[bookmark: _GoBack]Received 00th January 20xx,Green Chemistry Centre of Excellence, University of York, Heslington, York YO10 5DD, UK. E-mail: james.clark@york.ac.uk.
† Footnotes relating to the title and/or authors should appear here. 

Accepted 00th January 20xx
DOI: 10.1039/x0xx00000x
www.rsc.org/

Unexpected nitrile formation in bio-based mesoporous materials (Starbons®).
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The bio-based mesoporous materials made from polysaccharides, Starbons® can be modified by two different routes to give high levels of N-content, unexpectedly including significant quantities of nitrile groups which can improve the materials performance in applications including metal capture.
Mesoporosity (2 – 50 nm) remains the optimum pore size for catalytic accessibility, catalyst support, adsorption and mass transport, together with the ability to interact with species significant for energy applications, such as lithium and hydrogen ions.1, 2 The first reported mesoporous materials were silica-based, made through templating methods that allowed for very specific pore structures.3, 4 Their development was quickly followed by the synthesis of carbonaceous mesoporous materials: these generally have similar properties but can offer different surface functionalities. There are numerous known carbon materials with large surface areas and pore volumes and based on efficient and structurally precise synthesis methods.2 
With the strong global movement towards sustainability, significant efforts are being made to create new environmentally benign materials. Biomass is a good starting point for sustainable materials as it is often cheap, abundant, biodegradable and available from agricultural waste and food production, and forestry by-products. Starbons® are carbonaceous mesoporous materials made of polysaccharides obtained from algae and other biomass sources.6 They are considered to be green and sustainable as they are made from renewable materials using a clean production process: the polysaccharides are gelated and freeze-dried to give a mesoporous aerogel that can be carbonised (300 – 800 C) to obtain a range of mesoporous materials with varying surface functionalities.7 
It is becoming increasingly clear that apart from the pore structure of materials, surface functionality also plays an important role in applicability.8 There is now a strong research focus on expanding the range of existing materials by functionalising their surfaces through the introduction of heteroatoms. Nitrogen-doping, for example, is known to improve heavy-metal binding, conductivity and catalytic activity, most notably in metal-free oxidative reduction reactions which are particularly important for fuel cell applications.9-14 It is for these reasons that we have attempted to similarly dope our Starbon materials with nitrogen.
Chitosan and ammonia were chosen, representing bio-based and low-cost but chemically different nitrogen sources. In route A chitosan is combined with alginic acid and the two materials are gelated together. In routes B and C ammonia can be injected and adsorbed into the polysaccharide materials (using starch as an example) at either the aerogel stage or into the final Starbon product respectively (Figure 1). The nitrogen containing Starbons will hereafter be referred to as N-Starbons. 
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Fig. 1: Showing the routes towards nitrile formation in Starbon materials 



	Carbonisation temperature (C)
	Material
	Mesoporosity
(%)
	Total pore volume
(cm3g-1)
	BET surface area
(m2g-1)

	300
	Starbon
	88.3
	0.627
	174.2

	
	N-starbona
	86.7
	0.663
	412.6

	
	N-starbonb
	98.7
	0.645
	240.5

	450
	Starbon
	84.5
	0.515
	339.5

	
	N-starbona
	81.9
	0.615
	448.3

	600
	Starbon
	79.8
	0.686
	519.5

	
	N-starbona
	83.5
	0.750
	519.2

	
	N-starbonc
	92.8
	0.324
	249.5


a, b, c Materials made by route A, B and C respectively.Table 1: Porosimetry data of various N-Starbons compared to regular Starbons.

	Carbonisation temperature (C)
	N-content (%)
	C/N ratio

	
	CHN
	XPS
	CHN
	XPS

	300a
	6.4
	4.9
	9.2
	15.3

	300b
	6.8
	6.1
	8.8
	12.4

	450a
	10.6
	11.6
	5.7
	5.8

	600a
	6.5
	7.0
	11.1
	11.3

	600c
	12.4
	12.9
	5.8
	5.9


Table 2: Elemental analysis data of various N-Starbons.
Table 3: The carbon and nitrogen XPSa peaks for N-Starbon (route A) at 450 C after deconvolution5

	Element
	Binding energy (eV)
	Functional group

	C1s
	284.49
	graphitic C

	
	284.92
	non-functionalised sp2, sp3

	
	286.36
	ether, ester, nitrile

	
	288.02
	O-C-O, amide

	
	289.38
	-COOR

	
	291.28
	π - π*

	N1s
	398.37
	pyridinic N, imine

	
	400.21
	nitriles, amides

	
	401.35
	protonated imines

	
	403.39
	oxidised nitrogen (eg. -N-OH)



a, b, c Materials made by route A, B and C respectively.
While we focused most of our preliminary characterisation work on materials prepared by route A, we also compared one sample prepared by routes B and C. Despite the fundamentally different routes, the products are surprisingly alike, with their most interesting feature being their substantial nitrile functionality. Although nitrogen-doping of carbons has been extensively studied by many groups, we can only find one prior report of nitrile formation in a method including hydrogen cyanide or ammonia chemisorption onto activated (microporous) carbons at high temperatures (600 C – 800 C).15 A very recent communication describes N-doped carbon nanohorns that possess different types of N-atoms depending on the carbonisation temperature.16
Our N-Starbons were initially characterised by porosimetry, which showed importantly that N-doping had no negative influence on the degree of mesoporosity although samples prepared by route A generally had the larger pore volumes and surface areas (Table 1). Substantial nitrogen content was evident in all samples, as shown both by elemental analysis and by XPS. There were some differences in the N-content shown by the different techniques as has been reported elsewhere and may be due to differences between bulk and surface N-concentration (Table 2).14 
a XPS data was obtained from the XPS surface analysis facility in the Cardiff Catalysis Institute at Cardiff University.
Thermal degradation of chitosan causes the release of several volatile compounds including H2O, CO2, CH4, CH3COOH, RCOOH and NH3.17 These species were also detected by FTIR on heating the N-Starbon materials from room temperature up to 600 C, with the notable exception of ammonia at low temperatures (Fig. S1). This implies that either the amine groups in chitosan are reacting before their decomposition, or the ammonia is being trapped by reaction inside the porous material forming nitriles, as well as other possible nitrogen-containing functional groups. 
The presence of nitriles was confirmed by DRIFT analysis as each of the materials gave a clear, and uniquely attributable absorbance band at  2210 cm-1. We believe that the nitrile group is chemically bonded to the surface of the materials as the peak remained even after thoroughly washing the materials with both ethanol and water for 24 hours each.  Since it is known that Lewis acids can bind to nitriles (which can act as Lewis bases) causing the (CN) band to shift, we tested the materials by mixing them with an indium(III) chloride solution (representing a “critical element”) and then re-running the IR spectra. Using N-Starbon carbonised to 450 C as an example, this showed a shift of the (CN) band of +10 cm-1 on adsorption of In(III) consistent with electron transfer from the CN antibonding orbitals (Fig. S2).18
XPS was carried out in an attempt to further confirm the above observations (Table 3 and Fig. S6). Literature shows that deconvolution of the nitrogen peak region is highly subjective, especially with regards to nitrile peaks. Having said this, there are reports with similar peak assignments (400.20 ± 0.10 for nitriles), indicating that although this technique cannot be used alone to determine the presence of nitriles, our data is consistent with their presence.5
To try to understand the unexpected nitrile formation for route A, we prepared a range of similar materials, varying the temperature and rate of carbonisation, as well as the method of preparation of the starting material before carbonisation. Through DRIFT analysis, it was found that nitrile groups only form above 300 C (Fig. S9). They are also formed on expanded (mesoporous) chitosan but hardly at all on the untreated commercial material (Fig. S10). While we can achieve a nitrile-modified mesoporous chitosan (even at fast heating rates of 10 C min-1), any mesoporous structure does not survive carbonisation, instead giving a largely microporous material. We need the combination of chitosan and the Starbon-forming polysaccharide to give mesoporous nitrile-modified material. While we do not know the exact mechanism by which the nitrile groups are formed, it seems likely that it is associated with the previously reported thermal event at 300 C that occurs on slow heating of polysaccharides.19 It is possible that a highly acidic environment is created inside the pores (due to the proximity of OH groups) catalysing the dehydrogenation of amines to nitriles. 
An alternative mechanistic route to nitriles is loss of ammonia through decomposition followed by re-adsorption by the material, making the process similar to that of routes B and C. The ammonium salts thus formed can be associated with carboxylate groups on the surface of the carbon which can be thermally dehydrated to amides, and then on to nitriles.15 
Mesoporous carbon materials containing significant quantities of nitrile groups are especially attractive owing to the combination of their structural and functional benefits. Nitriles are known for their metal-binding ability as well as their ease of conversion to other functional groups.20-23 Furthermore, we can expect dielectric constants and permittivity to be improved by the presence of nitriles, making the materials potentially suitable for electrical energy storage.24, 25 We are now exploring their possible applications including capturing critical elements such as indium from e-waste.
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