Fructose dehydration reaction over functionalized nanographitic catalysts in MIBK/H2O biphasic system.
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Abstract 
A series of functionalized nanographitic carbons is prepared, characterized and tested in fructose dehydration reaction to 5-hydroxymethylfurfural. The functionalization treatment was selected to introduce various Brönsted acid sites and to modify the textural and catalytic properties of the initial carbon material. Within the series, the sulfonated carbons present the most interesting catalytic behavior resulting in important selectivity to the desired product once the reaction variables were properly adjusted. 
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Introduction
The growing energy demand and resource depletion and the increasing environmental concern in the very recent days have initiated the intensive quest for methods to convert the renewable biomass into chemicals and fuels as a way to replace the non-renewable fossil raw stocks [1-4]. 
More and more processes use biomass-derived chemicals, being the carbohydrates, the major raw stock for their production [4, 5]. Among these chemicals, 5-hydroxymethylfurfural (HMF) appears as a fundamental multipurpose platform molecule with high potential that can be transformed into variety of biofuels, liquid alkanes, polymer precursors, solvents and fine chemicals [6]. HMF can be used as precursor for levulinic acid (LA), 2,5-dimethyfuran (DMF), 2,5-bis(hydromethyl)furan (BHF), 2,5-diformylfuran (DFF), furan 2,5-dicarboxylic acid (FDCA) or 2,5-furandimethanol (FDM), among others [2, 7–10]. 
There are many studies on the conversion of cellulose [3,7, 8, 11] or glucose [1, 2, 6, 8, 12–14] to HMF. Indeed, cellulose is abundant and cheap raw material but also rigid molecule with low solubility in aqueous medium resulting in low HMF yields [3], meanwhile glucose, as its monomer, showed improved solubility and HMF yields strictly dependent on the employed catalysts. Nevertheless, it is fructose and not glucose that forms HMF more [15] and the most effective way to obtain HMF from sugars is fructose dehydration at low temperatures in acidic conditions [12]. 
Different kinds of solvents have been studied as reaction media for fructose dehydration, such as water, organic solvents, ionic liquids or biphasic systems [16]. The use of water is desirable and environmentally friendly, but unfortunately, under acidic conditions, the degradation of HMF by rehydration befalls [17], making the fructose conversion non-selective. Not only levulinic (LA) and formic acid (FA) are formed by rehydration, [14] but also a high molecular mass products of furan ring condensation reaction, known as humins, [14, 18] causing a severe loss of selectivity (Scheme 1). 

Scheme 1. 

Unwanted side reactions can be suppressed by using aprotic organic solvents, such as dimethyl sulfoxide (DMSO), dimethylformamide (DMF) or dimethylacetamide (DMA) [19]. The main problem of these solvents is their high-boiling point making difficult the isolation of HMF, unstable at the temperature of solvent distillation [20, 21]. The use of ionic liquids (IL) resolve this problem but their high price limit solvent’ large scale exploitation [16]. Other possibility is the use of biphasic water/organic systems where the solubility of the reactants is assured by the presence of water and HMF selectivity is improved by its extraction in the organic solvent [22], and furthermore their participation in side reaction is partially suppressed [23]. One of the most interesting solvent for biphasic systems is methyl isobutyl ketone (MIBK), chemically stable with relatively low boiling temperature and low water solubility (19,2g/L at 20ºC) [24], and reported as very useful for liquid-liquid extraction. 
As for the catalytic systems, homogenous catalysts as mineral acids, organic acids, Lewis acid and acid-ionic liquids are reported [25, 26]. The autocatalytic process with the participation of the formed LA and FA in DMSO is also studied with the latter acting as coordinator of the reaction intermediates [17, 27, 28]. All homogeneous catalysts presented very good activity but suffer of lack of recyclability and caused environmental pollution and reactor corrosion. All these drawbacks limit their use and orientate the research toward the use of heterogeneous catalysts [4, 29]. The use of H-form zeolites and transition metal phosphates resulted in low conversion and selectivity meanwhile the metal-free carbon catalysts present an interesting alternative [30, 31]. The carbon-based materials are of special interest due to their natural abundance in graphitic form, low price and possibility of rapid chemical functionalization. Within the carbon based materials the sulfonated carbons receive a special attention due to their promising activity for fructose/glucose dehydration reaction. Important yields are obtained using DMSO [32-36], ionic liquids (1-butyl 3 methyl imidazolium chloride) [37-39] or water [40, 41] as solvents.
In this context, this work proposes the study of commercial nanographitic material (Asbury, Nano 24) as a possible catalyst for the fructose dehydration reaction in biphasic water/MIBK media. Charcoal`s catalytic properties have been modified by the introduction of different functional groups on its surface by chemical attacks with nitric acid, p-toluenesulfonic acid and a mixture of sulfuric acid/ hydrogen peroxide. In addition, a systematic evaluation of the reaction parameters has been carried out, such as initial fructose concentration, reaction temperature, time and water/MIBK ratio in order to obtain the best activity/selectivity balance. 

Experimental 

Materials
Nano 24 powder graphite (CN24), from Asbury Mills Ltd., USA, was used in this study. The charcoal was functionalized using nitric acid (HNO3) 65% (Fischer Chemical), sulfuric acid (H2SO4) 95 % (Merck KGaA), hydrogen peroxide (H2O2) 30% (Appli Chem & Panreac) and p- toluenesulfonic acid (PTSa) (Sigma-Aldrich). For the reaction, D-fructose (Alfa Aesar) and methyl-isobutyl ketone (MIBK) 99,5% (Sigma-Aldrich) were purchased.

Catalysts functionalization
1 g of CN24 was dispersed in round bottom flask of 250 ml containing the acid solutions: piranha solution (84 ml of H2SO4 98% and H2O2 30%, 70:30 v/v ratio), nitric acid (84 ml HNO3 65%) and p-toluenesulfonic acid (15 ml of 0,25 M). The first two functionalizations were carried out at 80ºC for 20 h in a flask equipped with reflux. The resulting solids, abundantly washed with water till neutral pH, were dried overnight at 60ºC and grinded in mortar. The samples are labelled S-CN24 and N-CN24 where S stands for piranha solution treatment and N for that with nitric acid. The piranha solution was used in the same manner for a treatment at room temperature and the resulting sample is denoted as RS-CN24.
PTSa functionalization was carried out at room temperature in a closed round bottom flask for 24 hours. Then the solvent (water) was removed by rotary evaporation and the resulting solid washed to neutral pH, dried at 100ºC overnight, and grinded to obtain the final catalyst, PTSa-CN24.
All charcoal’ functionalizations should provide acid centers and should modify material’ textural properties and surface chemistry changing at least its hydrophilicity/hydrophobicity. p-toluenesulfonic (PTSa) and the piranha mixture (H2SO4/H2O2) play the role of sulfonating agent and the presence of functional groups such as -OH, -COOH and -SO3H is expected [42]. On the other hand, the oxidative treatment with concentrated nitric acid generates mostly carboxylic groups. The presence of all these group is expected to increase charcoals mixing with the polar media of reaction and to influence its catalytic properties [43, 44].

Catalyst Characterization
Raman spectroscopy measurements were performed on a Horiba Jobin Yvon dispersive microscopy (HR800) with confocal aperture of 1000 μm, laser spot diameter of 0,72 μm and spatial resolution of 360 nm. The microscope is equipped with a diffraction grating of 600 tours/mm, CCD detector, green laser (λ = 532,14 nm, maximum power 20 mW) and a 100× objective.
The textural properties were analyzed by N2 adsorption-desorption measurements at liquid nitrogen temperature with a Micrometrics TRISTAR equipment. Prior analysis, the samples were degassed under vacuum during 2 h at 350 °C in order to remove surface impurities and occluded fluids. The Brunauer-Emmett-Teller (BET) method was used to calculate the specific surface area whilst pore-size distributions were determined using the Barett–Joyner–Halenda (BJH) method.
XRD measurements were performed at room temperature on a Panalitycal X’Pert Pro diffractometer (Cu anode) in 10–90° 2θ range with 0,05° step size and 300 s time acquisition.
SEM images were acquired on HITACHI S-4800 microscope equipped with secondary electron backscattered detectors. The micrographs were taken at working distance of 4 mm and 2 kV voltage. The compositional analysis of the samples was performed by energy dispersive X-Ray spectroscopy (EDS), operating at 15 mm working distance and 20 kV voltage.
The pH measurements of solids were carried out with a pH-electrode (Metrohm) over 15 milligrams of sample dispersed in 15 ml of distilled water. pH data was collected with time and the isoelectric point was considered when the pH value remains constant.

Fructose dehydration tests
Fructose dehydration was carried out in 50 ml Schlenck reactor equipped with Young valve at constant temperature and stirring rate (600 rpm). 1 mmol of fructose and 40 mg of catalyst were mixed in the biphasic system containing 2 ml of water (9 wt.% in aqueous phase) and 8 ml of methyl-isobutyl ketone (H2O/MIBK ratio 1:4 v/v). The reactor was sealed and immersed in preheated oil bath at desired temperature for the preferred time. After each experiment the reaction mixture cooled down in ice bath was filtered with 0.45 µL syringe nylon membrane and analyzed by High-Performance Liquid Chromatography (HPLC) equipped with refractive index detector (Varian 360-LC) and Hi-Plex H column (300 × 7,7 mm) using a 0.01 M H2SO4 as mobile phase at 40 ºC and 0,4 ml/min flow.

The fructose conversion, product yield and selectivity was calculated as follows:






Results and discussion

Figure 1 summarizes the XRD patterns of the CN24 catalysts series. All solids show similar diffraction patterns assigned to multilayered nanographitic carbon, with sharp asymmetric diffraction at 2θ = 26,5° corresponding to the (002) plane and corresponding to the 3-D crystalline domain of graphite, broad region at 43-45° 2θ with diffraction related to the (100) and (101) family planes [45-47]. 

Figure 1. 

Upon functionalization, the FWHM (full width at half maximum) value of the (002) plane increases (Table 1), suggesting an amorphization of the carbon structure after the acid treatments and the presence of unorganized polycyclic aromatics carbons [48]. Therefore, the size of carbon crystallites, calculated by Scherrer equation, decrease as shown in Table 1. The hot concentrated nitric acid produces the most important changes in particle size whereas the PTSa treatment barely influence the crystallite size. It appears that more severe the conditions of functionalization (treatment oxidation power and temperature) lower the resulting particles size.

Table 1.

Moreover, the diffraction at 2θ = 55° attributed to (004) plane of graphite rhombohedral structure increases in intensity. Some authors reported similar effect after acid functionalization and assigned the changes to the presence of the sulfonic and/or nitric functionality and/or carbon sulfites over carbon surface [49] although no additional phase is observed in our case. The functionalization affects only the crystallinity of the samples producing a more disordered graphitic carbon with lower crystallite size.
The Raman spectrum (Figure 2) of the original CN24 sample shows an intense peak at 1571 cm-1 corresponding to the as called G-band, attributed to the first order scattering of the E2g phonon of the sp2 C-C bond [40]. This band shifts to higher wavelength for the functionalized CN24 samples, due probably to the change of the carbon crystallite size [50, 51]
.
Figure 2. 

G-band appears accompanied by a second band at around 1355 cm-1. This band, known as D-band corresponds to carbon breathing mode of A1g symmetry involving phonons near the K zone boundary [50]. The D-band, generally gives the information about the disorder of the structure and increase with the introduction of defects. For our series of samples, an increase of the I(D)/I(G) ratio is observed upon functionalization suggesting an increase of the defect sites population associated either with the introduced Brönsted acid groups or to the collision of the crystallite boundaries caused by the extensive acidity of modifying agents. Indeed, Zhao et al. [52] reported a C-O-C bond cleavage produced upon functionalization with strong acid. It is worth to mention the especially important change produced after treating with piranha mixture at room temperature due probably to the highest effect of hydrogen peroxide produced at this temperature. 
Scanning Electron Microscopy was used to investigate the morphology of the samples (Figure 3). The initial CN24 (figure 3A & B) presents agglomerates of different size crystallites with an apparent porosity due to the formation of interparticles irregular cavities. The aggregates are isolated or edge-attached, being more transparent and corrugated in view when a high degree of exfoliation is present [47].

Figure 3.

The functionalization, no matter the nature of the modifying agent, does not change the morphology of the CN24 support, only the apparent porosity resulting in more open interparticular voids. The coupled EDX analysis is used to examine the overall percentage of sulfur, and the O/C ratio (table 2). 

Table 2. 

The initial sample shows absence of sulfur and low degree of oxidation. Sulfur is detected only for the sulfonated samples, being the highest content that of the RS-CN24 sample. It seems that the use of piranha solution at low temperature result in higher sulfur and oxygen content. The presence of sulfur is due mainly to the presence SO3H functional groups covalently bonded to the sp2 hybridized polycyclic carbon network [53]. The most oxidized sample is that treated with hot nitric acid with O/C ratio of 0,14 presumably by the presence of superficial –COOH groups. The presence of oxygen and/or sulfur-oxygen superficial groups increase the acidity of the samples, confirmed by the decrease of the pH for all treated samples (Table 2). The Brönsted acidity is introduced and the presence of –SO3H groups confirmed by the appearance of sulfur and oxygen in the samples. 
The functionalization influences also the textural properties of the samples (Figure 4 and Table 3). The observed hysteresis in the isotherms of type IV H3 according to IUPAC [54] confirms the presence of mesopores for all samples. The CN24 and PTSa-CN24 samples present similar isotherms, suggesting that either the functionalization does not alter sample’s textural properties or the outgassing temperature prior analysis removes completely PTSa. Indeed, the acidity of the PTSa-CN24 sample after BET measurement has an acidity value of 5,2, closer to that of raw CN24 (6,6), although still more acid.

Figure 4.

For all other samples, the functionalization process reduces N2 adsorption capacity and the loop of hysteresis becomes broader due to the decreasing of the pore size and total surface. The initial sample present BET specific surface area of 346 m2/g with average pore size of 6,5 nm. 

Table 3.

The overall specific surface area decreases for all functionalized samples, being PTSa-CN24 an exception, more probably due to the partial degasification of the surface sulfonated groups, as evidenced by the lower acidity of the PTSa-CN24 sample after BET measurement. The pore size increase for all sulfonated samples due to the increasing contribution of the meso/macropores (figure S1 in supporting information). The introduction of some bulky sites could cause micropores and mesopores enlargement to accommodate those groups inside. On the contrary, the nitric acid treatment provokes a collapse of the CN24 pore systems, the volume diminishes by half as well as the size of the pores resulting in mesoporous solid with poor volume. In addition, the temperature does not influence the textural properties (RS-CN24 vs. S-CN24) suggesting that the specific surface decrease is due more probably to pore blocking.

Catalysts screening
The screening of the catalysts was carried out in standard conditions: temperature of 140ºC, time of 12 h at a MIBK/H2O (2ml) ratio of 4:1 (v/v). The activity of the samples is compared to that of a blank sample without catalyst. The conversion of fructose rounds 65 % and appears not related to the catalyst presence but to the temperature of reaction (Figure 5A). Practically, for all samples the products of the reaction are HMF, levulinic and formic acids (LA+FA) and glucose (Figure 5B). The cross polymerization of HMF and fructose is the major reaction in blank conditions, leading to an important proportion of humins, recognized qualitatively by the change of reaction mixture color (intensive dark brown) [17, 55] and quantitatively estimated by the loss of analyzed carbon (molein and moleout). The production of such an important percentage of insoluble humins is due to the use of high fructose concentration in the aqueous phase (9 wt.%). No matter the sample, around 5% of fructose isomerization to glucose is always observed due to the basicity originated by the electron delocalization within the polyaromatic sheets of the carbon.

Figure 5.

The poor HMF selectivity for the initial CN24 sample (19.5%) and high humins formation indicates that fructose tautomers are not dehydrated but polymerized resulting in insoluble polymers. However, when the Brönsted acidity and pore size increase, as in case of all sulfonated samples, the humins production decreases and HMF increases. Nevertheless, still, the production of HMF seems shortfall. The introduction of p-toluenesulfonic sites increases the fructose conversion to 70 % and HMF yield to 30% decreasing significantly the humins formation. Apparently, the same sites participate in the HMF rehydration resulting in around 33% of selectivity to levulinic and formic acids. 
N-CN24 sample showed low conversion and selectivity probably due to the inaccessibility of all active sites in the pores of low size. The temperature of functionalization for RS-CN and S-CN does not influence the catalytic behavior indicating that the key parameter to improve the activity is the presence of Brönsted sites. 

Time effect
The ajust of all parameters of the reaction was carried out over the most active PTSA-CN24 catalyst. The increase of the time of reaction increases the fructose conversion and HMF yield (Figure 6A). Maximal yield of production of LA and FA is observed at 12 h of reaction and decreases as the time of reaction increases. Glucose production shows a maximum at 6 h suggesting that the reaction of glucose isomerization occurs in the first hours. As for the byproduct distribution (Figure 6B), humins are produced in the first hours of reaction at low fructose conversion and high glucose yield, suggesting that their production is more related to the presence of aldehyde functions and their participation in the cross polymerization reaction. Indeed, the formation of humins from glucose is much more easier than from fructose [56]. The minimum selectivity to humins is obtained at 12 h where the HMF selectivity stabilizes and varies insignificantly with the reaction time. Although the humins production decreases, the HMF rehydration rate increases at this time and the yield of HMF is lower. Thus, at higher time of reaction the HMF yield increases due to the increase of fructose conversion for the same HMF selectivity. So, the selected time of reaction for the study of the influence of the other reaction variables was 24 h. 

Figure 6


Temperature effect
Figure 7 shows the conversion of fructose and HMF and humins yield over PTSa-CN24 at different reaction temperatures. The conversion of fructose increases with the temperature, being the difference in activity more important between 120 ºC and 140 ºC. The HMF yield presents a maximum at 140 ºC, where also the humins production is minor. The increase of the temperature produces more humins due to the polymerization of the HMF whereas at lower temperatures the isomerization reaction to glucose decreases HMF selectivity and increases the rate of humins formation. Thus, the temperature of 140ºC seems to be the more adequate to conduct the reaction.

Figure 7


MIBK solvent effect
MIBK presumably suppresses HMF condensation by extraction in the organic phase where the condensation reaction does not occur [27]. The reaction results over PTSa‑CN24 at 24 hours, 140°C and different MIBK/H2O ratios (1:1 2:1, 4:1, 6:1, v/v) are presented in Figure 8. The increase of MIBK ratio affects positively the fructose conversion but does not influence the HMF and humin yields. Zhu et al. [57], reported that low MIBK/H2O ratios may cause partial insolubility of fructose, thus favoring low fructose conversion. 

Figure 8.


Taking into account that from 2:1 to 6:1 MIBK:H2O ratios the product distribution is very similar, the intermediate ratio of 4:1, with a 43% HMF yield and 90% of fructose conversion, is chosen as an optimal parameter.

Fructose initial concentration effect
For economical purposes, high initial fructose concentration is usually preferred [58]. Its effect on overall conversion and HMF yield at 140°C and 24 h is summarized in Figure 9. The initial concentration of fructose is expressed in wt.%, being the volume of water always constant (2ml). Fructose conversion increases when the initial concentration of 2,2 wt% is doubled to 4,5 wt% and remains constant afterwards. It appears that 4,5 wt% presents the highest HMF yield lowering for higher concentration in favor to humins formation via HMF degradation and hexoses polymerization.

Figure 9.

Table 4 shows a comparison of overall performance of our best catalyst PTSa-CN24 with some reported systems. Our catalytic system clearly shows an excellent fructose conversion ability with HMF yields comparable and even superior to catalysts reported in the literature.

Table 4.

Catalyst recycling 
The best catalyst’ life over five catalytic cycles is illustrated in Figure 10. Between every cycle, the catalyst is recovered by centrifugation and, after abundant washing and drying, is used for the next cycle. As a loss of catalyst occurs during the recovery steps, the reaction conditions are readjusted to the recovered quantity to maintain constant catalyst to fructose and water/MIBK ratio. The fructose conversion decreases rapidly till the 2nd cycle, and remains stable in the successive runs ending with 20% loss of activity. Nevertheless, the loss in HMF yield is not as severe with only a 6 % decrease between the 1st and the last cycle. It seems that the loss of conversion does not affect the HMF yield thus converting the catalysts in a very promising candidate for this reaction. A EDX analysis of the sulfur content (Table 3) after recycling indicates 0,1 % of sulfur very similar to the initial content suggesting minor leaching of the active phase.

Figure 10.

Conclusions
A commercial nanographitic carbon is functionalized successfully by different agents with the final goal to increase the number and type of Brönsted sites on catalyst’ surface. The functionalization causes structural amorphization and textural properties changes, being the piranha solution the agent that affects the most the final solid. In general, the sulfonation (piranha solution or p-toluenesulfonic acid treatment) affects in a greater extent the catalytic properties, leading to best activity/selectivity balances, especially for the PTSa-CN24 sample. This sample presents excellent activity and high selectivity for total furans (74% selectivity’s in 12 hours) and most importantly with high carbon balance. The HMF yield can be adjusted by changing some reaction parameters being the more beneficial the decrease of the initial fructose concentration from 9 to 4,5% w/v. In addition, this catalyst is stable under recycling in terms of HMF selectivity offering a promising approach for efficient biomass conversion over carbonaceous acid catalyst.
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CAPTIONS

Scheme 1. Side reactions for fructose dehydration to HMF

Figure 1. XR Diffraction of the studied series
Figure 2. Raman spectra of the catalysts.
Figure 3. SEM images of the prepared catalyst series A and B) CN24, C) N-CN24, D) RS-CN24, E) S-CN24, F) PTSa-CN24.
Figure 4.  N2 physisorption isotherms of the prepared catalysts
Figure 5. Catalyst screening A) fructose conversion and HMF yield, B) product distribution, (t=24h, T= 140ºC, 4:1 (MIBK:H2O v/v),VH2O=2 ml, 180 mg Fructose, 40 mg catalyst) * Byproducts includes soluble and insoluble polymers.
Figure 6. Influence of reaction time over A) Fructose conversion and HMF, LA+FA and Glucose yields and B) product selectivity over PTSa-CN24 catalyst, (T= 140ºC, 4:1 (MIBK: H2O V/V), VH2O=2 ml, 180 mg Fructose, 40 mg PTSa-CN24)
Figure 7. Temperature effect over PTSa-CN24 catalyst, (t= 24 hours, 4:1 (MIBK: H2O V/V), VH2O=2ml, 180 mg Fructose, 40 mg PTSa-CN24)
Figure 8. MIBK effect over PTSa-CN24 catalyst, (t= 12h, T= 140ºC, VH2O=2 ml, 180 mg Fructose, 40 mg PTSa-CN24)
Figure 9. Fructose concentration effect over PTSa-CN24 based catalyst, (t=24h, T= 140ºC, 4:1 (MIBK: H2O V/V), VH2O=2ml)
Figure 10. Regeneration of PTSa-CN24 effect on fructose dehydration. (24h, 140ºC, 4:1 (MIBK:H2O), 40 mg PTSa-CN24)


TABLES

Table 1. FWHM value, average catalysts particle size by Scherrer´s equation and I(D)/I(G) ratio calculated over Raman spectra.

	Catalyst
	FWHM 002 DRX
	Crystallite size (Å)
	I(D)/I(G)

	CN24
	0,713
	133
	0,42

	N-CN24
	1,029
	88
	0,53

	RS-CN24
	0,956
	95
	0,82

	S-CN24
	0,966
	94
	0,52

	PTSa-CN24
	0,801
	116
	0,59



Table 2. EDX analysis of the studied samples and catalysts acidity; in parenthesis measured after recycling test.
	Catalyst
	O/C ratio
	Sulfur
Content (at.%)
	pH

	CN24
	0,062
	0
	6,6

	N-CN24
	0,14
	0
	4,5

	RS-CN24
	0,12
	0,98
	4,7

	S-CN24
	0,10
	0,01
	4,0

	PTSa-CN24
	0,061
	0,14 (0,1)
	4,5



Table 3.  Specific surface area, cumulative pore volume and average pore size of the samples
	Catalyst
	BET Surface
Area (m²/g)
	BJH pore volume (cm³/g)
	Pore diameter (nm)

	CN24
	346
	0,44
	6,5

	N-CN24
	122
	0,21
	5,9

	RS-CN24
	172
	0,37
	7,9

	S-CN24
	174
	0,39
	8,0

	PTSa-CN24
	334
	0,49
	6,9





Table 4. HMF yield and fructose conversion over different heterogeneous catalysts in biphasic MIBK/H2O system. 
	Catalyst
	Fructose concentration
(w/v %)
	Reaction
temperature
(°C)
	Fructose
conversion
(%)
	HMF
yield
(%)
	Ref.

	Zeolite
	1,7
	165
	76
	69
	[59]

	IER
	10,0
	90
	44
	31
	[60]

	Nb/SBA-15
	3,3
	130
	45
	31
	[57]

	Nb-P/SBA-15
	3,3
	130
	53
	48
	[57]

	H-MOR/SiO2
	6,7
	165
	85
	53
	[61]

	(H3O)1.25Sb1.25Te0.75O6
	1,5
	150
	98
	59
	[62]

	PTSa-CN24
	9,0
	140
	89
	43
	This work

	PTSa-CN24
	4,5
	140
	90
	52
	This work
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Fructose dehydration reaction over functionalized nanographitic catalysts in MIBK/H2O biphasic system.
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Figure S1. Pore size distribution of the studied samples
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Fructose conversion	Blank	CN 24	RS-CN 24	S-CN 24	N-CN 24	PTSa-CN 24	63.851151801535735	64.571428571428569	67.428571428571431	68.38095238095238	53.32380952380953	70.542857142857144	HMF yield	Blank	CN 24	RS-CN 24	S-CN 24	N-CN 24	PTSa-CN 24	6.4272775705913689	12.607352157698454	17.551411827384122	17.180607352157697	18.04581779435269	28.922749067661158	
(%)



HMF	Blank	CN 24	RS-CN 24	S-CN 24	N-CN 24	PTSa-CN 24	10.066032309908591	19.524660421214421	26.029636184679799	25.124843620843428	33.841951570048799	41.000251817259603	LA+FA	Blank	CN 24	RS-CN 24	S-CN 24	N-CN 24	PTSa-CN 24	1.5641872266512376	0	7.3134217820944158	9.7675607440560022	7.7260987616167416	32.91754080182276	Glucose	Blank	CN 24	RS-CN 24	S-CN 24	N-CN 24	PTSa-CN 24	1.3454832136465218	3.193165422171139	3.2139782392117704	3.2376935951397066	5.0403182023462358	4.3127803424172173	Byproducts*	Blank	CN 24	RS-CN 24	S-CN 24	N-CN 24	PTSa-CN 24	87.024297249793648	77.282174156614445	63.442963794013977	61.869902039960863	53.391631465988226	21.769427038500368	
Selectivity (%)



HMF	2	4	6	8	12	18	24	4.1865021396531903	15.674102213677394	32.57285056277523	33.07263113838502	41.000251817259645	42.291345443339729	48.21606179414816	LA+FA	2	4	6	8	12	18	24	2.5371511417180157	7.7575132533608375	28.322846114988305	32.368370819428264	32.917540801822703	24.278301562964828	4.058394499136142	Glucose	2	4	6	8	12	18	24	9.5816033216224916	9.3868082460419977	13.181152248791006	19.358262715550996	3.5422740329926068	3.0877578592889838	1.189133539167945	*Byproducts	2	4	6	8	12	18	24	83.694743397006306	67.181576286919764	25.923151073445453	15.200735326635719	22.539933347925043	30.342595134406459	46.53641016754775	Time (h)


Selectivity (%)




Fructose conversion	2	4	6	8	12	18	24	29.523809523809501	39.428571428571423	43.638095238095239	54.19047619047619	70.542857142857144	74.819047619047623	89.209523809523802	HMF	2	4	6	8	12	18	24	1.2360149174214172	6.1800745871070859	14.214171550346297	17.922216302610551	28.922749067661158	31.64198188598828	43.013319126265316	LA+FA	2	4	6	8	12	18	24	0.74906367041198507	3.0586766541822725	12.359550561797754	17.540574282147318	23.220973782771502	18.164794007490638	3.6204744069912609	Glucose	2	4	6	8	12	18	24	2.8288543140028288	3.7010843941537011	5.752003771805752	10.490334747760491	2.4988213107024988	2.3102310231023102	1.0608203677510608	Time (h)


Conversion, yield (%)




Fructose conversion	120°C	140°C	160°C	65.416666666666671	89.209523809523802	92	HMF	120°C	140°C	160°C	16.686201385189133	43.013319126265316	28.057538625466165	Humins	120°C	140°C	160°C	65.651569470548125	50.155913992873245	68.622824958413062	Temperature (ºC)


Conversion, yield (%)




Fructose conversion	1:1	2:1	4:1	6:1	76.228571428571428	86.980952380952374	89.209523809523802	91.685714285714283	HMF	1:1	2:1	4:1	6:1	40.192307692307686	41.373493975903621	43.013319126265316	44.7522642514651	Humins	1:1	2:1	4:1	6:1	44.061461552995652	49.869305601004314	50.155913992873245	51.043445319491994	MIBK:H2O ratio


Conversion, yield (%)




Frcutose conversion	2.2000000000000002	4.5	9	13.5	18	79.733333333333334	89.238095238095241	89.209523809523802	90.476190476190482	88.609523809523807	HMF yield	2.2000000000000002	4.5	9	13.5	18	25.709110282365476	51.706827309236949	43.013319126265316	39.882081335464399	25.585508790623329	Fructose wt. %

Conversion, yield(%)



fructose conversion	0	1	2	3	4	89.209523809523802	84.228571428571428	70.314285714285703	70.447619047619042	70.1142857142857	HMF yield	0	1	2	3	4	43.013319126265316	42.02450719232818	37.080447522642508	37.57485348961108	37.945657964837501	Cycle #


Conversion, yield(%) 




CN24	212.30515634374248	116.84729365327593	74.452968984296817	43.999794372908241	29.789588711842459	22.337156790404393	17.798346148588791	14.848900298283974	13.064265585638754	12.063578737371671	11.411345035256145	10.680548206013993	9.0855607353750099	7.5207662750210975	6.3935051103874372	5.5408665412837426	4.8701106521042581	4.3239997399901684	3.8711587967662235	3.4856184379143968	3.1661333395573381	2.8677074679056527	2.5758578599830741	2.3255715130865937	2.1760864769978894	2.0809264589374488	1.9862536700278	8.2508340273537262E-2	0.10956671317314277	0.13254422666761745	0.16309913988523905	0.18420817860913144	0.19854655191589263	0.20663090481861118	0.21080498452029284	0.2143186247852891	0.21985300175688063	0.22982653800413841	0.23044469087369773	0.22772997652073976	0.23328522236518859	0.23815162219334216	0.23952668985971901	0.24171837977049943	0.24825159512983377	0.25981172776935724	0.27611710904952186	0.31171054620573524	0.34192807313129259	0.36753045562024994	0.35343377643055568	0.32723784075583745	0.30896813860973737	0.29791169037812093	N-CN24	257.48061126105017	128.20656125631783	78.321182092166282	44.791832339936548	30.206548034734471	22.610628703781757	17.996705066764846	14.963571968573772	13.104728904592031	12.068620694735529	11.416600847466087	10.75149173429817	9.1587074040419321	7.5624948174205135	6.4251386652744165	5.5648655184644467	4.8868904690935899	4.3370765224973296	3.8794706533665462	3.4903792074831426	3.158783556360004	2.8598369596923465	2.5796307169378672	2.3221639158092802	2.1702068472569156	2.0786900611850117	1.9848836760309521	1.3828525656660094E-2	2.9138375345714885E-2	6.542009803549563E-2	0.10135389633601163	0.11666059341477718	0.11812706644028224	0.11831905618074066	0.11833092528891892	0.11654676647935648	0.11439881603396432	0.11747672083456676	0.11692706886569842	0.11641939386502644	0.11535435349728228	0.1110928135983901	0.11011443745880868	0.10579806601244827	0.10284897757265972	0.1020980330222277	0.10459040944393047	0.11105439952584575	0.12206151680511541	0.12583661617275832	0.11805937840588941	0.1072690386294791	0.10129187768576285	9.8611066662824098E-2	PTSa-CN24	197.52053962850971	127.90102152147718	86.959249561001158	43.502649296194527	29.094744490225562	21.90561724112186	17.598995617938055	14.838800016406601	13.088684769611394	12.015443115593165	11.332584652543972	10.657803301196425	9.0601173068927121	7.4861492995313057	6.3640549507554809	5.5137521280802959	4.8465971776036545	4.3036189631211759	3.8515198103487083	3.4674444995874794	3.1494550870412623	2.8497642472691784	2.5573181884230776	2.3118705959035055	2.1657360034876518	2.0841094980848838	1.9952732302129861	0.15665587544761156	0.15955449580594244	0.17855300510537489	0.19358327132514758	0.20996018932206353	0.22813892508477196	0.23172398801866334	0.23016874542655472	0.23618342041625978	0.2368546220506807	0.23604548043198723	0.24757812571311019	0.24299388833574001	0.24348853961681266	0.24561065010240851	0.24699572998157404	0.24848173976354287	0.24864765689888638	0.26058959673457799	0.27673427601954625	0.30995527382225468	0.34926863696157362	0.37019793716879146	0.35330642669330858	0.32794321339834398	0.31446039552958932	0.29231622496505166	RS-CN24	160.1701459462812	108.11889774011451	83.797140212807506	43.85291245681946	30.801254414001278	22.331421852042787	17.863509631284739	14.740052833838064	12.930975446074536	12.005400154221787	11.426800570766851	10.89934236474827	9.1300795536284252	7.4711811498836047	6.3575422744168479	5.5108531412636843	4.8420757497927172	4.3006921880169573	3.8499940674520463	3.4674220231823227	3.144189530409641	2.8442193752238296	2.5547611102763574	2.3127097192270627	2.1680659481435356	2.0737992120190931	1.9797858186209965	0.15593233697345416	0.1609249639978933	0.18740134951325163	0.20765051420137826	0.21408452047383772	0.19675865815913671	0.1791973340520589	0.17534007014218658	0.1789008282676508	0.15688041544536671	0.17404017045718084	0.1688304197514944	0.16717015154670389	0.16217171542279415	0.1622587413558062	0.15704110134680693	0.15665127967830789	0.15483965435351696	0.15636882404419375	0.16475382863219529	0.18201039192822291	0.20475834715079982	0.21146307212040538	0.19200354173092482	0.17031076592339267	0.15152050607333661	0.13868087127694859	S-CN24	298.45313645982822	150.57418737466435	89.044673044524103	43.371814956209874	29.383928764944983	22.255528588032497	17.749409738111559	14.828536487219052	13.060611953532089	12.06137020079473	11.418395812943849	10.699073135386584	9.1010011933565131	7.5257854163930737	6.3968210327915367	5.5443381370277374	4.8741563940694386	4.3285867736978965	3.8741703123567102	3.4887502807297839	3.1587693132789241	2.8597041205779634	2.5791177207865297	2.3283973304963719	2.1764906836254929	2.0818378535862223	1.9875311795593982	3.0019620445142718E-2	5.0895089397144683E-2	0.13741538522566973	0.22881237444966429	0.2486094959086867	0.2330740687441997	0.21541370262804513	0.20346500979959817	0.18890835058979244	0.18766358995507126	0.18735265364792611	0.18174114726161997	0.17376774166526962	0.16779450729130049	0.16068799318050975	0.15430364659028117	0.14906405648452886	0.14473540661300191	0.14711723980053965	0.1507039784112621	0.16635145410223887	0.1882978691911332	0.19821670415557313	0.18034154976565686	0.16131515544586683	0.14764548652208198	0.13346596140212932	Pore size, nm
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HMF

LA+FA

Glucose

*Byproducts

Time (h)

Selectivity (%)

4.1865021397

2.5371511417

9.5816033216
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15.6741022137
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CATA 

		

				fru conv		HMF YIELD		LEV+FOR		GLUCOSE		HUMINS		HMF SELE		LEV+FOR SEL		GLUCO		BYPRODUCTS

		CN 24		64.5714285714		12.6073521577		0		8.0858085809		65.6354578376		19.5246604212		0		3.1931654222		77.2821741566

		RS-CN 24		67.4285714286		17.5514118274		4.9313358302		2.0980669496		63.8810064546		26.0296361847		7.3134217821		3.2139782392		63.442963794

		S-CN 24		68.380952381		17.1806073522		6.6791510612		4.4790193305		63.1005714078		25.1248436208		9.7675607441		3.2376935951		61.86990204

		N-CN 24		53.3238095238		18.0458177944		4.1198501873		4.7619047619		55.2051720398		33.84195157		7.7260987616		5.0403182023		53.391631466

		PTSa-CN 24		70.5428571429		28.9227490677		23.2209737828		2.4988213107		49.2940254027		41.0002518173		32.9175408018		4.3127803424		21.7694270385

						CN 24		64.5714285714		12.6073521577		77.2821741566

						N-CN 24		53.3238095238		18.0458177944		53.391631466

						RS-CN 24		67.4285714286		17.5514118274		63.442963794

						S-CN 24		68.380952381		17.1806073522		61.86990204

						PTSa-CN 24		70.5428571429		28.9227490677		21.7694270385
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Fructose conversion

HMF yield

Humins

percentage (%)



CINETIQUE

		



HMF

LA+FA

Glucose

Byproducts*

Selectivity (%)



TEMP

		time		conver		HMF yield		lev+for yield		glucose yield		HMF sele		lev+for sele		glucose selec		CARBON  BALANCE		Byproducts		Humins

		2		29.5238095238		1.2360149174		0.7490636704		2.828854314		4.1865021397		2.5371511417		9.5816033216		38.0758032301		83.694743397		61.9241967699

		4		39.4285714286		6.1800745871		3.0586766542		3.7010843942		15.6741022137		7.7575132534		9.386808246		39.0810002334		67.1815762869		60.9189997666

		6		43.6380952381		14.2141715503		12.3595505618		5.7520037718		32.5728505628		28.322846115		13.1811522488		48.3610134577		25.9231510734		51.6389865423

		8		54.1904761905		17.9222163026		17.5405742821		10.4903347478		33.0726311384		32.3683708194		19.3582627156		50.4572891518		15.2007353266		49.5427108482						time		HMF sele		lev+for sele		glucose selec		Humins

		12		70.5428571429		28.9227490677		23.2209737828		2.4988213107		41.0002518173		32.9175408018		3.542274033		50.7059745973		22.5399333479		49.2940254027						2		4.1865021397		2.5371511417		9.5816033216		61.9241967699		83.694743397

		18		74.819047619		31.641981886		18.1647940075		2.3102310231		42.2913454433		24.278301563		3.0877578593		49.9287720899		30.3425951344		50.0712279101						4		15.6741022137		7.7575132534		9.386808246		60.9189997666		67.1815762869

		24		89.2095238095		43.0133191263		3.620474407		1.0608203678		48.2160617941		4.0583944991		1.1891335392		49.8440860071		46.5364101675		50.1559139929						6		32.5728505628		28.322846115		13.1811522488		51.6389865423		25.9231510734

																												8		33.0726311384		32.3683708194		19.3582627156		49.5427108482		15.2007353266

																												12		41.0002518173		32.9175408018		3.542274033		49.2940254027		22.5399333479

																												18		42.2913454433		24.278301563		3.0877578593		50.0712279101		30.3425951344

																												24		48.2160617941		4.0583944991		1.1891335392		50.1559139929		46.5364101675

																										time		2		4		6		8		12		18		24

																										HMF		4.1865021397		15.6741022137		32.5728505628		33.0726311384		41.0002518173		42.2913454433		48.2160617941

																										LA+FA		2.5371511417		7.7575132534		28.322846115		32.3683708194		32.9175408018		24.278301563		4.0583944991

																										Glucose		9.5816033216		9.386808246		13.1811522488		19.3582627156		3.542274033		3.0877578593		1.1891335392

																										*Byproducts		83.694743397		67.1815762869		25.9231510734		15.2007353266		22.5399333479		30.3425951344		46.5364101675
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2.5371511417
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9.386808246

32.5728505628

28.322846115
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32.3683708194

19.3582627156
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3.542274033

42.2913454433
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1.1891335392
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Fructose conversion

HMF

LA+FA

Glucose

time (hours)

percentage (%)



FRU

		



HMF

LA+FA

Glucose

*Byproducts



REGE

		120°C		65.4166666667		16.6862013852		25.5075689965								yield		yield		yield		selec		selec		selec		carbon balance		Byproducts		Humins

		140°C		89.2095238095		43.0133191263		48.2160617941						con!version		hmf		lev+for		glu		hmf		lev+for		gluc

		160°C		92		28.0575386255		30.4973245929				120°C		65.4166666667		16.6862013852		0.9987515605		2.0609058318		25.5075689965		1.5267539779		3.150429297		34.3484305295		69.8152477287		65.6515694705

												140°C		89.2095238095		43.0133191263		0.9051186017		2.9906451604		48.2160617941		1.0145986248		3.3523832801		49.8440860071		47.416956301		50.1559139929

												160°C		92		28.7991475759		0.3121098627		1.8826305025		31.3034212782		0.3392498507		2.0463375027		31.3771750416		66.3109913684		68.6228249584





REGE

		



Fructose conversion

HMF Yield

HMF selectivity

percentage (%)



				con!version		HMF yield		humins		selectivity

		1:01		76.2285714286		40.1923076923		44.061461553		52.7260408257

		2:01		86.980952381		41.3734939759		49.869305601		47.566154248

		4:01		89.2095238095		43.0133191263		50.1559139929		48.2160617941

		6:01		91.6857142857		44.7522642515		51.0434453195		48.8105094672

				1:01		76.2285714286		44.061461553		40.1923076923		52.7260408257

				2:01		86.980952381		49.869305601		41.3734939759		47.566154248

				4:01		89.2095238095		50.1559139929		43.0133191263		48.2160617941

				6:01		91.6857142857		51.0434453195		44.7522642515		48.8105094672

				con!version		HMF yield				hmf selec		lev+for yield		gluc yield		carbon balance		LA+FA sel		Glucose sel		Byproducts		Humins

		1:01		76.2285714286		40.1923076923				52.7260408257		6.0237203496		1.6973125884		55.938538447		7.9021818679		2.2266094675		37.1451678388		44.061461553

		2:01		86.980952381		41.3734939759				47.566154248		3.2459425718		1.2494106554		50.130694399		3.7317855035		1.4364186884		47.2656415601		49.869305601

		4:01		89.2095238095		43.0133191263				48.2160617941		0.9051186017		1.0608203678		49.8440860071		1.0145986248		1.1891335392		49.5802060419		50.1559139929

		6:01		91.6857142857		44.7522642515				48.8105094672		0		0.0942951438		48.9565546805		0		0.102846059		51.0866444738		51.0434453195





		



Fructose conversion

HMF yield

HMF selectivity

Humins

percentage (%)



		45mg		79.7333333333		25.7091102824		32.243867411

		90mg		89.2380952381		51.7068273092		57.9425492793

		180mg		89.2095238095		43.0133191263		48.2160617941

		270mg		90.4761904762		39.8820813355		44.0801951603

		360mg		88.6095238095		25.5855087906		28.8744456472





		



Frcutose conversion

HMF yield

HMF selectivity

percentage (%)



												CON		YIELD		SELE

								0		run 1		89.2095238095		43.0133191263		48.2160617941

								1		run2		84.2285714286		42.0245071923		49.8934108457

								2		run 3		70.3142857143		37.0804475226		52.7352971675

								3		run4		70.4476190476		37.5748534896		53.3372937192

								4		run5		70.1142857143		37.9456579648		54.1197240737
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Fructose conversion

HMF

LA+FA

Glucose

Time (h)

Conversion, yield (%)

29.5238095238

1.2360149174

0.7490636704

2.828854314

39.4285714286

6.1800745871

3.0586766542

3.7010843942

43.6380952381

14.2141715503

12.3595505618

5.7520037718

54.1904761905

17.9222163026

17.5405742821

10.4903347478

70.5428571429

28.9227490677

23.2209737828

2.4988213107

74.819047619

31.641981886

18.1647940075

2.3102310231

89.2095238095

43.0133191263

3.620474407

1.0608203678



CATA 

		

				fru conv		HMF YIELD		LEV+FOR		GLUCOSE		HUMINS		HMF SELE		LEV+FOR SEL		GLUCO		BYPRODUCTS

		CN 24		64.5714285714		12.6073521577		0		8.0858085809		65.6354578376		19.5246604212		0		3.1931654222		77.2821741566

		RS-CN 24		67.4285714286		17.5514118274		4.9313358302		2.0980669496		63.8810064546		26.0296361847		7.3134217821		3.2139782392		63.442963794

		S-CN 24		68.380952381		17.1806073522		6.6791510612		4.4790193305		63.1005714078		25.1248436208		9.7675607441		3.2376935951		61.86990204

		N-CN 24		53.3238095238		18.0458177944		4.1198501873		4.7619047619		55.2051720398		33.84195157		7.7260987616		5.0403182023		53.391631466

		PTSa-CN 24		70.5428571429		28.9227490677		23.2209737828		2.4988213107		49.2940254027		41.0002518173		32.9175408018		4.3127803424		21.7694270385

						CN 24		64.5714285714		12.6073521577		77.2821741566

						N-CN 24		53.3238095238		18.0458177944		53.391631466

						RS-CN 24		67.4285714286		17.5514118274		63.442963794

						S-CN 24		68.380952381		17.1806073522		61.86990204

						PTSa-CN 24		70.5428571429		28.9227490677		21.7694270385
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Fructose conversion

HMF yield

Humins

percentage (%)



CINETIQUE

		



HMF

LA+FA

Glucose

Byproducts*

Selectivity (%)



TEMP

		time		conver		HMF yield		lev+for yield		glucose yield		HMF sele		lev+for sele		glucose selec		CARBON  BALANCE		Byproducts		Humins

		2		29.5238095238		1.2360149174		0.7490636704		2.828854314		4.1865021397		2.5371511417		9.5816033216		38.0758032301		83.694743397		61.9241967699

		4		39.4285714286		6.1800745871		3.0586766542		3.7010843942		15.6741022137		7.7575132534		9.386808246		39.0810002334		67.1815762869		60.9189997666

		6		43.6380952381		14.2141715503		12.3595505618		5.7520037718		32.5728505628		28.322846115		13.1811522488		48.3610134577		25.9231510734		51.6389865423

		8		54.1904761905		17.9222163026		17.5405742821		10.4903347478		33.0726311384		32.3683708194		19.3582627156		50.4572891518		15.2007353266		49.5427108482						time		HMF sele		lev+for sele		glucose selec		Humins

		12		70.5428571429		28.9227490677		23.2209737828		2.4988213107		41.0002518173		32.9175408018		3.542274033		50.7059745973		22.5399333479		49.2940254027						2		4.1865021397		2.5371511417		9.5816033216		61.9241967699		83.694743397

		18		74.819047619		31.641981886		18.1647940075		2.3102310231		42.2913454433		24.278301563		3.0877578593		49.9287720899		30.3425951344		50.0712279101						4		15.6741022137		7.7575132534		9.386808246		60.9189997666		67.1815762869

		24		89.2095238095		43.0133191263		3.620474407		1.0608203678		48.2160617941		4.0583944991		1.1891335392		49.8440860071		46.5364101675		50.1559139929						6		32.5728505628		28.322846115		13.1811522488		51.6389865423		25.9231510734

																												8		33.0726311384		32.3683708194		19.3582627156		49.5427108482		15.2007353266

																												12		41.0002518173		32.9175408018		3.542274033		49.2940254027		22.5399333479

																												18		42.2913454433		24.278301563		3.0877578593		50.0712279101		30.3425951344

																												24		48.2160617941		4.0583944991		1.1891335392		50.1559139929		46.5364101675

																										time		2		4		6		8		12		18		24

																										HMF		4.1865021397		15.6741022137		32.5728505628		33.0726311384		41.0002518173		42.2913454433		48.2160617941

																										LA+FA		2.5371511417		7.7575132534		28.322846115		32.3683708194		32.9175408018		24.278301563		4.0583944991

																										Glucose		9.5816033216		9.386808246		13.1811522488		19.3582627156		3.542274033		3.0877578593		1.1891335392

																										*Byproducts		83.694743397		67.1815762869		25.9231510734		15.2007353266		22.5399333479		30.3425951344		46.5364101675





TEMP

		2		2		2

		4		4		4

		6		6		6

		8		8		8

		12		12		12

		18		18		18

		24		24		24



HMF

LA+FA

Glucose

time (hours)

selectivity (%)

4.1865021397

2.5371511417

9.5816033216

15.6741022137

7.7575132534

9.386808246

32.5728505628

28.322846115

13.1811522488

33.0726311384

32.3683708194

19.3582627156

41.0002518173

32.9175408018

3.542274033

42.2913454433

24.278301563

3.0877578593

48.2160617941

4.0583944991

1.1891335392



MIBK

		



Fructose conversion

HMF

LA+FA

Glucose

Time (h)

Conversion, yield (%)



FRU

		



HMF

LA+FA

Glucose

*Byproducts



REGE

		120°C		65.4166666667		16.6862013852		25.5075689965								yield		yield		yield		selec		selec		selec		carbon balance		Byproducts		Humins

		140°C		89.2095238095		43.0133191263		48.2160617941						con!version		hmf		lev+for		glu		hmf		lev+for		gluc

		160°C		92		28.0575386255		30.4973245929				120°C		65.4166666667		16.6862013852		0.9987515605		2.0609058318		25.5075689965		1.5267539779		3.150429297		34.3484305295		69.8152477287		65.6515694705

												140°C		89.2095238095		43.0133191263		0.9051186017		2.9906451604		48.2160617941		1.0145986248		3.3523832801		49.8440860071		47.416956301		50.1559139929

												160°C		92		28.7991475759		0.3121098627		1.8826305025		31.3034212782		0.3392498507		2.0463375027		31.3771750416		66.3109913684		68.6228249584





REGE

		



Fructose conversion

HMF Yield

HMF selectivity

percentage (%)



				con!version		HMF yield		humins		selectivity

		1:01		76.2285714286		40.1923076923		44.061461553		52.7260408257

		2:01		86.980952381		41.3734939759		49.869305601		47.566154248

		4:01		89.2095238095		43.0133191263		50.1559139929		48.2160617941

		6:01		91.6857142857		44.7522642515		51.0434453195		48.8105094672

				1:01		76.2285714286		44.061461553		40.1923076923		52.7260408257

				2:01		86.980952381		49.869305601		41.3734939759		47.566154248

				4:01		89.2095238095		50.1559139929		43.0133191263		48.2160617941

				6:01		91.6857142857		51.0434453195		44.7522642515		48.8105094672

				con!version		HMF yield				hmf selec		lev+for yield		gluc yield		carbon balance		LA+FA sel		Glucose sel		Byproducts		Humins

		1:01		76.2285714286		40.1923076923				52.7260408257		6.0237203496		1.6973125884		55.938538447		7.9021818679		2.2266094675		37.1451678388		44.061461553

		2:01		86.980952381		41.3734939759				47.566154248		3.2459425718		1.2494106554		50.130694399		3.7317855035		1.4364186884		47.2656415601		49.869305601

		4:01		89.2095238095		43.0133191263				48.2160617941		0.9051186017		1.0608203678		49.8440860071		1.0145986248		1.1891335392		49.5802060419		50.1559139929

		6:01		91.6857142857		44.7522642515				48.8105094672		0		0.0942951438		48.9565546805		0		0.102846059		51.0866444738		51.0434453195





		



Fructose conversion

HMF yield

HMF selectivity

Humins

percentage (%)



		45mg		79.7333333333		25.7091102824		32.243867411

		90mg		89.2380952381		51.7068273092		57.9425492793

		180mg		89.2095238095		43.0133191263		48.2160617941

		270mg		90.4761904762		39.8820813355		44.0801951603

		360mg		88.6095238095		25.5855087906		28.8744456472





		



Frcutose conversion

HMF yield

HMF selectivity

percentage (%)



												CON		YIELD		SELE

								0		run 1		89.2095238095		43.0133191263		48.2160617941

								1		run2		84.2285714286		42.0245071923		49.8934108457

								2		run 3		70.3142857143		37.0804475226		52.7352971675

								3		run4		70.4476190476		37.5748534896		53.3372937192

								4		run5		70.1142857143		37.9456579648		54.1197240737





		



fructose conversion

HMF yield

HMF selectivity

percentage (%)




