment of solvents that covers major aspects of the environmental performance of solvents in chemical production as well as important health and safety issues. The framework demonstrated on a broad range of organic solvents  combines the assessment of substance-specific hazards with the quantification of emissions and resource use over the full life-cycle of a solvent.

The EHS (Environmental, Health and Safety) assessment method is a screening method that identifies possible hazards of chemical substances in early phases of the chemical process design. 

The life-cycles of solvents are comprised of the petrochemical production and subsequent treatment of used solvents. The used solvents are either recycled by distillation processes (material recycling) or they are treated in a hazardous waste incineration plant (energetic recycling). To calculate the environmental impact for a specific solvent, the Ecosolvent software tool was used.

Combing the two methods our results show that simple alcohols (methanol, ethanol) or alkanes (heptane, hexane) are environmentally preferable solvents whereas the use of dioxane, acetonitrile, acids, formaldehyde, and tetrahydrofurane is not recommendable from an environmental perspective.

Our next approach is an assessment on solvents based on ionic liquids, e. g. 1-butyl-3-methylimid-azolium salts. New solvent technologies show environmental advantages compared to conventional. In order to assess how "green" these solvent technologies really are, environmental impacts arising from the industrial production, recycling and disposal processes, as well as EHS characteristics have to be considered. For such a comprehensive environmental assessment, results from a life-cycle assessment can again be combined with EHS indicators in the same way as for conventional solvents. First results on the investigation of ionic liquids show that the production of an alkylimidazolium is very energy-intensive (approx. 1000 MJ-eq. per kg of 1-alkyl-3-methylimidazolium chloride).
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Ionic Liquids and their Potential Role in Speciality Chemicals



Neil Winterton 
University of Liverpool, UK

Abstract

Molten salts with melting temperatures at or below ambient (‘ionic liquids’) have long been known. Intrinsic scientific interest has been coupled with evaluations of their utility, both in materials applications (eg, as battery electrolytes) and as media in which to carry out chemical transformations. The discovery of relatively more robust ionic liquids that may be readily prepared and manipulated, based on the dialkylimidazolium cation and anions such as tetrafluoroborate and hexafluorophosphate, has driven much recent activity. 

A key physical characteristic of interest is the negligible volatility of many (but not all) ionic liquids. This has stimulated much recent research and technical and industrial evaluation. However, the very characteristic that allows ready separation of volatile products also confounds the usual process for purification, recovery and recycle of the reaction medium, namely distillation, critically necessary for materials whose costs (while low in some cases and reducing in others) are much greater than competing molecular solvents. Novel approaches to purification, illustrated with work from the author’s laboratory, will be assessed.

While much novel chemistry has been reported that is likely to excite the interest of producers of specialty chemicals, general issues of cost, supply, availability of information necessary for regulatory compliance, as well as questions of purity and stability (both intrinsically and in use) have all constrained industrial use. Nevertheless, some larger-scale applications are operated industrially and these will be reviewed.

The prospects and potential for widespread use of ionic liquids in speciality chemicals (both as products in their own right and as media in which preparative chemistry may be undertaken) will be assessed in the light of the most recent developments in the area, the fundamental physical and chemical properties of ionic liquids as well as against more technically relevant criteria.
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Continuous Crystallisation Technology
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Abstract

Industrial batch crystallisation has exclusively been carried out in stirred tank reactors (STR) and heavily relies upon operators’ experience. Since no complete theory is available to model nucleation/crystallisation, their behaviours can only be anticipated by experimentation; accurate process measurements are essential in understanding crystallisation processes. A number of techniques have been implemented to monitor crystallisation/process variables at laboratory scale, for example, employing optical turbidometric UVvis probe for the measurement of metastable zone width; X-ray diffraction (XRD) for polymorph; Fourier transform infrared spectroscopy (FTIR) for supersaturation; ultra sound spectroscopy (USS) for crystal size; focused beam reflectance measurement (FBRM) for on-line chord length of crystals and crystal size distribution; Differential scanning calorimetry for phase transition; particle vision measurement (PVM) for on-line crystal shape, particle image velocimetry (PIV) for local velocity and so on. These techniques/measurements have promoted significant advances in understanding lab scale batch crystallisation and have assisted in designing better crystallisation processes. However these advances have not been matched by an equivalent increase in our ability and understanding in scaling up STR, the workhorse of industrial crystallisation, there is still a gulf between the laboratory and industrial scale crystallisation. The simple example is that the LINEAR cooling profile has been identified as one of the key operational parameters in solution crystallisation, whilst it is fairly easy to achieve such profiles in small STR, but is still a near impossible mission in industrial scale batch STR with huge volume, inherited non-uniform mixing and significant velocity/temperature gradients. Hence the benefits realised in laboratory STR cannot be transferred into the large industrial operations. 

In this presentation, I will briefly review the fundamentals in solution crystallisation; outline the challenges in industrial batch crystallisation; introduce the novel continuous crystallisation technology, the continuous oscillatory baffled crystallizer (COBC), that offers near plug flow conditions under laminar flows with near perfect radial mixing and excellent heat transfer coefficient. It provides controllable LINEAR cooling profiles that cannot be achieved in large batch operations, allowing well-defined continuous crystallisation. I will then use real examples of industrial crystallisation in COBC to demonstrate the significant benefits obtained, e.g. consistent crystal morphology and size; better filterability; significantly reduced crystallisation time, space usage, utility and energy consumption. By the end of the presentation, I hope that the better understanding of continuous crystallisation technology will result in renewed confidence to promote innovation in crystallisation operations in speicality and pharmaceutical industries.
Sustainable Manufacturing - Profit from the Future 

Malcolm Wilkinson
Chair IChemE Sustainability Subject Group 

Abstract

A thriving and sustainable chemical industry is vital to our future. To secure that future the chemical industry needs to reduce its overall environmental impact. Public and political pressures plus the physical limitations of the ecosphere mean that the chemical industry must change. It cannot continue at current levels of impact. Green chemical technologies which avoid the use of non-renewable resources reduce energy and material use, reduce waste and lower environmental and human health impacts, provide a route to a sustainable and profitable industry. But how do companies identify the best route to follow, develop implementation plans and then measure progress? 


Technology roadmapping is a technique widely used in industry to support strategic decision making. A technology roadmap is a time-line that links the development of technology to future industry and market needs. There are several sources of generic roadmaps which can form a framework for companies to apply to their own strategic objectives. 

The roadmaps identify broad technology developments to support sustainable manufacturing which enable companies to identify the technology opportunities, the gaps in knowledge and the key actions that need to be taken to implement their specific business strategies. 

An essential part of driving towards sustainable manufacturing is the need to both benchmark current performance and then measure subsequent improvements. The Institution of Chemical Engineers (IChemE) has developed a set of metrics specifically for the process industries to use for this purpose which are available free of charge. 


The presentation will: 
· summarise the business case for sustainable manufacturing
· outline the direction of technology change for the speciality chemical sector based on some generic technology roadmaps

· highlight some key technologies for sustainable manufacturing 

· introduce the IChemE Sustainability Metrics to measure progress 
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Lessons Learnt Through Measuring Green Chemistry Performance – The Pharmaceutical Experience
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Abstract
One of the goals of GlaxoSmithKline’s Sustainable Processing Team is to promote the design and development of more efficient chemistries and processes.  By efficient we mean processes that use less mass and energy per kg of active drug substance, create less waste, use inherently less hazardous reaction conditions and chemicals, and in general move GSK towards more sustainable business practices.

In order to design more sustainable chemistries and synthetic routes, GSK systematically and continuously measures and monitors green chemistry performance throughout the development cycle.  To do this, GKS has selected key green chemistry metrics and has designed tools to facilitate chemical, chemistry and process assessment.  The tools include solvent and material selection guides, a Green Chemistry and technology guide, a chemical legislation guide, and others that have been previously reported.  A set of agreed targets with benchmarks for each clinical development phase are provided and these are accompanied by guidance and interpretation that is communicated directly to the development scientists responsible for optimizing GSK chemistries and processes.
Life cycle environmental impacts are also included as part of our continuing assessment of synthetic routes under development through our tool FLASC (Fast Life cycle Assessment of Synthetic Chemistry).  The inclusion of life cycle metrics is especially important for supply chain management in light of the growing trend to outsource manufacturing within the pharmaceutical industry.

This presentation intends to share GlaxoSmithKline’s experiences with systematically measuring, comparing and evaluating synthetic chemistry routes using key ‘green chemistry’ metrics.  It also explores the opportunities and challenges encountered in implementing green chemistry concepts within a research and development framework.  

Recycling Precious Metals Using Functionalised Silica Scavengers and Catalysts


Dr David Astles
PhosphonicS Ltd, UK
Abstract
Catalysis is behind virtually every chemical we use today, and is involved in some way in virtually every consumer product on the market. Catalyst scientists and technologists have mastered the conversion of crude oil into an enormous array of useful chemical products. These could then be elaborated using systems such as redox catalysts, metal-centred coupling catalysts or enzymes, all of which provide excellent control over reactivity and selectivity.

As well as in the petrochemical and refining industry, catalysts are at the centre of many pharmaceutical and fine chemical processes. A broad range of precious and base metal catalysts are employed covering homogeneous, heterogeneous, chiral, and supported/homogeneous systems. These catalysts provide efficient and clean routes to high value products, delivering the process objectives of maximum conversion and high selectivity. 

However increasing focus is being placed on the fate of the metal in the industrial catalytic process. Little is collated or published on the losses of metals from catalytic processes. The metal leached from a catalyst will normally find its way into the product, the waste stream or into the effluent plant. The consequent environmental and economic impacts of metal losses are significant and in times of high metal prices and growing demand for scarce resources, the need to manage the problem effectively is increasingly pressing. 

PhosphonicS™ has developed advanced scavenging technology to address this issue. Metal scavengers for use in pharmaceutical and fine chemical purification have been developed which allow reduction of metal residues in products to be achieved down to very low levels. In fine chemical and petrochemical processes, precious metal recovery is critical to process economics. Recovery from low concentration, high volume liquid streams is particularly difficult. Processes based on a range of novel metal scavengers have been designed for economic application to a range of such industrial problems. 

Using the capability to immobilise metals, PhosphonicS™ also has a range of catalysts in development as alternatives for: C-X bond forming processes; oxidation catalysis and acid catalysts. They provide metal-free green alternatives to conventional systems. 
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Evolving Enzymes for Highly Efficient Chemical Processes

Dr Pascal Duenkelmann
Julich Chiral Solutions GmbH, Germany

Abstract

During the last decades the high potential of biotechnology for the chemical and pharmaceutical industry became more and more obvious. Various processes were established for the production of pharmaceuticals and fine chemicals applying enzymatic or whole-cell conversions. 

Compared with conventional chemical processing methods, enzyme-based methods are often faster, more efficient and environmentally sustainable. However, it is not always possible to find enzymes in nature that are suited to catalyzing a specific chemical reaction. Insufficient performance of the catalysts concerning stability, selectivity, etc then leads to an unsatisfactory efficiency which vitiates the benefits regarding environmental friendliness.

Codexis solves this problem with its platform technology, which uses a proprietary DNA shuffling process to evolve customized biocatalysts, or “super” enzymes capable of performing chemical processes according to a highly selective set of specifications. This technology creates new and smarter enzymes that improve chemical manufacturing processes and can significantly improve the efficiency of a process by reducing manufacturing costs and by reducing the costs for waste disposal. 
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Detoxifying Waste Water through Immobilized Laccase Based Bioremediation

Rob Onderwater
Wetlands Engineering SPRL, B-1348 Belgium

Abstract
Laccases (EC 1.10.3.2) are copper-containing oxidases which are produced by white-rot fungi (WRF) for extracelllular lignin degradation. Laccases are commercialised as industrial catalysts with applications in textile dyeing/finishing, wine cork making, and many other industrial, environmental, diagnostic, and synthetic uses (1) 

Within the framework of the EU FP6 SOPHIED project we have been developing Laccase as the workhorse in a bioremediation process for waste water of the dyeing industry. Laccases from several WRF were shown to be able to effectively decolourise and detoxify industrial colourants in lab scale quantities in Petri dishes or shaken flask cultures (2). Wetlands Engineering SPRL has taken this basic research as a basis for its development of pre-industrial scale processes using immobilized Laccases.

A Laccase production method developed by other partners in the SOPHIED project is used at our facility to produce up to 5 MU of Laccase activity per batch of WRF bioreactor culture. 

Immobilization of the enzymes is necessary to allow for a continuous or fed-batch type of treatment system. We use a proprietary method of immobilization, which results in very high enzyme activities per gram of insoluble material (up to 500 U/g) allowing for limited equipment scale. A major advantage of this immobilization method is the fact that a low purity of the Laccases suffices for a high yield of immobilization, significantly reducing the cost of down-stream processing.

The bioremediation process has shown to be very effective in the treatment of real industrial waste water from the dyeing industry with regard to decolourisation and has a significant effect on the chemical oxygen demand (COD) value of the waste water. Most of the colourants are also detoxified as was shown by in vitro toxicity and mutagenicity assays although in rare cases bioactivation is also observed. 
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Developing a Toolbox for Application of Novel In-situ Product Removal Methods in Fermentative Processes

Mark Roelands, Jan-Harm Urbanus, Louise Heerema, 
Corjan van den Berg, Jean-Marie Bassett, Dirk Verdoes

TNO Science and Technology, O&G Separation Technology, PO Box 6012, 2600JA Delft, The Netherlands, 
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Nowadays biological processes are complementing chemical processes for production of (fine)chemicals for the reasons of selectivity, efficiency, use of renewable feedstock and reduction of environmental unfriendly wastes. These processes have the potential to become truly sustainable manufacturing processes, however, in many of these processes the products have inhibitory or toxic effects on the micro-organisms resulting in low productivity. Therefore, the product should be removed from the broth as soon as it is formed. In-Situ Product Removal (ISPR) can not only overcome the problems due to inhibition, but it is also beneficial for productivity and the subsequent purification steps. 


TNO, the Netherlands Organisation for Applied Scientific Research, is working on the integration of bioconversion processes with ISPR techniques. There are many separation principles available as potential options for ISPR, however, not every separation technology is suitable for each specific component. Therefore it is desired to create a toolbox based on different separation principles, which are multi-applicable in nature but can be quickly tailored for the specific molecule to be separated. Such a toolbox contains separation techniques, which can be applied to a specific target component based on its physical properties. TNO is developing a toolbox with ISPR techniques based on extraction, adsorption, crystallization, electrochemistry and membranes. Examples are pertraction: in-situ membrane extraction, SISCA: solvent impregnated smart carriers (resins) for adsorption/extraction and crystel: a hybrid method based on crystallization and electrochemistry. Examples from the toolbox show that application of these techniques decreases the product concentration in the solution and increases the productivity of the process.
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