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ABSTRACT: Poly(ethylene terephthalate) (PET) is a ubiquitous thermoplastic currently produced from non-renewable fossil resources; as such, sustainable bio-based routes to the key terephthalate monomer are being widely pursued. Herein is demonstrated a greener solventless route to bio-based diethyl terephthalate via a one-pot heterogeneous Lewis acid catalysed Diels-Alder addition and dehydration of 2,5-furandicarboxylic acid diethyl ester with ethylene, giving yields of terephthalate up to 59% for the key Diels-Alder addition step. A metrics-based comparison against alternative published bio-based routes (available from sugars, cellulose and hemicellulose) shows that the clean synthetic pathway developed herein gives a practical atom economy, overall yield and selectivity, making it a viable alternative to routes currently under development.
INTRODUCTION
Polyethylene terephthalate (PET) is a plastic derived from the esterification of terephthalic acid (TA), or transesterification of dialkyl terephthalate, with ethylene glycol (EG). PET has several characteristics that make it ideal for use in packaging applications; these include durability, high resistance to oxygen and water,1 low weight to filling volume,2 low permeability to gas and non-toxicity to humans, among others.3, 4 5Total consumption of PET in the U.S. alone reached around 5 million tons in 2007,  and current global PET production is greater than 50 million tonnes per annum, including fibre, films, sheets and packaging.6,7 Another major benefit in the use of PET is its ease of recycling, either via melting and reforming or via depolymerisation (hydrolysis, alcoholysis or glycolysis) to reform the constituent monomer units.
 ADDIN EN.CITE 
2, 3, 8-12
 Recycling of PET does not result in the significant loss of mechanical properties, so can therefore be reused many times reducing gas emissions and saving energy.8, 13 Although highly recyclable, a sustainable process for the production of PET from biomass is also desirable. The fluctuating cost of petroleum and reduction in global crude oil reserve makes the current PET production process excessively expensive and unsustainable in the medium to long term. Of more immediate concern, the oxidation of p-xylene to TA represents the second largest global consumption of acetic acid, a process which is environmentally damaging.14, 15 As a result, there has been widespread research into a biomass-based replacement for PET, ideally using a process that has a relatively low environmental footprint.


EG, which accounts for 30% w/w of PET, was historically synthesised solely from petroleum sources. However, EG can now be obtained from bio-derived ethylene or from platform molecules such as sorbitol and xylitol.16,17 As such the greater challenge in producing wholly bio-based PET resides in the synthesis of the aromatic rigid diacid monomer, TA, which accounts for the remaining 70% w/w of PET. Para-xylene (PX) is a fossil-derived base chemical serving as the source of both the aromatic and the key 1,4-substitution pattern for TA, but there is no simple bio-replacement for this molecule.18 The most promising routes previously reported for the synthesis of TA (or its diesters) from biomass can be roughly grouped into five families (Figure 1). The first family (A) consists of those routes that seek to produce bio-based PX as drop-in to the current petrochemical equivalent, requiring use of the Amoco process for the final multiple oxidation step. Family A is further subdivided into differing routes. Routes A1 and A2 are via 5-(hydroxymethyl)furfural (HMF) sourced from fructose or cellulose.  Here HMF has been converted first to 2,5-dimethyl furan (DMF) and then to PX via Diels-Alder addition of  glycerol-derived acrolein (A1)19 or ethylene (A2) under different reaction conditions.20, 21, 22, 23  A theoretical route via methylation and oxidation of HMF again involving Diels-Alder addition of ethylene over a series of Lewis acid catalysts to eventually give TA has also been proposed, however the final step to TA is merely postulated and has not yet been demonstrated.
 ADDIN EN.CITE 
24, 25
  Current routes to HMF rely on a fructose feedstock (or possible isomerisation of glucose to fructose) but a more promising 2nd generation feedstock would be cellulose or lignocellulosic biomass.
 ADDIN EN.CITE 
26, 27
 Similarly going via 5-(chloromethyl)fururyl (CMF) as a more stable 5 membered ring is showing much potential.
 ADDIN EN.CITE 
28-30
 Route A3 is via fermentation of sugar to isobutanol followed by dehydration to isobutene, which upon dimerisation, cyclisation and dehydrogenation yields the drop-in PX.31 Route A4, sometimes referred to as the “absolute ethylene route”, utilises ethylene as the sole starting material to obtain PX.32 The synthesis proceeds via trimerisation of ethylene to hexene, conversion to hexadiene over an iridium complex catalyst, Diels-Alder addition of ethylene to hexadiene and then catalytic dehydrogenation of the product 3,6-dimethyl cyclohexene. All routes in family A require the Amoco oxidation of the resultant PX. The Amoco process has been optimised over many years and there is no doubt that its high yield (>95%) and use of air as an oxidant offer some environmentally beneficial aspects relative to other oxidations.33 However, the Amoco process also suffers from two major issues: 1) the highly corrosive catalyst mixture requires the need for expensive titanium reactors; 2) heavily contaminated off-gases are produced that require cleansing prior to release.34
Family B shares a common para-toluic acid intermediate, this also further oxidised via the Amoco process to yield TA. Both routes in this family involve the use of acrylic acid as a dienophile addition onto two different bio-derived dienes, either sorbic acid (B1)35 or isoprene (B2).36 For route B1 a decarboxylation and concurrent dehydrogenation of the Diels-Adduct is required, while route B2 instead relies on a double dehydrogenation of the intermediate adduct para-toluic acid. Toluic acid is known to be more resistant to oxidation than PX, though optimisation of the Amoco process has begun to somewhat overcome this.33 Other catalytic systems for toluic acid are also being investigated.37 Indeed one solution to counter the resistance to oxidation of toluic acid is to convert first to the ester that is more readily oxidised. Taking this back a step further, the methyl or ethyl sorbate can also undergo a Diels-Alder addition with either acrylic acid35 or ethene to eventually give the para-ethyl toluate intermediate.38 

Family C contains a single route via oxidation of furfural to fumaric and maleic acids, the latter subsequently dehydrated to maleic anhydride. Diels-Alder addition of furan (obtainable from decarbonylation of furfural)39 to maleic anhydride gives an exo-DA adduct which is subsequently converted to anhydride and phthalate salt and finally to TA via the Henkel method transfer reaction. Analysis of the obtained TA with accelerator mass spectroscopy shows a 100% bio-based carbon content.40
Family D routes are via the use of bio-based dienes that contain the two required carboxylic acid groups (best yields when as diesters) on the diene prior to Diels-Alder additions with ethylene. Route D1 first involves formation of muconic acid, either from glucose41 or lignin,42 followed by diesterification, Diels-Alder addition with ethylene and finally dehydrogenation of the adduct.43 Our proposed route, D2, instead uses the diester of HMF-derived 2,5-furandicarboxylic acid (FDCA), further reasoning for selecting this route is given below.
Other previously reported routes have been omitted from further discussion in this article due to a lack of data to complete their metrics. For example the Virent process, which converts sugar beet to a mixture of intermediates which are further processed to give PX amongst other products, has been omitted as insufficient information is available to allow further discussion.7, 18  The Virent process does however form the basis for the Coca Cola’s exhibition of the world’s first 100% bio-based PET and as such may represent a viable route in the future. TA can also be synthesised from limonene,31 but this route has been discounted. The global annual limonene production of around 70,000 tonnes is not sufficient to meet sector specific solvent demands, let alone the volumes required for the polymer industry,44 and could potentially provide less than 1% of the global demand for PET. Cellulose, however, is the most abundant biomass with ca. 220 million tonnes cellulose waste produced annually in Europe alone,45 and therefore is the most attractive feedstock for the synthesis of bio-based PET. 
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Figure 1. Routes for the synthesis of bio-based terephthalic acid (TA) or diethyl terephthalate (DET). Route D1 can additionally use lignin as feedstock as described later.
While some of the routes look very promising, the issue with most is that the starting biomass has first to be reduced significantly, with oxygen atoms partially or completely removed and thereafter re-oxidised to form TA. This has considerable impact on the atom economy (AE)† of the processes.46 Additionally, the oxidation step employs the same harsh and reaction conditions currently employed in TA synthesis (Amoco process).

This study focuses on investigating an alternative HMF route to synthesise diethyl terephthalate (DET) as a potential precursor for bio-based PET via Diels-Alder addition of furans to ethylene using a heterogeneous, recoverable and reusable catalyst. To avoid wasteful oxygen removal and subsequent re-introduction seen for other pathways, the focus of this work is on Diels-Alder addition of 2,5-furan dicarboxylic acid diester with ethylene, with comparison to existing routes using green chemistry metrics. In doing so we demonstrate that our chosen pathway to bio-based DET is logical and with low waste as a result of higher AE to other previously described routes, and is another excellent option to synthesise this key precursor for 100% bio-based PET.
MATERIALS AND METHODS

Chemical reagents used for this study were sourced as follows: 2,5-furandicarboxylic acid (Sigma-Aldrich), ethanol (Fischer Scientific), sulphuric acid (Fischer Scientific), ethyl acetate (Fischer Scientific), magnesium sulphate (Fischer Scientific), sodium bicarbonate (Fischer Scientific), pillared montmorillonite (Sigma-Aldrich), montmorillonite (Fulmont), aluminium nitrate hexahydrate (Sigma-Aldrich), ammonium-Y-zeolite (Sigma-Aldrich), ethylene (BOC gas), titanium silicon oxide (nanopowder<50 nm particle size, Aldrich), titanium dioxide (nanopowder ~21 nm particle size, Aldrich).
All nuclear magnetic resonance (NMR) spectroscopy analyses were recorded on a 400 MHz Jeol spectrometer using deuterated chloroform (CDCl3). Fourier transform infrared spectroscopy (FT-IR) was recorded on Bruker vertex 70 spectrometer. Gas chromatography coupled with flame ionisation detector (GC-FID) was recorded on Agilent Technologies 7683B Series Injector  instrument. The capillary column was ZB5HT inferno (5%-phenyl 95%-dimethyl polysiloxane). 1 μL automated sample injection was used throughout analysis with the oven heated to 50 °C for 1 minute, ramped at 5 °C min-1 to 250 °C and held for 1 minute. Gas chromatography coupled with mass spectrometry (GC-MS) was carried out on a Perkin-Elmer instrument.
Synthesis of 2,5-Furandicarboxylic Diethyl Ester (FDEE). 2,5-Furandicarboxylic diethyl ester (FDEE) was synthesised as follows: 5.23 g of 2,5-furandicarboxylic acid (FDCA) was dissolved in 150 mL ethanol and heated to reflux. To this 0.4 mL of concentrated H2SO4 was added and the reaction left under reflux for 24 hours. The excess ethanol was removed under reduced pressure and another150 mL ethanol and 0.4 mL H2SO4 added and the reaction returned to reflux. After 24 hours the ethanol was removed under reduced pressure and an ethyl acetate-water wash applied, with this repeated twice more for the organic layer. The ethyl acetate layer was dried over anhydrous magnesium sulphate, filtered and the solvent removed in vacuo to yield a colourless oil that crystallised upon cooling to give the product (5.98 g, 83% yield, >99% purity). Purity and product identification confirmed by GC-FID, GC-MS, ATR-IR and 1H and 13C-NMR. ATR-IR:  1H-NMR (400 MHz, CDCl3, [ppm]): ∂=1.41-1.43 (6H, t, J=7.3 Hz, 2CH3-CH2-), 4.41-4.44 (4H, q, J=7.3 Hz, 2CH3-CH2-), 7.24 (2H, s, =CH-C=C-C=OOR).  13C-NMR (100 MHz, CDCl3, [ppm]): ∂= 14.34, 61.68, 118.34, 146.99, 158.17.

Pre-adsorption of FDEE on Catalyst. Pre-adsorption was carried out individually for each experiment to ensure that the complete loading of catalyst and FDEE, and their ratio, was maintained for each experiment, the procedure was as follows. A known amount of metal exchanged catalyst was added to 100 mL ethanol. An equal amount (or a calculated percentage of the amount of the catalyst depending on the intended catalyst loading in the reaction) by mass of the furan was added to the mixture on the rotary evaporator and the temperature raised to 60 °C.  After 30 minutes, the solvent was removed and the resulting mixture cooled to solidify, this subsequently crushed in pestle and mortar to give a powder. 

Diels-Alder Reaction of FDEE with Pressurised Ethylene. A known amount (typically 200 mg) of pre-adsorbed FDEE/Catalyst mixture (i.e. 100 mg of FDEE and 100 mg of catalyst) was loaded into a 16 mL HEL high pressure reactor equipped with a suspended magnetic stirrer. The reactor was sealed and the system purged with nitrogen followed by ethylene (with each gas being purged at least three times). The reactor was filled with ethylene to the desired pressure (at room temperature) then inserted into a metal block seated on a hot plate. The reaction was set to the selected temperature (probe inserted into the heating block), and left to run at a stirring rate of 240 rpm. After a set time, the reaction was rapidly cooled under running water and excess ethylene carefully vented. The reactor was then opened and the product removed with ethanol. The resulting solution was sonicated for 20 minutes (to ensure desorption of product retained in the catalyst pores) filtered and the solvent removed under vacuum to yield crude product. 

For the scale-up reaction, typically 10.0 g of pre-adsorbed FDEE/Catalyst mixture (i.e. 5.0 g of FDEE and 5.0 g of catalyst) was loaded into a 50 mL HEL high pressure reactor equipped with a suspended magnetic stirrer set at 1100 rpm. Synthesis and work-up were carried out as described for small scale above.

Reaction product was purified on an Isolera Four flash chromatographic system (Biotage) with method developed from TLC plate measurement (cyclohexane-ethyl acetate solvent mixture, 6:1, Rf: 0.43, 0.25, 0.69). Product identification was confirmed using FT-IR, GC-FID and GC-MS and NMR spectroscopy.  §GC-MS (M+ =222). 1H-NMR (400 MHz, CDCl3, [ppm]): ∂=1.39-1.43 (6H, t, J=7.3 Hz, 2CH3-CH2-), 4.37-4.41 (4H, q, J=7.3 Hz, 2CH3-CH2-), 8.10 (4H, s, =CH-C=C-C=OOR).  13C-NMR (100 MHz, CDCl3, [ppm]): ∂= 14.34, 61.68, 129.5, 134.29, 166.17.
Synthesis of Acid-free 2,5-Furandicarboxylic Diethyl Ester (FDEE). Synthesis was as described above but with an alternative method of purification. Excess ethanol from  the esterification was removed under reduced pressure after 24 hours and a 2-methylTHF-water wash was applied, with this repeated twice more for the organic layer. The organic layer was further washed with 5% sodium bicarbonate solution and brine solution, dried over anhydrous magnesium sulphate, filtered and the solvent removed in vacuo to yield a colourless oil that crystallised upon cooling to give the product (5.98 g, 84% yield, >99% purity). Purity and product identification was confirmed as per the original FDEE sythesis. 
Preparation of Al-Montmorillonite Catalyst. 2.8 g aluminium nitrate was dissolved in 180 mL deionised water. To this solution, 7 g neutral montmorillonite (Fulmont) was added and the suspension heated at 60 °C for 18 hours (equilibration stage). The resulting suspension was decanted to give the exchanged clay. The catalyst was washed several times with distilled water and centrifuged. The catalyst was dried in a vacuum oven at 80 °C for 5 hours and ground into a powder and stored. 
Preparation of Acid-free Al-Montmorillonite Catalyst. This was prepared as described above except that the equilibration stage was repeated two more times (18 hours each) to ensure full replacement with Al3+ in the montmorillonite, thereby reducing possible acidity. The resulting suspension was decanted to give the exchanged clay. The catalyst was washed several times with distilled water and centrifuged. The catalyst was dried in a vacuum oven at 80 °C for 5 hours and ground into a powder and stored
Preparation of Al-Y Zeolite Catalyst. 1.86 mMol of Aluminium nitrate, 0.4 g, was dissolved in 60 mL dionised water and to this solution, 1 g of ammonium-Y-zeolite was added and the suspension heated to 60 oC for 18 hours. The resulting suspension was decanted to give the exchanged zeolite. The zeolite catalyst subsequently washed several times with distilled water and centrifuged. The catalyst was dried in a vacuum oven at 80 °C for 5 hours and ground into a powder and stored
RESULTS AND DISCUSSION

A BP Corporation patent from 2008 proposes that the Diels-Alder addition of ethylene and the bio-derived furans 2,5-furnandicarboxylic acid (FDCA) and its dimethyl ester (FDME) represent a plausible route to TA.47 The optimum conditions for this reaction were found to be: 5 g furan; 100 mL H2O; 250 psi (~17 bar) ethylene; 200 °C; 2 hours. Under these conditions a maximum yield of 0.14% TA was detected. In every case for these reactions the product was TA, even when employing the diester furan starting material. The patent always stipulates the use of water as a solvent and this is clearly responsible for hydrolysis of any esters present. The low yield of the reaction was likely a result of the inverse electron demand Diels-Alder addition (electron deficient diene and mildly electron rich dienophile) coupled with the need for dehydration of the intermediate oxa-adduct to drive the reaction towards product. Normal convention would suggest that high pressure coupled with low temperature would favour Diels-Alder addition, though it is the dehydration step that most likely resulted in the need for the elevated temperatures applied in the patent. Indeed, a Furanix patent from 2014 showed that the yield of TA from the addition of ethylene onto FDCA could be increased to 16.5%, and the use of FDCAs dimethyl ester also gave yields of 11.6% to the terephthalate but elevated temperatures of 240 °C were still necessary.48 The Furanix route to TA required addition of benzoic acid anhydride and a solvent (acetic acid), while the diester route needed the addition of phosphoric acid and acetic anhydride as solvent, thus further optimisation for this promising process could clearly be sought. 
We hypothesised that avoidance of the use of a solvent coupled with a suitable catalyst may result in improved yields for this promising approach. A preliminary heterogeneous catalyst screen was carried out on a range of montmorillonite clays where the cations between the clay sheets were exchanged with a range of metal ions. These metal ions would act as Lewis acids and promote the desired Diels-Alder addition, and the use of a clay gave a simple means by which to assess them and to give the added benefits of heterogenisation. A model reaction was selected for this screen, 2-methyl furanoate with cyclohexene, carried out within a microwave reactor to allow for higher temperatures and pressures to be reached. A model reaction was used so potential catalysts could be screened more rapidly and the selected reagents were easier to handle (both liquids) relative to the use of pressurised ethylene gas. The results of the catalysts screen and a discussion thereof is available in the supplementary information (ESI section 1). The final conclusion drawn from the model reaction catalyst screen was that exchange of Al3+ into a montmorillonite clay (Al-mont) produced the most effective catalyst if low abundance (In, Ga) or toxic (Cr) elements are avoided. 


We subsequently synthesised furan diesters via esterification of commercially available FDCA (itself being obtained from oxidation of fructose derivatives). Conventional TA synthesis involves partial oxidation of PX in acetic acid at high temperature and pressure with a mixture of oxidation catalysts and promoters such as manganese, bromide, and cobalt (Amoco process).49 Using furan diesters for terephthalate diester production averts the need for this oxidation process and harsh chemistry involved in the conversion of PX to TA and delivers a greener process for example as measured by atom economy. A recent review discussed the many options for oxidation of HMF to FDCA, these including mild oxidations in the presence of nobel and non-noble metal catalyst as well as biocatalysis.50 The synthetic route to terephthalate diesters followed in this study is shown in Figure 1, route D2.

Initial studies focused on Diels-Alder addition of 2,5-furandicarboxylic acid dimethyl ester (FDME) to ethylene in a 16 mL stainless steel high-pressure reactor. There was evidence of hydration of ethylene to ethanol, followed by transesterification of FDME 1 to 2,5-furandicarboxylic acid methyl ethyl  ester 2 and FDEE 3 (Figure 2). This is further supported by detection of methyl ethyl terephthalate (0.3%) along with dimethyl terephthalate (0.6%). NMR spectroscopy of the recoved crude mixture also shows the presence of 2, as opposed to a hydrolysed oxo-adduct 4. It was also discovered that FDEE 3 (and other FDCA diesters) sublimed under the conditions initially investigated (ESI section 2).
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Figure 2. Formation of compounds with molecular weight 198 and 212 g mol-1 from FDME and ethylene Diels-Alder addition
In order to negate the complications brought about by ethylene hydration and subsequent transesterification of the starting material, FDME 1 was replaced with FDEE 3 (Scheme 1).  Initial efforts focused on carrying out the reaction below the critical point of ethylene (9.5°C and 50.7 bar),51 though evidence of sublimation (ESI section 2) indicated that some method of FDEE dissolution was required. Attempts to use solvents (ethanol and water) for the reaction were unsuccessful with no formation of diethyl terephthalate (DET) or the oxo-adduct observed. However, pre-absorption of FDEE onto the catalyst did reduce the extent of sublimation of the starting material away from the catalyst bed in the reactor. At reaction conditions of 60 bar and 150-250 °C, 28-44% DET yield was obtained in 48 hours as shown in Table 1 entries 3-6. At a higher fill pressure of ethylene, conversion and yield reached 48% and 36% respectively in 48 hours but with reduced selectivity‡ (75%) entries 1-2. No oxo-adduct was detected from the recovered product, it is assumed that the higher temperatures result in its immediate dehydration to aromatics, and thus that the rate-determining step is the initial bi-molecular Diels-Alder addition.
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Scheme 1. Diels-Alder addition of ethylene and FDEE (3)

Table 1. Yield, Conversion and Selectivity of Diels-Alder addition of FDEE to ethylene with selected heterogeneous catalysts under varying reaction conditions with 50% (entries 1-5) and 60% (entry 6) loading for Al-mont catalyst; and 50% (entries 7-16) and 60% (entries 17-23) catalyst loadings for others.
	Entry
	Catalyst
	Temp. (°C)
	Pressuref (bar)
	Pressurer (bar)
	Time (h)
	Conversion (%)*
	Selectivity (%)*
	Yield (%)*
	Comment

	1
	Al-mont
	150
	80
	230
	24
	18
	94
	17
	P

	2
	
	150
	80
	150
	48
	48
	75
	36
	P

	3
	
	150
	60
	140
	48
	34
	>99
	34
	P

	4∞
	
	200
	60
	130
	24
	56
	66
	37
	P

	5∞
	
	200
	60
	140
	48
	66
	66
	44
	P

	6∞
	
	250
	60
	230
	48
	65
	43
	28
	P

	7
	Al-Y-Z
	200
	60
	130
	24
	0
	0
	0
	U

	8
	
	200
	60
	130
	24
	0
	0
	0
	P

	9
	
	250
	60
	140
	24
	6
	100
	6
	U

	10
	Al-P-MC
	150
	60
	120
	48
	0
	0
	0
	P

	11
	
	200
	60
	160
	48
	19
	88
	17
	P

	12
	
	200
	70
	160
	48
	8
	63
	5
	P

	13
	
	250
	60
	150
	6
	23
	87
	20
	P

	14
	
	250
	60
	230
	48
	68
	74
	50
	P

	15
	
	250
	70
	170
	48
	51
	94
	48
	P

	16
	TS1
	250
	60
	190
	24
	32
	52
	17
	P

	17
	Al-P-MC
	200
	60
	160
	48
	18
	97
	17
	P

	18
	
	250
	60
	250
	24
	66
	88
	59
	P

	19
	
	250
	60
	250
	48
	81
	63
	51
	P

	20
	TS1
	250
	60
	170
	24
	31
	65
	20
	U

	21
	
	250
	60
	170
	24
	33
	42
	14
	P

	22
	T1
	250
	60
	140
	24
	92
	16
	15
	U

	23
	
	250
	60
	150
	24
	95
	24
	23
	P

	24‡
	
	250
	60
	110
	24
	9
	61
	5
	U


100 mg FDEE, 100 mg (entries 1-5 and 7-16) or 150 mg (entries 6 and 17-23) catalyst, 16 mL reactor filled with ethylene (varied pressure: Pressuref = filling pressure at room temperature, Pressurer = pressure at reaction temperature), Al-Y-Z = Al-Y-zeolite, Al-P-MC = Al-pillared montmorillonite clay, TS1 = titanium silicate, T1 = titanium dioxide, ‡ = T1 catalyst loading was 25%wt, ∞ethylene oligomerisation products ignored for calculations of conversion, selectivity and yield (entries 4-7), *determined by GC peak area, P = furan preadsorbed onto catalyst system, U = un-preadsorbed system

Some of the side products observed (Figure 3) in varying amounts depending on reaction conditions included: 2-furan carboxylic acid ethyl ester 5, ethyl benzoate 6, mono ethyl terephthalate 7, 2,5-furandicarboxylic acid monoethyl ester 8, 2,5-furandicarboxylic acid dibutyl ester 9 and butyl ethyl terephthalate 10. 
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Figure 3. By-products from the reaction of FDEE and ethylene over Al-mont as detected by GC-MS
It is known that under the conditions investigated some of the ethylene will be hydrated to ethanol, as confirmed above in reactions involving FDME. In this instance the primary source of water for the hydration is assumed to be from the dehydration of the oxo-adduct.  Indeed, clays exchanged with aluminium salts have been previously reported to hydrate ethylene at 50 bar over a 250-300 ⁰C temperature range,52 therefore the observation above matches with known behaviour for similar catalyst. This water generated from the oxo-adduct dehydration is likely also responsible for the formation of monoesters 7 and 8. There is a very broad peak on the baseline of the chromatogram (Figure 4) which indicates the presence of low molecular weight alkanes: 2,4-dimethyl heptane 11, 2,5-dimethyl heptane 12; alkenes: 2,4-dimethyl heptene 13; polyalkylated aromatics with diverse chain lengths and structures: 14, 15, 16. These hydrocarbon compounds were formed via oligomerisation of ethylene, most likely through formation of carbocations, and subsequent hydrogenation (forming alkanes), dehydrogenations (forming aromatics) and hydrations (forming alcohols).53, 54 GC-FI-MS and GC-EI-MS of reaction products showed that peaks A and B (Figure 4) are compounds having mass 204 g mol-1 15 and 218 g mol-1  16 respectively with fragmentation patterns readily confirming that they were not formed from the furan while peaks C and D (Figure 4) relate to compounds that have possibly been formed via transesterification reactions with newly formed alcohols derived from ethylene to give 9 –mass: 268 g mol-1 and butyl ethyl terephthalate 10 –mass: 250 g mol-1 respectively. Broadly from Table 1 entries 1-6, results showed that increasing catalyst loading resulted in alkane, alkene and poly-alkene oligomerisation becoming more pronounced. Ethylene was, therefore, pressurised and heated in the presence of the Al-mont catalyst without FDEE in order to further confirm the formation of ethylene oligomers and aromatics. The results of this showed the presence of all the species discussed above minus the furans, terephthalates and benzoates (ESI section 3).
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Figure 4. GC-FID chromatograms of crude product from the Diels-Alder addition of FDEE and ethylene over a Al-mont catalyst. 0.100 g FDEE pre-adsorbed on 0.100 g Al-mont, 60 bar ethylene fill pressure (16 mL reactor), 200 °C, 48 hours, crude product washed from reactor and catalyst using ethanol
DET synthesis using Al-pillared montmorillonite, Titanium Silicate (TS1), Titanium Oxide (T1) and Al-Y-Zeolite Catalysts

Other heterogeneous catalysts, namely aluminium pillared montmorillonite clay (Al-P-MC), titanium silicate (TS1), titanium oxide (T1) and Al-Y-zeolite, were also screened for the Diels-Alder reaction. In Al-P-MC, some of the interlayered cations of montmorillonites have been substituted with bulky inorganic polyoxocations, thus increasing the basal spacing of the clay.55,56 The presence of acid sites on the interlayers and on the pillars would possibly make Al-P-MC a better Lewis acid catalyst over standard aluminium exchanged montmorillonite whilst also negating the need to exchange aluminium salts into the basal spacing. Al-P-MC may contain traces of titanium dioxide,57 therefore titanium containing catalysts were also investigated to ensure that these sites in the pillared clay were not responsible for any catalytic activity.


Reaction yield, conversion and selectivity with those heterogeneous catalysts under varying reaction conditions are presented in Table 1 entries 7-16 and entries 17-23 for 50% and 60% catalyst loading respectively. Entries 7-9 showed there was no conversion of FDEE to DET at 200 °C and 60 bars fill pressure in 24 h whether or not it was pre-adsorbed on to the Al-Y-Zeolite catalyst. However, at 250 °C and 60 bars fill pressure, approximately 6% FDEE conversion and 6% DET yield was obtained in 24 h for the un-pre-adsorbed system (entry 9).

At lower temperatures Al-P-MC was a less effective catalyst compared to standard Al-mont; at 150 C the pillared clay gave no conversion (entry 11, Table 1) while Al-mont gave a yield of 34% DET (entry 3). An increase of reaction temperature to 200 C resulted in a 17% yield of DET for Al-P-MC (entry 11, Table 1), and although this was lower than for Al-mont (44%, entry 5) the pillared clay showed a better selectivity (88%). However, for Al-P-MC conversion and yield increased significantly to 68% and 50% respectively with increasing to 250 C reaction temperature (entry 14) while at this same elevated temperature the original Al-mont catalyst resulted in a considerable drop in selectivity (43%, entry 6) and subsequent reduction in yield of DET (28%). N2 porosimetry (ESI section 9.1) shows that Al-P-Mont has a higher surface area (215 m2 g-1) than Al-mont (52 m2 g-1). FTIR spectroscopy of both catalysts before and after vacuum oven drying (ESI section 9.2) also indicates a better temperature tolerance for Al-P-mont, as would be expected due to the support offered to maintain the basal spacing by introduction of the pillars. At 60% Al-P-MC loading (entries 17-19) the same trend of increased conversion and yield was observed with increasing temperature, but while conversion increased with time, yield and selectivity decreased as a result of increasing side reactions to 5, 6, 7, 8 and 14. Notwithstanding, 59% DET yield was obtained at 250 °C in 24 h. At both catalyst loadings, TSI gave roughly 30% FDEE conversion and DET yield between 14% and 20% in the pre-adsorbed and conventional systems (entries 16, 20 and 21). Interestingly the T1 catalyst at higher catalyst loading favoured FDEE conversion up to 95%, however DET yield and selectivity was considerably lower as more decarboxylation of both FDEE 5 and DET 6 was observed. Considering the high conversion observed with T1 catalyst, 25% catalyst loading was used which gave 61% selectivity but with a very low conversion, 9% (entry 24). Although T1 demonstrated catalytic activity for this reaction, ICP-MS measurement of the Al-P-MC used showed that only 0.062% titanium was contained in the catalyst, therefore it suggests titanium sites were not responsible for the catalytic activity of Al-P-MC. 


In all, it was observed that Al-P-MC performed better at higher temperature than higher pressure. At higher pressures there is more ethylene in the system and therefore a greater chance of saturating the catalyst with ethylene, not allowing enough furan to the active sites, and this would also increase ethylene oligomerisation. The oxo-adduct was not observed at this temperature and it seems high temperature causes its rapid dehydration and subsequent conversion to DET; this is potentially the driving force for the increased yields of the Diels-Alder reaction and could explain why DET yield is highest at 250 °C. The hydration of ethylene to ethanol is potentially another driving force for the reaction as it removes water from the system and therefore pulls the oxo-adduct towards aromatisation.


Contrary to the presence of oligomers with Al-mont catalyst, there was little or none found when using the pillared clay system as observed from GC-FID chromatograms (ESI section 4). To further ascertain this, Al-P-MC and ethylene were charged into the reactor and reacted under the same conditions used for investigating the presence of oligomers with Al-mont above. GC chromatogram of the ethanol wash from the reaction product appeared clean indicating the absence of any compounds no matter how volatile.

Reaction scale up, mass recovery and catalyst reuse
To demonstrate scalability the process was transferred to a 50 mL pressure reactor for 24 hours, 250 °C, 60 bar fill pressure and a 60%wt catalyst loading. Proportional scale-up requiring 0.625 g FDEE-Al-P-MC mixture was initially performed and DET yield decreased slightly to 55% relative to the equivalent 16 mL scale (59%, entry 18, Table 1). Although this represents a promising yield relative to those reported for FDME (11.6%), evidently further optimisation of the process is required but nevertheless represents a step-change relative to previous results.48 To push the system further we investigated a significant increase in loading of reagents into the 50 mL reactor, using 5 g of FDEE pre-adsorbed onto a 60%wt catalyst loading and with ethylene fill pressure of 60 bar. Under these conditions conversion of the furan remained high (91%) but selectivity and yield of DET decreased (55% and 50% respectively). This reduction in yield and selectivity likely result from the drop in relative FDEE to ethylene molar ratios, being 1:82 FDEE:ethylene for the typical system and only  1:5 in the 5 g system. 

Mass recovery for the 50 mL reactions above was typically about three-quarters of the mass of the starting material obtained at the end of the reaction (ESI section 5), even when attempts were made to wash the reactor thoroughly with solvents (acetone, ethyl acetate and ethanol). The reactor was vented into a vial containing solvent (ethyl acetate, acetone, ethanol – each assessed separately) to dissolve any possible organics being carried over by the vented ethylene so as to account for this mass loss; GC-FID results showed only solvent peaks. Sonication time of the catalyst for recovering the crude product mixture was also increased to 2 hours prior to filtration but there was no significant difference in recovered yield.    
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Figure 5. Conversion, yield and selectivity of three reuse cycles of Al-pillared montmorillonite for scaled-up Diels-Alder addition of FDEE and ethylene. Temperature (250 °C), 60 bar ethylene fill pressure, 24 hours, 0.62 g Al-P-mont catalyst loading (50%wt with respect to mass of FDEE), FDEE pre-adsorbed onto catalyst
Reuse of Al-P-MC in the reaction was investigated in three cycles. Results showed that conversion was approximately halved in the second and third cycles of reuse (Figure 5) possibly as a result of catalyst poisoning. DET yield followed the same trend as FDEE conversion in the three cycles. However, while selectivity increased in the second cycle, it reduced in the third cycle and there was a trace of polyalkylated aromatics. This could be as a result of possible collapse of the catalyst wall, making it behave like non-pillared Al-mont. It is expected that under flow conditions, in the absence of pressure and temperature swings, catalyst stability and lifetime would improve.
Comparison of routes to bio-PET

For multi-step chemical processes, cumulative metrics of reactions from the starting material to the final product is recommended in order to determine how green the process is. Cumulative metric of different routes from biomass-derived platform molecules to PET via TA to diethyl terephthalate (DET) is presented in Table 2. Detailed calculations can be found in the supplementary information (separate Excel file). Most of the reported routes have been from bio-based chemicals (but not from the biomass source) to PX or TA. To have an assessment of a 100% bio-based PET, transformations have been calculated from the biomass source (cellulose, glucose or xylose) and extended to DET for uniformity with our process. For each route 5 mole of DET was targeted as the bio-based monomer. A full metric evaluation including the most important mass-based metric, process mass intensity (PMI), based on the Chem21 First Pass methodology was impossible as there was insufficient experimental data from the literature to allow for a fair comparison of all the routes.44 Therefore, we have limited evaluation to overall yield, conversion, selectivity, AE, Reaction Mass Efficiency (RME), critical elements used and number of reaction steps from glucose/pentose or glycerol. Most data used has been taken from published articles and are assumed to be state of the art, however some reaction details have been taken from patents and the most optimised process may not have been stated. Nevertheless, this still gives adequate information to allow fair comparisons in most cases, and the AE metric does not consider yields or stoichiometry and thus is accurately determined for each route. 
Results show that cumulative yield and selectivity for all the routes is less than 50%, with the exception of going via CMF which has the highest yield (58.9%) and selectivity (62.0%) (Table 2, entry 2*). The route suggested in this study gives the third highest yield of 24.9% and second highest selectivity of 39.4%.. Five routes (A2, B1, B2, D1 and D2) have an AE greater that 40% and thus through process optimisation each of these offer much promise as a pathway to bio-based terephthalate. The HMF routes via DMF have cumulative theoretical atom economy, AE, of 38.9% (Table 2, entry 1, Figure 1, routes A1) and 41.6% (Table 2, entry 2, Figure 1, route A2), and although A2 has a reasonable AE three other routes are more atomic economic, and each of these involves Diels-Alder additions of molecules with carboxylic acid or ester groups.. A contributing factor to this is that it is atom uneconomic to first reduce HMF to DMF (removing two oxygen atoms) before Diels-Alder addition to acrolein (A1) or ethylene (A2), only to later add oxygen atoms back to form the carboxylic acids. The more atom economic approaches typically carry through some oxygen atoms from the original furan, sorbate or muconate into the final terephthalate (see Figure S29 for a representative example).The promising CMF route (Table 2, entry 2* Figure 1, route A2*) has a lower AE of 39.2% with the loss of chlorine on forming DMF being the single largest factor in this. Route A2* has a significantly higher yield than others presented due a patent from 2016 with 93% yield for conversion of CMF to dimethyl furan.30 However this step requires both toluene and dimethylformamide, with the role of the polar aprotic solvent not discussed (it is described as a reagent), nor the fate of the chlorine. Furthermore, dimethylformamide is classed as a substance of very high concern (SVHC) and is a candidate for restriction under REACH. A recent patent supporting the CMF route also uses a high-yielding step (95%) for DMF addition with ethylene to form PX, however this required the use of 1,4-dioxane as solvent.28
Table 2. Cumulative Metrics Result for synthesis of 5 moles of bio-derived DET from cellulose/glucose/xylose.
	Entry
	Route
	Yield (%)
	Conversion (%)
	Selectivity (%)
	AE (%)
	RME (%)
	Critical Element used
	Reaction steps from feedstock

	1
	A1
	7.6
	70.3
	10.8
	38.9
	0.9
	Cu, Ni, Zn, P
	10

	2
	A2
	30.2
	91.2
	33.2
	41.6
	1.1
	Zn, Ni, P
	8

	2*
	A2*
	58.9
	88.4
	66.7
	39.2
	1.0
	Pd , Cu, Co, Mn,
	8

	3
	A3
	9.4
	31.0
	30.4
	34.9
	1.1
	Al, Zn, Cu, P
	7

	4
	A4
	5.5
	90.0
	6.0
	34.9
	1.0
	Al, Pt, P
	11

	5
	B1
	6.9
	71.1
	9.6
	42.7
	0.9
	Pd, Co, Mn, Au, Ce
	10

	6
	B2
	8.7
	94.1
	9.2
	43.0
	1.0
	Ti, Pd, Co, Mn, Au, Ce
	8

	7
	C
	5.5
	96.0
	5.7
	26.4
	0.3
	Al, Pt, V, I, Cd
	11

	8
	D1
	19.0
	100
	19.0
	46.1
	0.3
	W, Pd  
	7

	This studya
	D2
	24.9
	63.2
	39.4.4
	44.8
	0.2
	Zn, Au, Al, P
	7


Abundance code58: 100-1000 years,       50-100 years,       5-50 years. AE = Atom Economy, RME = Reaction Mass Efficiency. Further details for the calculation can be found in the supplementary information (Excel file) showing determination of the metrics quoted above. a the metrics for the route shown in this study used the results for the formation of DET from FDEE using entry 18 of Table 1 (59% yield, 88% selectivity)
The isobutanol (A3) route with 7 reaction steps to DET and 34.9% AE is also poorly atom economic as the six carbon atoms in glucose were first reduced to four carbon atoms, with all the six oxygen atoms removed, to obtain isobutene (Table 2, entry 3, Figure 1, route A3). AE for the “absolute ethylene route” (A4) is also low (34.9%) with 8 reaction steps to DET. The route goes from glucose (C6) to two ethylene molecules, but this via ethanol where additional loss of CO2 and H2O is responsible for a significant hit to AE. From the ethene intermediate (4 moles required in total per mole of DET) up to the key PX further contribution to lowering AE come from the multiple dehydrogenations, these less of a factor than the earlier CO2 and H2O losses required for the ethylene production (Table 2, entry 4, Figure 1, route A4). The isoprene route to DET (route B2) has a high AE of 43% (Table 2, entry 6) despite an initial loss of all 6 oxygens and two carbons from its glucose feedstock. This is primarily because the conversion of glycerol to acrylic acid is relatively efficient and the subsequent Diels Alder gives a para-substituted carboxylic acid (p-toluic acid), requiring only oxidation of one methyl group. The cumulative yield for this route is only 10% which is mainly due to the low yield of isoprene from glucose. The sorbic acid Diels-Alder addition with acrylic acid (B1) has an AE of 42.7% even though most of the oxygen from glucose is lost and a decarboxylation step also occurs. The overall yield of 8% is mainly as a result of the poor yielding first step of producing triacetic acid lactone from glucose.  Route C recorded the lowest AE of 26.4% with 8 reaction steps to DET. Cumulative selectivity and yield of this route is very poor; about 6% (Table 2, entry 7). The muconic acid route (D1) gives the highest AE of 46.1% (Table 2, entry 8) as 2 of the 6 oxygens from the glucose feedstock are retained in the molecule, with the other two coming from efficient O2 oxidation of the catechol intermediate, combined with a Diels-Alder cyclisation step does not involve a bridging ether as seen in the HMF derivative Diels-Alder routes (A1, A2 and D2). The cumulative yield of 19.5% is as a result of only one poorly yielding step, that to gain the muconic acid platform molecule itself. The highest yield reported for muconic acid from glucose being 30%,41 while from lignin it is 17%.42 Our route via 2,5-furandicarboxylic acid (FDCA) gave a 44.8% AE (Table 2, this study, Figure 1, route D2). As for route D1, our route is potentially less environmentally damaging as it does not involve the harsh oxidation of para-xylene to TA (or toluic acid) in order to obtain terephthalate. The route goes from C6 atoms in glucose to a C8 atom to obtain DET in 7 steps, while keeping three bio-based oxygen atoms in the final DET monomer (though two of these are from the bio-based ethanol used in preparation of FDEE).
Process Mass Intensity (PMI) was initially assessed as a metric for comparing the routes, however it was not possible to gather the complete set of data required to fairly assess those routes carried out in earlier studies, this due to a lack of detail for all reagents used including catalyst and solvents. The PMI for the synthetic pathway described herein (route D2) is 6457 kg kg-1 which appears excessively high and entirely unfit for a commercial process. However this is capturing everything require in process including the sugar and water required to ferment to ethanol for both the esterification and the formation of ethylene, all the gases (including excess) required in any oxidation or reaction under inert atmosphere, and all the catalyst and solvent loadings utilised in research papers which are always in vastly greater quantities than those employed at industrial scale. If E-factor is used and any input that can be readily recycled/reused is not considered a waste, the figure drops to 4515 kg kg-1. If the water applied in the two fermentation steps is not considered a waste, this figure drops significantly to 77 kg kg-1. When specifically looking at the reaction of FDEE and ethylene an initial PMI of 871 kg kg-1 was calculated, This can be reduced to 73 kg kg-1 if the solvent used for the recovery after the reaction is reused or omitted entirely (i.e. product recovered via sublimation). The PMI for the Diels-Alder addition is reduced further to 3.5 kg kg-1 is the excess ethylene is assumed reusable, this possible as our optimum catalyst, Al-P-mont, avoided significant ethylene oligomerisation. Finally, the PMI can be ultimately refined to 1.8 kg kg-1 if catalyst recovery and reuse was found possible, though preliminary reuse data suggest further optimisation is required, including an investigation into the reasoning for catalyst deactivation.

As an alternative Resource Mass Efficiency (RME) was determined, this being easier to calculate as only reactants, not reagents, are considered. In each case the final RMEs are low, indicating that most reactants are still applied in excess and are not contributing significantly to the final mass of the product. This is as a result of all pathways containing a step or multiple steps involving reactants in separate phases, and the application of high pressure e.g. all oxidation reactions have a large excess of O2 or in some cases air, which is captured by RME but not normally considered by the researchers who tend to focus more on the pressure applied than the dead volume of the reactor. All routes have also been given to DET, with the formation of the ethyl ester being integral to the chosen route (this work and route D1). Other routes have had the esterification of TA to DET added in the final step. In all cases the esterification is carried out in ethanol as both solvent and reactant, ensuring a high yield through Le Chatelier's principle pushing the equilibrium but also significantly reducing RME. In all cases where a reactant is employed in a large excess but not consumed, it has the potential to be recovered and reused, but this is not captured by RME. Similarly reactions could be optimised through reduced dead volume (high pressure reactions) and reduced ethanol loading (esterifications) to significantly improve RME. As such RME is not an ideal metric for all these pathways, but it never does highlight where future improvements can be made as in an ideal scenario RME would equal AE. 

All the routes employed critical elements in their syntheses, primarily as catalysts. An element that is of high economic value and has a tendency to get depleted with continuous use or restricted in supply due to geo-political reasons may be considered “critical”.  Based on the abundance of critical elements used, route A4 is the most sustainable compared to other routes, but this suffered from low AE and yields as described above. All other routes utilised critical elements with red abundance codes, this again highlighting areas which each route can seek to optimise and select an alternative. With regard to energy requirement all the routes use temperatures above 140 °C at some stage during the process, and thus received a red flag (shown in the metric sheet in SI); these temperatures are often used in bulk chemical manufacturing. Additionally, routes A2, A3, A4 and C operated above 300 °C even up to 550 °C for some transformations. This means the routes are less energy efficient than routes A2, D1 and D2 (this study). Full reaction steps and process energy information are shown in the metrics section of the supplementary information.

The primary use of FDCA is currently in the production of poly(ethylene furanoate) (PEF), itself a promising substitute for PET based on comparable, and in some case enhanced performance (such as barrier properties).59 Investigations are ongoing to understand the implications that FDCA will have on recycling of current PET streams, but the reaction herein demonstrated may also offer an alternative for chemical recycling: furanoate impurities in any terephthalate stream could be converted to terephthalate themselves. As such the method described in this paper may also complement end of life options for PEF and bio-based PET.
CONCLUSION

Our studies on DET synthesis direct from FDEE and ethylene have shown that conversions, yields, and selectivity are affected by pressure, temperature, catalyst loading, nature of catalyst and reaction time. Increasing temperature has a greater impact on yield than pressure increase. By varying these factors, DET yield has been increased up to 59% and FDEE conversion to a maximum of 81%, this being a substantial improvement compared to yields for the same or similar reaction of FDCA and its esters reported elsewhere. Although side reactions were observed, namely: oligomerisation of ethylene leading to the formation of alkanes, alkenes and polyalkenes; formation of butanol and then transesterification or hydrolysis of FDEE, decarboxylation of diethyl terephthalate, the use of Al-pillared montmorillonite catalyst allowed reaction to be carried out at higher temperature with higher DET yield achieved without any observed ethylene oligomerisation. Comparison of the route herein reported with other published routes to 100% bio-terephthalate using green metrics shows that our route has much promise due to the high AE and excellent total yields for the overall pathway. With further optimisation of the catalyst and reactor design (e.g. flow) will offer a useful alternative to those approaches currently under development. The metrics analysis also indicates that the cellulose feedstock route to 2,5-dimethylfuran and Diels-Alder addition with ethylene followed by optimised Amoco oxidation also has relatively high AE, but excellent overall yields and RME. A pathway similar to our own, via Diels-Alder addition of muconate esters with ethene has the highest AE but requires further improvement in the yield of the production of the muconic acid platform molecule. Likewise, the sorbic acid pathways is promising based on AE alone but requires significant improvement in the yields of bio-based sorbic acid. These four routes would, based on the data used, appear as the most promising for further investigation and through optimisation will offer viable routes to 100% bio-based PET. Perhaps of greatest promise is the fact that four very different pathways all demonstrate relatively comparable AEs and thus may offer flexibility for bio-based PET producers in the future.
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Footnotes
†Atom economy is the measurement of how many atoms of reactants end up in the final product and how many end up in by-products or waste.60 ‡ Selectivity of a reaction is defined as the number of moles of desired product per the number of moles of undesired product.61 § See ESI for spectra and other characterisation.
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SYNOPSIS

An improved route to bio-based terephthalate is demonstrated via the direct Diels-Alder addition and dehydration of furan diesters and ethylene using an Al-exchanged clay catalyst.
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