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Abstract:



Hydroxymethylfurfural (HMF) has an outstanding position among bio-based platform chemicals, because high-value polymer precursors and fuel additives can be derived from HMF. Unfortunately, the large-scale industrial production of HMF is not yet realized. An open research question is the choice of hexose feedstock material. In this study, we used the highly available disaccharide sucrose for HMF synthesis. The conversion of sucrose was catalyzed by sulfuric acid in water media. Experiments were conducted at temperatures of 180, 200, and 220 °C with reaction times of 2–24 min. A carbon balance showed that the yield of unwanted side products rose strongly with temperature. We also developed a kinetic model for the conversion of sucrose, involving nine first-order reactions, to uncover the kinetics of the main reaction pathways. Within this model, HMF is produced exclusively via the dehydration of fructose. Glucose isomerizes slowly to fructose. Side products arise simultaneously from glucose, fructose, and HMF. A pathway from hexoses to xylose via reverse aldol reaction was also included in the model. We believe that sucrose is the ideal feedstock for large-scale production of HMF because it is more abundant than fructose, and easier to process than sugars obtained from lignocellulosic biomass.
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1. Introduction


The production of platform chemicals from renewable biomass is experiencing enormous interest as a result of (1) the latest developments in research, and (2) government funding for sustainable production processes and CO2 reductions [1,2]. The platform chemical hydroxymethylfurfural (HMF) has an outstanding position among bio-based platform chemicals because it has two different functional groups, and therefore offers a wide range of applications [3]. It is able to be a substitute for fossil-based products in various new materials and products, such as biopolymers, resins, coatings, paints, varnishes, and fuel additives [4]. For example, HMF can be oxidized to furandicarboxylic acid (FDCA), which can be a substitute for fossil-based terephthalic acid in the production of polyesters. HMF has been named as one of the top ten value-added bio-based chemicals by the U.S. Department of Energy [5]. It can be produced exclusively by thermochemical conversion routes, and is highly carbon-efficient during its synthesis [6]. In principle, HMF is available from all hexoses and their polymers.



The dehydration of hexoses to form HMF has been performed in different solvent systems, which can be categorized as aqueous, organic, or biphasic. In addition, a great variety of acid catalysts have been investigated [7,8], which can be distinguished into homogeneous and heterogeneous catalysts. A well-known and established synthetic strategy for HMF is the homogeneous catalyzed dehydration of hexoses in aqueous solutions. Sulfuric acid is a homogeneous catalyst which is comparatively cheap, and thus an expensive acid-recycling step is unnecessary. The capital cost of processes based on diluted sulfuric acid as a catalyst is, therefore, relatively low [9]. The advantages of HMF synthesis in aqueous media are as follows: (1) water is a cheap and environmentally friendly solvent; (2) the process is simple and easy to scale up; (3) water dissolves polar sugars and HMF in high concentrations; and (4) the water elimination of fructose to form HMF is supported by the high level of the ionic product in hot compressed water and the higher thermodynamic stability of double bonds in these conditions [10,11]. Unfortunately, HMF rehydrates in a water-based medium under acidic conditions to form the consecutive products levulinic acid and formic acid. Furthermore, the self-condensation of HMF and condensation with other compounds lead to the formation of high-molecular-weight polymeric substances (humins) [6]. The maximum yields of HMF in water are reported to be around 50–60 mol% when fructose is used as the feedstock [3].



Unfortunately, the large-scale industrial production of HMF has not yet been realized, due to unfavorable reaction kinetics and the lack of progress in process development [6]. Feedstock costs are a key parameter in improving the economics of future processes. Ketoses (e.g., fructose) are much more efficiently dehydrated to form HMF than aldoses (e.g., glucose) [12]. Therefore, fructose is the ideal feedstock from a reaction-engineering point of view. However, fructose feedstock costs are higher as compared with glucose. Generally, when glucose is the feedstock, significantly lower HMF yields have been obtained.



Lignocellulosic biomass is another feedstock containing hexoses. Cellulose consists of glucose building blocks, and hemicelluloses can also contain glucose [13]. A previous isomerization of glucose to fructose is a strategy to overcome low yields from the direct conversion of lignocellulose-derived glucose to HMF [6]. By using isomerase enzymes, the fructose yield can reach the thermodynamic equilibrium (about 50 wt % [14]). However, the yields of fructose are consistently lower when using heterogeneous catalysts [15,16]. Thus, a mixture of glucose and fructose is always obtained after isomerization.



A mixture of fructose and glucose is also obtained when sucrose is subjected to hot water. This is because the glycosidic linkage, which connects a glucose and fructose unit, can be easily hydrolyzed. Sucrose is an available and cheap feedstock; about 171 million tons were produced worldwide in 2016–2017 [17]. However, only a few studies deal with the conversion of sucrose to hexoses and HMF in hot water [18,19,20,21,22]. Khajavi et al. [19] and Gao et al. [21] investigated the decomposition of sucrose in hot water without the addition of a catalyst. They determined the kinetics of the sucrose decomposition, but not the kinetics of HMF formation [19,21]. Bower and coworkers [20] converted sucrose catalyzed by sulfuric acid. They investigated the decomposition kinetics of formed fructose and glucose, but not the HMF formation [20]. A recent work by Tan-Soetedjo and coworkers [22] deals with the acid-catalysed conversion of sucrose to levulinic acid. They developed a detailed kinetic model which includes HMF formation as well as the rehydration of HMF to form levulinic acid [22].



In general, the scope of kinetic studies is to understand the reaction mechanism or to identify the optimal reaction conditions for maximum product yields. Many such studies converting either glucose or fructose to HMF have been performed, and have been reviewed intensively by van Putten et al. [3]. The group led by Heeres, for example, used modified Arrhenius equations with (1) power law dependence of acid catalyst concentration, and (2) power law dependence of reaction order. They investigated the kinetics of the acid-catalyzed conversion of fructose to HMF [23], HMF to levulinic acid [24], and glucose to levulinic acid [25]. However, kinetic parameters which are determined experimentally depend to a great extent on the setup and the procedure of the experiments themselves [26]. Attention must be paid to the following issues for the direct comparison of kinetic data obtained by different studies: (1) which reactor system is applied, (2) modifications to the Arrhenius equation, (3) modifications to reaction order, (4) the parameter range of reaction conditions, (5) anion effects of the acid utilized, and (6) which reaction scheme is applied.

	
The reactor type can influence the determination of kinetic data. Smith et al. [27], for example, investigated glucose decomposition in a batch and tubular reactor using sulfuric acid. Glucose decomposed 4.4 times faster in the continuous system. The activation energy was much lower (88 kJ/mol) compared with that of the continuous reactor (129 kJ/mol) [27].



	
Either a linear or a power law dependence of acid concentration is included in the Arrhenius equation in some models. Depending on the study, the mass percentage of acid [27,28], hydronium concentration at ambient conditions [20], hydronium concentration at reaction conditions [23,25], an activity term [29], or multiple factors [30] may be used in modified Arrhenius equations.



	
The reaction order is often set to one for the conversion of hexoses in aqueous media [3,12,20]. Nevertheless, slightly different reaction orders have been determined by some studies [23,25].



	
Kinetic rate constants are normally determined within small ranges for substrate concentration, catalyst concentration, or temperature [25]. An extrapolation to other reaction conditions is problematic.



	
The type of acid anion influences the kinetics of fructose decomposition, even if the pH is the same [31]. Sulfate ions, for example, have an inhibitor effect on the HMF rehydration reaction [31].



	
Only one reaction is assumed for hexose conversion in some studies. Other studies use networks of more than seven individual reactions [3].








In this work, we converted a 2 wt % sucrose solution in a tubular reactor. Experiments were conducted at temperatures of 180, 200, and 220 °C with reaction times of 2–24 min. Sulfuric acid was used as a catalyst at a concentration of 0.005 mol/L. Furthermore, we compared sucrose, glucose, and fructose concerning their product distribution at 220 °C and 10 min. A detailed kinetic network for the acid-catalyzed conversion of sucrose to HMF was developed. Thereby, the kinetics of main reaction pathways were uncovered.




2. Materials and Methods


2.1. Feedstock


Experiments were performed with a feedstock solution of 2 wt % sucrose in deionized water and 0.005 mol/L sulfuric acid (pH = 2.0). Sucrose, sulfuric acid, and water were mixed together directly before each experiment to minimize degradation reactions of the saccharides. A relatively small concentration of sulfuric acid catalyst was chosen in this study, to minimize the potential demand of a neutralization agent in the wastewater stream. Moreover, under less acidic conditions, unwanted rehydration of HMF to form levulinic acid and formic acid is decreased [31]. For economic reasons, the feedstock concentration should be as high as possible to reduce costs in downstream separation steps. On the other hand, higher hexose feedstock concentrations decrease HMF yield [31], because side reactions forming high-molecular-weight polymeric substances are accelerated at higher concentrations.



Additional experiments were performed with a feedstock containing either glucose or fructose. In this case, a 1.05 wt % glucose or fructose solution was used (corresponding to glucose or fructose in a 2.0 wt % sucrose solution). The sulfuric acid concentration was kept constant at 0.005 mol/L (pH = 2.0).



All feedstock chemicals were purchased (sucrose grade Reag. Ph. Eur. from Merck (Darmstadt, Germany), d(+)-glucose grade normapur from VWR (Radnor, PA, USA), d(−)-fructose ≥ 99% from Sigma Aldrich (St. Louis, MO, USA), 72 wt % sulfuric acid from Alfa Aesar (Haverhill, MA, USA)).




2.2. Acid-Catalyzed Conversion


The conversion of saccharide feedstock was performed in a self-constructed test rig (see Figure 1). This test rig consisted of a 170 mL tubular reactor made of stainless steel 1.4571. The reactor dimensions were 0.30 m in length and 0.0027 m in inner diameter. The reactor was surrounded by a brass block heated by cartridges. The feedstock solution was pumped via a PrepStar SD-1 from Agilent (Santa Clara, CA, USA) into the reactor. The product was cooled to room temperature in a heat exchanger before the system pressure was released with a back pressure valve.


Figure 1. Piping and instrumentationdiagram of test rig. T-1: feedstock tank, P-1: pump, R-1: tubular reactor with surrounding heating block, HE-1: cooler, T-2: small tank.
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All experiments were performed at 2.5 MPa reactor pressure to prevent the evaporation of water. The reactor pressure has no effect on the decomposition reactions of hexoses in acidic water media [32]. Reaction temperatures (measured at the reactor exit) of 180, 200, and 220 °C were investigated. The hydrodynamic residence time was varied between 2 and 24 min at 180 °C, and between 2 and 18 min at 200 and 220 °C. Product samples were taken after the twofold residence time was passed to ensure steady state conditions. Samples were stored at 4 °C prior to their analysis. The experiments at 220 °C and 10 min residence time were performed in quadruplicate, and in all other cases as single runs.




2.3. Analytics


Characterization of the liquid samples was performed with several HPLC methods. Preliminary filtration with 0.45 µm GHP syringe filters (Pall, New York, NY, USA) was performed to remove high-molecular-weight products.



The furan compounds HMF, furfural, and methylfurfural were separated at 20 °C in a Lichrospher 100 RP-18 column (Merck, Darmstadt, Germany). Therefore, a water–acetonitrile eluent (9:1 v/v) at a flow rate of 1.4 mL/min was used. Furan compounds were quantified by a UV detector at 290 nm. Methylfurfural was only detected in the samples in trace amounts at experimental conditions with higher residence times. Therefore, methylfurfural was not considered further in this article.



The saccharide compounds sucrose, glucose, fructose, and xylose were separated at 35 °C in a Metrosep Carb 2 column (Metrohm, Filderstadt, Germany). An eluent with 0.1 mol/L sodium hydroxide and 0.01 mol/L sodium acetate was used with a flow rate of 0.5 mL/min. Sugars were quantified by an amperometric detector.



Formic acid and levulinic acid were analyzed with an Aminex HPX-87H column (Biorad, Hercules, CA, USA). The column temperature was 25 °C for formic acid separation and 60 °C for levulinic acid. The eluent was 0.004 mol/L sulfuric acid at a flow rate of 0.65 mL/min in both cases. Detection was performed by RI and DAD (210 nm for formic acid, 280 nm for levulinic acid).




2.4. Reaction Model


A chemical reaction model only describes the experimental data correctly if all the relevant reaction pathways are contained in the model [33,34]. However, a formal kinetic reaction model does not show insights into the elemental reactions involved. The formal kinetic reaction model we used in this work is shown in Figure 2. A rate coefficient kn was defined for each reaction pathway. The reaction order for all reactions was set to one. Different variations of the model shown in Figure 2 were considered, either including additional or omitting reaction pathways. After evaluating the different modeling results, the reaction model presented in Figure 2 described the data most appropriately.


Figure 2. Reaction model to determine the kinetic rate coefficients kn of the acid-catalyzed conversion of sucrose. HMF = hydroxymethylfurfural; SP = side products.
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The hydrolysis reaction of sucrose to equimolar amounts of fructose and glucose was not included in the kinetic model, because sucrose was never detected in the samples in the reaction conditions investigated. Sucrose glycosidic bonds hydrolyze rapidly under acidic conditions at temperatures higher than 160 °C [19,20]. For modelling, it is assumed that sucrose hydrolyzes spontaneously in quantitative yields when entering the reactor.



In our model, glucose is either isomerized to fructose or converted to noncharacterized side products. Even if acids are far less effective catalysts than bases, enolization and isomerization of sugars occurs [30,31,35,36]. We simply implemented the isomerization of glucose to fructose in our model because in other works [37,38,39], the reverse reaction from fructose to glucose was reported negligible. A pathway from glucose to xylose is also included in the model.



Fructose can undergo dehydration to form HMF or react to form other side products. A pathway from fructose to xylose is also included in the model. Antal et al. [18] assumed that pentoses could be formed together with formaldehyde out of fructose by a reverse aldol reaction, but they did not detect xylose in their studies. Xylose dehydrates to furfural in our model. HMF can react to form other side products, or is rehydrated to form equimolar amounts of levulinic acid and formic acid. Asghari and Yoshida [32] reported in a similar study on fructose decomposition that side products (e.g., soluble polymers) were produced not only from fructose, but also from HMF.




2.5. Kinetic Modelling


A molar ratio yi,meas was calculated from all concentrations ci experimentally determined (see Equation (1)).
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(1)







A set of ordinary differential equations was formulated to describe all rates of change, according to the reaction model (see Equations (2)–(10)).
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Experiments were carried out at three different temperatures. The temperature-dependence of the formal kinetic rate coefficients kn is considered by the Arrhenius equation (see Equation (11)). The activation energy EAn and the Arrhenius factor An are the parameters which were adjusted during optimization.
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Modelling was conducted in Matlab V 8.4. using the function fminsearch for optimization, which uses the Nelder–Mead simplex search method. The function fminsearch finds a minimum of the scalar function given in Equation (12). The difference between the molar ratio calculated yi using the kinetic model and the molar ratio measured yi,meas was minimized. The optimization included data of the components l of all experiments z. The maximum molar ratio of each component yl,max was used in Equation (12) for data normalization.
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3. Results and Discussion


3.1. Maximum Mass Yield of HMF


The HMF yield at reaction temperatures of 200 and 220 °C shows a maximum within the residence time spectra investigated (see Figure 3). At 180 °C, the lowest temperature considered, however, the HMF yields increased continuously with reaction time. The highest yields of HMF recorded, based on input sucrose mass, were 0.25 g/g (at 180 °C, 22 min), 0.25 g/g (at 200 °C, 14 min), and 0.23 g/g (at 220 °C, 10 min). We expect that temperatures above 220 °C would result in a lower HMF maximum at shorter residence times.


Figure 3. HMF mass yield after acid-catalyzed conversion of sucrose at different residence times and reaction temperatures (T). Feedstock contained 2 wt % sucrose and 0.005 mol/L sulfuric acid.
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Bowler et al. [20] investigated sucrose hydrolysis at similar reaction conditions (160–200 °C and 3–12 min), but used sulfuric acid in higher concentrations (0.01–0.2 mol/L). They reported a lower maximum HMF yield of 0.18 g/g (25% of the theoretical yield [20]). In addition, Tan-Soetedjo et al. [22] obtained a lower maximum HMF yield of 0.17 g/g at 140 °C and 0.05 mol/L sulfuric acid. Thus, higher sulfuric acid concentrations are not favorable in obtaining high HMF yields.




3.2. Carbon Balance of Sucrose Conversion


A carbon balance is an easy means for evaluating the reactions of organic molecules in water. In that regard, a mass balance often provides not significant results, because most of the mass flow is water. Water is also a reaction partner in the reaction network considered, thus a water-free mass balance is inadvisable.



Figure 4 shows the carbon balance of the sucrose conversion at 180, 200, and 220 °C. A carbon balance of over 100% results from measurement errors of the individual components via HPLC. The carbon from sucrose input was mostly transferred during the reaction to glucose, fructose, or HMF for all residence times considered (see Figure 4). Carbon conversion to xylose and furfural was minor, even at the harshest reaction conditions of 220 °C and 18 min. The hydration products of HMF, levulinic acid and formic acid, become more important at higher reaction temperatures. Sucrose was not detected in the samples, and so was completely hydrolyzed even at the lowest residence times. This is in accordance with Bowler et al. [20], who performed sucrose hydrolysis at similar reaction conditions.


Figure 4. Carbon composition after acid-catalyzed conversion of sucrose at different residence times and reaction temperatures (T). The carbon input of sucrose is represented by 100%. Feedstock contained 2 wt % sucrose and 0.005 mol/L sulfuric acid.
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The difference between the sum of all carbon detected and 100% can be assigned to nonquantified side products. This could be either small organic molecules from fragmentation reactions of sugars (such as aldehydes, ketones, and organic acids [31]), sugar reversion products [25], or high-molecular-weight condensation products (humins). The carbon percentage of side products increases strongly with reaction temperature and accounts for 14.6% (180 °C), 22.8% (200 °C), and 38.1% (220 °C) of total carbon at a residence time of 18 min, respectively. We recommend reaction conditions with lower side product formation for a technical process. Firstly, all carbon that is transferred to side products is a waste of feedstock, and must be removed cost-intensively from HMF. Secondly, high-molecular-weight condensation products are poorly soluble in water, and can cause the plugging of pipes and apparatuses [6].




3.3. Carbon Balance of Glucose and Fructose Conversion


The carbon balances of experiments with a feedstock containing either glucose or fructose are shown in Figure 5. Amounts of 1.05 wt % monosaccharide solution were used, corresponding to glucose or fructose in a 2.0 wt % sucrose solution. At 220 °C and 10 min residence time, the conversion of glucose (25%) was much lower than that of fructose (96%). The HMF mass yields accounted for 0.062 gHMF/gglucose and 0.351 gHMF/gfructose at 220 °C and 10 min.


Figure 5. Carbon composition after acid-catalyzed conversion of glucose, fructose, and sucrose at a residence time of 10 min and temperature of 220 °C. The column “50% glucose 50% fructose (theoretical)” shows a calculated 1:1 mixture of glucose and fructose. Feedstock contained 0.005 mol/L sulfuric acid and either 2 wt % sucrose, 1.05 wt % glucose, or 1.05 wt % fructose.
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When a glucose feedstock was used, we found traces of the isomerization product fructose in the product samples, and vice versa (see Figure 5). Xylose was only detected after the conversion of glucose, and not in the case of fructose. However, furfural was present in both cases, which is a dehydration product of pentoses. Therefore, we assume that the pathway from fructose to furfural might proceed via another intermediate pentose.



A calculated mixture of glucose and fructose is also depicted in Figure 5, and was compared with experimental data from sucrose feedstock. The conversion of sucrose was well-described by combining the experimental results from fructose and glucose conversion. We used unpaired two-sample Student’s t-tests to evaluate whether there was a significant difference in the carbon composition. Student’s t-tests resulted in p > 0.34 for all individual components shown in Figure 5, and thus no significant difference could be found in sucrose experiments compared with a calculated mixture of the two hexoses. This implied that the results of glucose and fructose conversion could be used to estimate the yields from sucrose conversion. As a consequence, cross-reactions of glucose products with fructose products were of minor importance in the investigated conditions. This finding is in accordance with Tan-Soetedjo et al. [22], who also observed that individual sugars are not affected in the presence of other sugars.



The side products can be determined by the difference to 100%, as shown in Figure 5. Regarding the literature, the probability of forming high-molecular-weight side products generally increases with the concentrations of HMF, sugars, and intermediates [6], because these condensation reactions are of a higher reaction order [40,41]. The sucrose experiments were conducted with double the carbon input as compared with fructose or glucose experiments (compare Figure 5). However, we do not observe a significant higher side product formation using sucrose as compared with a calculated mixture of glucose and fructose. However, if the sucrose content were to be increased much more, we believe that the formation of high-molecular-weight side products would accelerate. These high-molecular-weight side products can form solid particles at longer reaction times. Velebil et al. [42] reported yields of solid particles increasing with sucrose content.




3.4. Modeling Results


We avoided modeling on a molar yield base, because defining the maximal theoretical yield of each component in the sucrose reaction network is not obvious (compare Figure 2). The modeling is, therefore, performed on a molar ratio base (see Equation (1)). The experimentally determined molar ratios of fructose, glucose, HMF, xylose, furfural, levulinic acid, formic acid, and the sum of the side products can be found in Tables S1 and S2 of the Supplementary Material to this article.



The molar ratio of the noncharacterized side products is not directly measurable. For a rough estimation, we determined the sum of the side products (SP1, SP2, and SP3) via the carbon balance shown in Figure 4. The difference between the sum of all carbon detected and 100% can be assigned to nonquantified side products. An average molar mass of 180.2 g/mol is postulated to calculate the molar ratio of the sum of the side products. However, in reality, the side products can be divided into smaller molecules from defragmentation reactions, such as short-chain aldehydes and organic acids, and high-molecular-weight condensation products.



The experimental results of sucrose conversion are compared with the kinetic model in Figure 6. Since HMF rehydrates to form equimolar amounts of levulinic acid and formic acid, only the data of levulinic acid is displayed in the following diagrams. Within the scope of measuring inaccuracy, the molar ratios of levulinic acid and formic acid are equal within each sample in this study. Glucose molar ratios of greater than one at low residence times in Figure 6 result from measuring inaccuracies; this also leads to negative values for the sum of the side products.


Figure 6. Kinetic plots of the acid-catalyzed conversion of sucrose at different residence times and temperatures of (a) 180 °C, (b) 200 °C, and (c) 220 °C. The molar ratios measured yi,meas are shown as data points and molar ratios calculated yi as lines. ∑ SP accounts for the sum of SP1, SP2, and SP3, as defined in Figure 2. Feedstock contained 2 wt % sucrose and 0.005 mol/L sulfuric acid.
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The results of the experiments using glucose or fructose as the feedstock were compared with the results from the kinetic model in Figure 7. These experimental results are also included in the optimization of the kinetic parameters, according to Equation (12).


Figure 7. Kinetic plots of the acid-catalyzed conversion of (a) glucose and (b) fructose at 10 min residence time at 220 °C. The molar ratios measured yi,meas are shown as data points, and molar ratios calculated yi as lines. ∑ SP accounts for the sum of SP1, SP2, and SP3, as defined in Figure 2. Feedstock contained 0.005 mol/L sulfuric acid and either 1.05 wt % glucose or 1.05 wt % fructose.
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The model proposed is generally able to describe the experimental data. However, the fructose consumption is overrated at low residence times (2–6 min) by the model, especially at the lowest reaction temperature examined (180 °C). By contrast, the fructose consumption is underrated by the model at higher residence times (14–24 min) (see Figure 6). We are sure that this effect cannot be a result of an insufficient reaction model, but rather arises from experimental conditions in the tubular reactor. Especially at low residence times, which are related to high flow rates, the reactor is not completely isothermal.



The rate coefficients kn of the kinetic model are summarized in Table 1. The activation energy EAn and the Arrhenius factor An are shown in Table S3 of the Supplementary Material to this article. The rate constant for fructose conversion to HMF (k1) is roughly an order of magnitude higher than the isomerization of glucose to fructose (k6). Side-product formation from HMF (k8) dominates among the reactions that produce noncharacterized side products. The side-product formation from fructose and glucose (k7, k9) shows only a small rise with temperature (see Table 1), and the corresponding activation energies EA7 and EA9 are the lowest in the reaction network (see Table S3 of the Supplementary Material). We assume this effect occurs because a variety of different elementary reactions are lumped together in k7 and k9.


Table 1. First-order reactions according to the model (see Figure 2), with their rate coefficients kn at different reaction temperatures.


	Reaction
	Rate Coefficient kn
	at 180 °C [min−1]
	at 200 °C [min−1]
	at 220 °C [min−1]





	fructose => HMF
	k1
	0.0525
	0.116
	0.241



	HMF => levulinic acid + formic acid
	k2
	0.0055
	0.0114
	0.0224



	fructose => xylose
	k3
	0.0033
	0.0065
	0.0123



	glucose => xylose
	k4
	0.0014
	0.0027
	0.0050



	xylose => furfural
	k5
	0.0642
	0.111
	0.185



	glucose => fructose
	k6
	0.0061
	0.0116
	0.0210



	fructose => SP1
	k7
	0.0042
	0.0047
	0.0052



	HMF => SP2
	k8
	0.0156
	0.0347
	0.0721



	glucose => SP3
	k9
	0.0086
	0.0094
	0.0102









According to the proposed model, xylose is produced from fructose as well as from glucose. However, when pure fructose was used as the feedstock, we found no xylose in the product samples (see Figure 5). However, furfural was present, which is a dehydration product of pentoses. Therefore, the pathway from fructose to furfural might proceed via another intermediate pentose, which is not included in the model.



Figure 8 shows the difference between all molar ratios measured and calculated. When the calculation describes the experimental result perfectly, the data point is on the line through the origin with a slope of one. A standard derivation δ of a linear regression function is calculated to evaluate the error (see Equation (13)). Parameters (a = 1, b = 0) are used to describe the linear equation. The standard deviation δ of the values calculated is about 7.8%. The Pearson correlation coefficient is 0.974.
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(13)






Figure 8. Parity plot of the molar ratio measured yi,meas and the molar ratio calculated yi. The solid line though the origin has a slope of one. The dashed lines have a slope of one and are shifted by the standard derivation.
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Asghari and Yohsida [32] investigated the HCl-catalyzed decomposition of fructose and formulated a kinetic model. They assumed that fructose and HMF could react to form different side products. The formation of side products from fructose was much higher than from HMF [32]. This contrasts to our work, where the side product formation from HMF was dominant (k8 > k7, see Table 1). The main differences between the study of Asghari and Yohsida [32] and our work are more acidic conditions (pH = 1.8), a smaller feedstock concentration (0.5 wt % fructose), and the use of HCl as the homogeneous catalyst.



Van Putten et al. [12] suggested that the rate-determining step in glucose dehydration to form HMF under acidic conditions is the isomerization to fructose. This is in accordance with our calculations, because the rate constant for the isomerization of glucose to fructose (k6) is roughly an order of magnitude smaller than the subsequent fructose dehydration to form HMF (k1) (see Table 1).





4. Conclusions


Sucrose decomposition in water catalyzed by 0.005 mol/L sulfuric acid was studied in a tubular reactor at 180–220 °C. Sucrose hydrolyzed rapidly to fructose and glucose at all the reaction conditions investigated. The formed fructose showed much faster conversion than glucose. The maximum HMF yield was surpassed within the residence time spectra investigated at 200 °C (0.25 g/g based on input sucrose) and at 220 °C (0.23 g/g). A carbon balance showed that the yield of unwanted side products rose strongly with temperature. Therefore, we recommend a mild reaction temperature for industrial HMF production. Nonconverted glucose could be isomerized catalytically to fructose, which is recycled for HMF production. In this regard, efficient purification strategies of HMF from the product mixture are of high interest.



Furthermore, we compared the feedstocks of sucrose, glucose, and fructose concerning their product distribution at 220 °C. The results of glucose and fructose conversion can be used to predict the yields from sucrose conversion.



A reaction network with nine first-order reactions was proposed. Within our network, HMF is only produced via the dehydration of fructose. Glucose isomerizes slowly to fructose. Side products arise simultaneously from glucose, fructose, and HMF, whereby side product formation from HMF is dominant at the conditions investigated. A small part of HMF rehydrates to form levulinic acid and formic acid. A pathway from hexoses to xylose via reverse aldol reaction is also included in the model. However, this postulated pathway needs further experimental investigation.
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