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12 Abstract
13 5-hydroxymethyl furfural (HMF) is an important platform chemical because it can be upgraded to 
14 various drop-in and performance-advantaged products. The cascade reaction of HMF production 
15 from glucose over a Lewis acid (CrCl3) and a Brønsted acid (HCl) catalyst in aqueous media is 
16 investigated in a microreactor at short residence times and high temperatures. We study the 
17 formation of various chromium species using UV-Visible spectrophotometry and elucidate the 
18 Cr(III) speciation. The catalyst reactivity increases sharply at short residence times, and then drops 
19 at long times. This indicates that the catalyst treatment plays a vital role in getting optimal 
20 reactivity, and recording the catalyst history is necessary. We develop a kinetic model to describe 
21 the catalyst speciation as well as the Lewis and Brønsted acid-catalyzed reaction kinetics using a 
22 hierarchical approach. The model is in good agreement with experiments. We demonstrate the 
23 benefits of tandem Lewis-external added Brønsted acid catalysis in processing time, productivity, 
24 and catalyst stability. We apply this model to optimize the HMF yield and obtain ~36% yield at 
25 200 °C in 7 min and report the highest productivity of ~15% yield/min, demonstrating the 
26 opportunity of reaching high productivity at short residence times.

27 Keywords: acid catalysis, glucose conversion, 5-hydroxymethylfurfural, kinetic model, metal 
28 salts, UV-visible spectrophotometry
29
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1 Introduction

2 Due to the growing environmental concerns, replacing fossil fuel-derived products with 
3 molecules derived from renewable lignocellulosic biomass has received increased attention.1-6 As 
4 such, the conversion of biomass-derived carbohydrates, such as glucose and fructose, to platform 
5 molecules, including 5-hydroxymethyl furfural (HMF), has been studied extensively.1-3, 7 A wide 
6 variety of catalysts,8-10 solvents and solvent mixtures,11-13 phase modifiers,14 reaction conditions 
7 as well as reactor designs15, 16 have been investigated to optimize the production of HMF. Recently, 
8 the application of microreactors to biomass processing, in particular the conversion of sugars to 
9 HMF, is receiving growing attention. This stems from their unique advantages, such as fast heat 

10 and mass transfer, precise temperature control, and the ability to study reaction kinetics under 
11 differential conversions where short residence times and precise process control render collection 
12 of large amounts of data feasible.17-19 However, most microfluidic studies have used fructose as 
13 the substrate.20-22 In comparison to fructose, glucose is an abundant and cheaper feedstock. 
14 However, achieving high HMF yield from glucose at short residence times with only Brønsted 
15 acid-catalyzed dehydration is challenging.3, 23 Therefore, it is common to isomerize the glucose to 
16 fructose first and then dehydrate fructose into HMF.1, 9, 24 The isomerization of glucose to fructose 
17 is an equilibrium-limited reaction with approximately unity equilibrium constant at room 
18 temperature.25 Consequently, glucose conversion is modest. 

19 To mitigate the limited conversion, combined Lewis/Brønsted acid catalysts are effective. The 
20 Lewis acid is active for isomerization of glucose to fructose26, 27 and tolerates Brønsted acidity as 
21 well at high temperatures.9 The fructose is simultaneously dehydrated to HMF in a single reactor. 
22 Various tandem Lewis/Brønsted acid catalysts, including both homogeneous and heterogeneous, 
23 have been applied to the production of HMF.11, 28-34 While heterogeneous catalysts are easily 
24 separated from reaction solutions, the formation of undesired products, such as soluble polymers 
25 and humins can deposit in and block the catalyst pores, which requires frequent regeneration.24 In 
26 this context, homogeneous catalysts for HMF production are meritorious. Moreover, 
27 homogeneous catalysts allow better mixing with the glucose reactant and are easier to use in the 
28 narrow micro-scale channels. Various metal salts catalyze the conversion of glucose to HMF. 
29 Zhang et al.30 have tested different Brønsted acids and obtained 33% HMF yield using maleic acid 
30 and AlCl3 catalyst in a single phase. Wrigstedt et al.29 have investigated different salts and achieved 
31 47% HMF yield using KBr and CrCl3 catalyst in a biphasic system. Swift et al.31 have obtained 
32 HMF yield over 50% using CrCl3 and HCl catalyst in a biphasic system and developed a kinetic 
33 model. Moreover, the role of different metal salts, such as CrCl3 and AlCl3, in the production of 
34 HMF has also been investigated.24, 35-39 Norton et al.38 have investigated the speciation of Al(III) 
35 species and found that the soluble Al(III) ions form quickly, while the Al(OH)3 solids form after 
36 extended heating, leading to a drop in catalytic activity due to the active species being removed 
37 from solution. Choudhary et al.24 have investigated the speciation of Cr(III) ions and identified 
38 [Cr(H2O)5(OH)]2+ as the catalytically active species for glucose isomerization. They also proposed 
39 that preheating of the catalyst is important to establish equilibration among species. However, little 
40 is known about the dynamic of Cr-related species forming under reaction conditions. 
41 Understanding the Cr(III) speciation and the impact on catalytic activity becomes even more 
42 important at short residence times where reaction and catalyst speciation time scales can be 
43 comparable. Moreover, these changes have not been taken into account in the previous kinetic 
44 models.31
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1 In this work, we characterize the chromium species formed under reaction conditions using 
2 UV-Visible spectrophotometry (UV-Vis) and perform reactivity measurements in a flow 
3 microreactor at nearly isothermal conditions and short residence times. Then, we develop a kinetic 
4 model to describe the dynamics of Lewis and Brønsted acid catalyst speciation under reaction 
5 conditions and build a kinetic model that couples catalyst speciation with Lewis and Brønsted acid-
6 catalyzed reactions using a hierarchical approach. Finally, we apply this model to maximize the 
7 yield of HMF. 

8 Methods

9 Materials

10 Glucose (≥99% purity, Sigma Aldrich), fructose (≥99% purity, Sigma Aldrich), mannose 
11 (≥99% purity, Sigma Aldrich), chromium chloride hexahydrate (≥99% purity, Sigma Aldrich), 
12 hydrochloric acid (37 wt%, Fisher Scientific), and sulfuric acid (5M, Fluka), were used without 
13 further purification. All aqueous solutions were prepared using deionized (DI) water obtained 
14 using a Millipore water purification system (model: Direct-Q3 UV R).

15 Experimental setup

16 To carry out kinetic study of glucose conversion, reactions are conducted in a flow 
17 microreactor built in our laboratory as described by Desir et al.17 The configuration of the reactor 
18 is provided in the Supporting Information (SI). Due to the much shorter heating time compared to 
19 the reaction time, no preheating of the catalyst was used for experiments with residence times 
20 longer than or equal to five min. On the other hand, the catalyst was preheated for the experiments 
21 with residence times less than five min.

22 In the former case, a mixture of sugars and catalyst was prepared in one feed reservoir. A 
23 Teledyne SSI MX reciprocating pump with Poly Ether Ether Ketone (PEEK) wetted internal parts 
24 was used to deliver the feed into a 1.5 m PEEK tube with 0.02 cm2 cross-sectional area placed in 
25 an oven with temperature control (accuracy: ±1 °C). This PEEK tubing maximum working 
26 temperature of 250 °C and the pressure rating of 5,000 psi are sufficient for this work. In the latter 
27 case, two pumps were used. One pump (Teledyne SSI-MX) is connected to a reservoir containing 
28 a 2 wt% aqueous glucose feed. The other pump (Teledyne SSI-LS) is connected to the catalyst 
29 feed where the catalyst concentration is twice that used for the reaction. The catalyst feed enters a 
30 preheating coil of 1.5 m in length and a total volume of 3 mL. The sugars’ feed is preheated for 30 
31 seconds in a PEEK tube of 0.02 cm2 cross-sectional area and variable-length to keep the preheating 
32 time constant. Control experiments showed that the conversion of 1 wt% glucose at 200 °C and 1 
33 min of residence time without catalysts is minimal (less than 2%). Therefore, reactions of glucose 
34 in the preheating section can be neglected. This preheated glucose stream is mixed with the 
35 preheated catalyst feed at a T-junction. The flow rate ratio of the two streams is 1:1 so that the 
36 combined stream contains 1 wt% of glucose and the target catalyst concentration. The combined 
37 stream enters a coiled PEEK tube of 1 m length and 0.2 mL in total volume. 

38 The reaction mixture exits the tube and immediately enters a coiled, thin PEEK tube with 0.002 
39 cm2 cross-sectional area placed in an ice-water bath to rapidly quench the chemistry. A stainless-
40 steel 316 pressure gauge in the range of 0-1000 psi was installed after the quenching section to 
41 indicate the system pressure, and the product mixture was quenched to room temperature before 
42 entering the pressure gauge. The pressure gauge was the only stainless-steel part in the flow path, 
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1 and the internals were coated with molybdenum to prevent corrosion. A PEEK back-pressure 
2 regulator (BPR) was connected further downstream to pressurize the system and prevent 
3 vaporization. The back pressure used in the experiments was 250 psi, which is greater than the 
4 bubble point pressure of the water/HCl mixture at 200 °C and sufficient to maintain it in the 
5 subcooled phase. The eluents from the BPR were filtered and collected for High-Performance 
6 Liquid Chromatography (HPLC) analysis. The experimental conditions for kinetic study are listed 
7 in Table 1.

8 Aside from the experiments in Table 1 that are used for kinetics, experiments with varying 
9 catalyst heating times are also conducted. The catalyst heating experiments are first conducted in 

10 the absence of a substrate to investigate the effect of heating on catalyst speciation. Then, the 
11 glucose conversion experiments are conducted using catalyst with different heating times to 
12 investigate the effect of heating on catalyst reactivity. Experiments with heating time less than 1 
13 hour were conducted in the continuous flow reactor as described previously, and those with heating 
14 time longer than 1 hour were done in thick-walled glass vial reactors (Sigma-Aldrich) 5 mL in 
15 volume. 2 mL of reacting mixture and a stir bar were placed in each vial. Then each vial was sealed 
16 with a crimp cap. To prevent water vapor leakage, a stainless-steel shim was inserted between each 
17 aluminum cap and the rubber septum. Then the vials were immersed in an aluminum heating block 
18 with individual vial slots filled with mineral oil pre-heated to the set point temperature. A 
19 thermocouple inserted into a vial filled with mineral oil sitting in the bath was used to monitor the 
20 actual temperature. The stirring rate was 500 rpm. Time zero was defined at the time when the vial 
21 was put into the oil bath. At each desired time point, a vial was taken out of the oil bath and 
22 immediately immersed in an ice-water bath to quench the reaction. 

23 Product analysis 

24 A Waters 2695 HPLC equipped with a RID and an Aminex Biorad 87C column heated at 75 
25 °C was used for the determination of the glucose, mannose, and fructose concentrations. The 
26 mobile phase was deionized (DI) water at 0.5mL/min flow rate. The same samples were also run 
27 on a Waters 2695 HPLC equipped with a RID and an Aminex Biorad 87H column heated at 50 °C 
28 for determination of the acids and HMF concentration. The mobile phase was 0.005 mM of 
29 aqueous H2SO4 solution at 0.5 mL/min flow rate. External calibration standards were used in both 
30 cases. Reactant conversion and yields of identified products were calculated as follows:

31 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 [%] =
𝑐𝑡 = 0

𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 ― 𝑐𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡

𝑐𝑡 = 0
𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡

× 100%

32 𝑌𝑖𝑒𝑙𝑑𝑖 [%] =
𝑐𝑖

𝑐𝑡 = 0
𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡

× 100%

33 Characterization of Cr(III) species 

34 UV-Vis analysis was conducted on a Cary 600 UV-Visible spectrophotometer. All scans were 
35 performed in the 200-800 nm range. DI water was used for 100% transmission baseline reference 
36 and zero absorbance calibrations. All samples were directly put into a 1 cm pathlength cuvette and 
37 inserted into the sample holder for analysis. 
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1 Kinetic models, experimental conditions, and parameter estimation

2 We use a hierarchical approach, proposed years ago,40-42 to develop a complex kinetic model 
3 for glucose conversion over tandem Brønsted/Lewis-acid catalysts. In this method, we develop 
4 kinetic submodels, which usually consist of different building blocks, and integrate them together 
5 to build a full kinetic model. A building block typically describes the sub-network starting from a 
6 different substrate. Each building block is often described by a set of coupled ordinary differential 
7 equations (ODEs) describing the change of species involved in that building block with reaction 
8 time in a batch reactor or location in a plug flow reactor. Networks that involve a single substrate 
9 are modeled first, and their parameters are used as initial estimates (priors) for networks involving 

10 two or more substrates. Additional reactions are often needed to couple these building blocks. Rate 
11 constants are described via the Arrhenius equation to include temperature dependence. The 
12 temperature dependence of the equilibrium constant is described using the van’t Hoff equation. 
13 All the reaction rates are first order on catalyst activity and substrate concentration.31

14 There are three main submodels in the reaction network: the Lewis acid-catalyzed reaction 
15 model, the Brønsted acid-catalyzed reaction model, and the catalyst speciation model, which 
16 affects the reaction kinetics. In the Lewis and Brønsted acid-catalyzed reaction model, there are 
17 multiple building blocks, namely the glucose, fructose, mannose, and HMF conversion sub-
18 networks. All of them are developed separately using different datasets, as shown in Table 1. The 
19 catalyst speciation model describes the real-time Brønsted and Lewis acid species concentration 
20 vs. time and temperature, and the species considered in this model are discussed in detail in the 
21 Results and Discussion. The catalytically active Lewis species ([Cr(H2O)5(OH)]2+) activity is 
22 determined from the [Cr(H2O)5(OH)]2+ concentration obtained from the catalyst speciation model 
23 with an empirical representation developed by Swift et al.31 The Brønsted acid catalyst activity is 
24 determined from the pH. Then, the catalyst speciation model is integrated with each reaction 
25 building block, as shown in Scheme 1, to calculate the concentrations of catalysts, reactants and 
26 products.

27 Experimental data is used to estimate kinetic parameters. There are two kinetic parameters for 
28 each reaction, namely the pre-exponential factor and the activation energy. To determine the 
29 parameters for each model, the normalized sum of the squared error between the estimated and the 
30 observed outlet concentration for different conditions in the training dataset is minimized. The 
31 open-source package, SciPy,43 in Python is used to estimate the kinetic parameters. In Table 1, 
32 experiments 1–16 are used for parameter estimation (training set), and experiments 17–26 are 
33 reserved for model assessment (testing set). Specifically, the parameters of Brønsted acid-
34 catalyzed mannose conversion and fructose dehydration are obtained from previous literature,31, 44 
35 and that of direct glucose conversion are estimated using experiments 10–16 (Table 1). The 
36 parameters of the catalyst speciation and Lewis acid-catalyzed reactions are estimated 
37 simultaneously using experiments 1–9 (Table 1). 

38

39 Table 1. Experimental conditions employed for kinetic studies of glucose conversion. Experiments 
40 1–16 are used for training and the rest for validation. All of the experiments are conducted in the 
41 continuous flow reactor with respect to different residence times between 0 to 60 min.

Experiment Temperature [°C] Substrate Catalyst
1 140 Glucose (1 wt%) 1.7 mM CrCl3
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2 160 Glucose (1 wt%) 1.7 mM CrCl3
3 180 Glucose (1 wt%) 1.7 mM CrCl3
4 180 Mannose (1 wt%) 1.7 mM CrCl3
5 200 Mannose (1 wt%) 1.7 mM CrCl3
6 180 Fructose (1 wt%) 1.7 mM CrCl3
7 200 Fructose (1 wt%) 1.7 mM CrCl3
8 160 HMF (1 wt%) 1.7 mM CrCl3
9 180 HMF (1 wt%) 1.7 mM CrCl3
10 140 Glucose (1 wt%) 0.02 M HCl
11 160 Glucose (1 wt%) 0.02 M HCl
12 140 Glucose (1 wt%) 0.1 M HCl
13 160 Glucose (1 wt%) 0.1 M HCl
14 180 Glucose (1 wt%) 0.1 M HCl
15 160 Glucose (1 wt%) 0.056 M HCl
16 180 Glucose (1 wt%) 0.056 M HCl
17 160 Glucose (1 wt%) 0.03 M HCl
18 180 Glucose (1 wt%) 0.03 M HCl
19 180 Glucose (1 wt%) 0.01 M HCl
20 200 Glucose (1 wt%) 0.01 M HCl
21 180 Glucose (1 wt%) 1.7 mM CrCl3 + 0.01 M HCl
22 200 Glucose (1 wt%) 1.7 mM CrCl3 + 0.01 M HCl
23 180 Glucose (1 wt%) 1.7 mM CrCl3 + 0.1 M HCl
24 200 Glucose (1 wt%) 1.7 mM CrCl3 + 0.1 M HCl
25 200 Glucose (1 wt%) 1.7 mM CrCl3 + 0.056 M HCl
26 200 Glucose (1 wt%) 1.7 mM CrCl3 + 0.071 M HCl

1

2
3 Scheme 1. Reaction network for glucose conversion including the Brønsted acid-catalyzed (solid 
4 lines) and the Lewis acid-catalyzed (dashed lines) pathways. The reaction network consists of 
5 four substrates, glucose, fructose, mannose, and HMF. Byproducts include formic acid (FA), 
6 levulinic acid (LA), and humins. The kinetic parameters of reactions with red lines are obtained 
7 from the literature, and those with black lines are estimated in this work.

8
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1 Results and Discussion

2 Catalyst speciation and dynamics

3 It is important to understand the change of Cr(III) speciation and catalyst reactivity under 
4 different conditions, especially at short residence times and high temperatures, which are needed 
5 for process intensification. It is known that the chromium (III) hexaaquo complex [Cr(H2O)6]3+ 
6 (referred to hereafter as Cr3+) forms after CrCl3 is dissolved in water (R1).45-47 Hydrolysis of Cr3+ 
7 forms [Cr(H2O)5(OH)]2+ (referred to hereafter as Cr(OH)2+), which is believed to be the 
8 catalytically active species for glucose isomerization24 (R2). Then, the Cr(OH)2+ is further 
9 hydrolyzed and forms Cr(OH)3 solids (R3). During hydrolysis, protons that catalyze the 

10 dehydration reaction are also released. These reactions control the Lewis and Brønsted acid 
11 catalyst concentrations. In Figure 1, the key Cr(III)-related species equilibrium distribution at 
12 different temperatures in aqueous media is obtained from the OLI software, which is a commercial 
13 software based on an aqueous electrolyte model (OLI, 2018).48 The Cr3+, Cr(OH)2+, and Cr(OH)3 
14 species account for most of the Cr (>98%). The species distribution greatly depends on the 
15 temperature. As the temperature increases, formation of the solids becomes more pronounce, at 
16 the expense of Cr(OH)2+ leading to catalyst deactivation. Therefore, it’s important to understand 
17 the Cr(III) speciation under different heating times.

18 (R1)𝐶𝑟𝐶𝑙3 +6𝐻2𝑂↔[𝐶𝑟(𝐻2𝑂)6]3 + +3𝐶𝑙 ―

19 (R2)[𝐶𝑟(𝐻2𝑂)6]3 + + 𝐻2𝑂
𝑘2

[𝐶𝑟(𝐻2𝑂)5(𝑂𝐻)]2 + + 𝐻3𝑂 +

20 (R3)[𝐶𝑟(𝐻2𝑂)5(𝑂𝐻)]2 + +2𝐻2𝑂
𝑘3

𝐶𝑟(𝑂𝐻)3(𝑠) ∙ 3𝐻2𝑂(𝑠) +2𝐻3𝑂 +

21

22
23 Figure 1. Effect of temperature on the species distribution at equilibrium of 1.7 mM CrCl3 solution 
24 (calculated using the OLI software) in aqueous media.

25

26 The catalyst is heated for various times in the absence of a substrate to understand the Cr(III) 
27 speciation. To qualitatively follow the progress of Cr(III) speciation in water, we employ UV-Vis. 
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1 A 3.4 mM CrCl3 solution, which is chosen to increase the sample absorption for detection by UV-
2 Vis, is heated for different times. The UV-Vis spectra of the freshly prepared CrCl3 solution shown 
3 in Figure 2 agree well with those by Onjia et al.46 The spectra exhibit three peaks: a broad and 
4 intense peak between 200 and 300 nm (Peak 1), which corresponds to at least one pair of negative 
5 ligands coordinated in trans-positions,49 and two much less intense peaks centers at 443 (Peak 2) 
6 and 633 nm (Peak 3), which correspond to the d−d transitions between different levels split from 
7 the d-orbital set of Cr3+.50, 51 Additionally, the shoulder at 692 nm is assigned to [Cr(H2O)2Cl4]- by 
8 Elving et al.50 After just 0.6 min of heating at 140 °C, a blue shift (i.e., a shift of peak positions to 
9 lower wavelengths) is observed for peaks 2 and 3. This is consistent with the color of the solution 

10 turning from bright green due to [CrCl4]2- to a more bluish color associated with [Cr(H2O)6]3+.52 
11 At the same time, the intensity of peak 1 reduces significantly. According to Tsuchida et al.49, the 
12 [Cr(H2O)6]3+ does not have any pairs of negatively charged coordinated ligands and therefore 
13 should not show an absorption peak in the ultraviolet region. The disappearance of peak 1 and of 
14 the shoulder at 692 nm after 0.6 min of heating is consistent with the complete replacement of 
15 coordinated Cl- ions by water molecules (R1). As the heating time becomes longer, peak 1 regrows 
16 in intensity with a different shape than that of the freshly prepared solution. This points to the 
17 formation of new electronic transitions arising from most likely an [Cr(H2O)4(OH)2]+ ion. We are 
18 not able to predict changes in the concentration of the catalytically active [Cr(H2O)5(OH)]2+ 
19 species (R2) using the UV-Vis technique since this ion does not have any pairs of coordinated 
20 negative ions associated with peak 1. However, we postulate that [Cr(H2O)5(OH)]2+ ions form 
21 earlier and are transformed into [Cr(H2O)4(OH)2]+ ions, as the amount of [Cr(H2O)4(OH)2]+ ions 
22 increases, and are finally transformed into solids (R3). On the other hand, the positions of peaks 2 
23 and 3 are overall very similar for heating times longer than 0.6 min. Peaks 2 and 3 red-shift by 11 
24 nm and 16 nm upon heating for 0.6 min and 24 hours, respectively, pointing to the formation of 
25 Cr species coordinated with more OH- ions. According to studies on the effect of anion 
26 coordination in the UV-Vis spectra of transition metal complexes,49 replacing a H2O ligand with 
27 an OH- could cause a slight red shift of the UV-Vis peak in the 350-800 nm region. This again 
28 indicates that the hydrolysis of [Cr(H2O)6]3+ is happening. Apart from peak-position changes, the 
29 intensity of peaks 2 and 3 decreases from 0 to 0.6 min of preheating and increases at longer heating 
30 times. The change in absorbance also implies a change in Cr speciation, which needs to be 
31 considered while developing the kinetic model. Overall, the qualitative analysis of UV-Vis data 
32 supports the dynamic nature of the catalyst speciation, consistent with the mechanism (R1–R3) 
33 described above.

34
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1
2 Figure 2. UV-Vis spectra of a freshly prepared 3.4 mM CrCl3 solution and of the same solution 
3 heated at 140 °C at different times. (a) Low wavelengths (200-350 nm) and (b) high wavelengths 
4 (300-800 nm). 

5

6 The catalyst solution in the absence of a substrate is also heated for various times, and the pH 
7 under different conditions is measured, as shown in Figure 3. This data is used to assess the catalyst 
8 speciation model in a later section. At all temperatures, the pH drops rapidly within the first 10 
9 min and decreases gradually at longer residence times, indicating that there are two time scales. A 

10 shorter one, which controls speciation of small ions and the pH, pointing to the hydrolysis of Cr3+ 
11 ions following R2, and consistent with the UV-Vis data (Figure 2), and a longer one that is 
12 controlled by the growth of solid particles accordingly to R3. The two time scales for CrCl3 are 
13 reminiscent of the AlCl3 findings.38 The color of the solution is light green at the beginning but 
14 becomes slightly bluish after an hour of preheating (Figure 3). After ultracentrifugation at 10,000 
15 rpm for 10 min, the permeate became almost colorless but the retentate kept the green-bluish color. 
16 It can be concluded that green colloidal particles form upon heating the CrCl3 solution, consistent 
17 with prior literature findings.24, 46 Dynamic light scattering (DLS) experiments were attempted 
18 aiming at measuring the size of these particles, but due to the sample absorbing visible light at 532 
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1 nm, which is the wavelength of the laser of the DLS instrument, the Cr ions gave artifact 
2 background signals and unreliable autocorrelation functions.

3

4
5 Figure 3. Catalyst heating experiments without substrates. Measured pH of a 3.4 mM CrCl3 
6 solution as a function of heating (residence) time at temperatures indicated. The pictures are of (a) 
7 freshly prepared CrCl3 solution and (b) a CrCl3 solution after preheating at 140 °C for an hour. 
8 Experiments were conducted in a flow microreactor.

9

10 Effect of heating on catalyst deactivation and reactivity 

11 CrCl3 solutions preheated from 0 to 24 hours are used for glucose conversion to probe the 
12 effect of speciation on reactivity. In Figure 4a, the glucose conversion decreases when increasing 
13 catalyst preheating time, up to 3 times upon 24 h catalyst preheating, indicating that the catalyst 
14 reactivity continues dropping despite the change in pH being slight. The HMF yield slightly 
15 decreases as well. These findings indicate gradual removal of the catalytically active species from 
16 solution due to formation of solids. When the reaction time (45 min in these experiments)  is around 
17 the same or longer than the catalyst preheating time, the catalytically active species change 
18 noticeably during reaction. 

19 To further investigate the effect of externally added Brønsted acidity, the HCl is added into the 
20 CrCl3 solutions and preheated together. In Figure 4b, preheating a mixture of HCl and CrCl3 with 
21 a pH = 1 for various times does not appreciably affect either the glucose conversion or the HMF 
22 yield, indicating that there is no significant change in reactivity. This is attributed to the Brønsted 
23 acid reducing the CrOH2+ concentration via R2 and suppressing the formation of solids, i.e., by 
24 eliminating R3. Consequently, the reactivity of glucose in the presence of HCl is reduced to about 
25 half of that of the fresh CrCl3 catalyst without added HCl and is double of the one when the CrCl3 
26 catalyst alone is heated for 24 hours (Figure 4a), i.e., the effect of HCl on glucose conversion can 
27 be detrimental, compared to using Lewis acid catalyst alone, or beneficial, due to avoiding catalyst 
28 solid formation. Further, the amount of HCl would play a role due to modifying the extent of 
29 reactions R2 and R3. We return to this point by optimizing the ratio of Lewis and Bronsted acids 
30 below.
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1 To understand the reversibility of forming solids according to the reverse reaction of R3, we 
2 preheated a 3.4 mM CrCl3 solution for 24 hours at 140 °C. After cooling down this solution to 
3 room temperature, HCl was added to bring the solution pH to 1. Then, glucose was added in a 
4 1:100 mass ratio (glucose : catalyst solution) and transferred to a temperature-controlled oil bath 
5 kept at 140 °C for 45 min. Compared to using a freshly prepared/non-preheated CrCl3/HCl catalyst 
6 mixture, this CrCl3/HCl catalyst gives significantly lower glucose conversion and HMF yield 
7 (Figure 4c). When HCl is added prior to catalyst heating (Figure 4b), the reactivity is higher as 
8 HCl prevents the formation of solids according to R3. This suggests that upon CrCl3 preheating, 
9 solids likely form by condensation of the [Cr(H2O)x(OH)y]3-y species.45, 53, 54 Once formed, the 

10 dissolution of the solids is slow, i.e., the process appears to be irreversible under typical reaction 
11 conditions and laboratory operation times. 

12 Our results indicate that the catalyst treatment plays a vital role in getting optimal reactivity. 
13 While typical batch experiments are conducted over long reaction times, the residence time of 
14 continuous processes operating at high temperature can be orders of magnitude shorter, 
15 necessitating understanding of catalyst treatment or more commonly time in use because the 
16 catalyst changes rapidly. Moreover, since a catalyst in a continuous process is used for long times, 
17 catalyst deactivation, analogous to sintering of heterogeneous catalysts, is unavoidable and 
18 requires recording of the catalyst history.
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1
2 Figure 4. Glucose conversion and fructose and HMF yields as a function of CrCl3/HCl catalyst 
3 preheating time. Reaction conditions: 1 wt% glucose at 140 °C for 45 min using 3.4 mM CrCl3 
4 catalyst with (a) no HCl (starting pH=3.76), (b) 0.1 M HCl (pH=1), and (c) CrCl3 preheated for 0 
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1 or 24 h before adding HCl to a solution to bring pH to 1. Error bars were obtained from two 
2 repeat experiments for each set of conditions. The preheating and the reactions are performed in 
3 a batch reactor due to the need to preheat CrCl3 catalyst for long time.

4

5 Kinetic studies on catalyst speciation and glucose conversion

6 Even though it is difficult to directly measure the active species concentration, it is important 
7 to model how they change during pretreatment and reaction of glucose to HMF. Therefore, we 
8 develop a simple kinetic model to account for the observed effect of heating on catalyst speciation. 
9 The catalyst speciation model is composed of two key reactions: the hydrolysis reaction (R2) of 

10 Cr3+ to form the main catalytic active species Cr(OH)2+, and the formation of solids Cr(OH)3 (R3), 
11 where formation of solids mostly happens at low H+ concentration55 and is greatly suppressed at 
12 high H+ concentration. For simplicity, we assume that HCl fully dissociates in solution and Cr3+ 
13 ions form immediately upon dissolving CrCl3 in water, with complete replacement of coordinated 
14 Cl- ions by water molecules happening shortly, as observed in the UV-Vis spectra. The equations 
15 of the model are provided in the SI. 

16 The catalyst speciation kinetic model is integrated with Lewis and Brønsted acid-catalyzed 
17 reactions to establish the full reaction network. The tandem kinetic model is developed based on 
18 the network proposed by Swift et al.31, as shown in Scheme 1. The direct Brønsted acid-catalyzed 
19 pathway conversion of glucose to HMF has recently been studied56-58 and is responsible for the 
20 ratio of formic acid (FA) to levulinic acid (LA) being greater than unity, compared to 1 when HMF 
21 rehydration occurs alone. Yang et al.23 proposed that the additional FA stems from glucose retro-
22 aldol reaction at high temperatures. This direct pathway along with the catalyst speciation are 
23 included in a new kinetic model herein for the first time. 

24 The full reaction network is developed hierarchically. When only Brønsted acid catalyst (HCl) 
25 is present, the H+ concentration is determined from the concentration of the acid (unaffected by Cr 
26 speciation). Therefore, first the unknown kinetic parameters of the Brønsted acid-catalyzed 
27 reaction model (black solid lines in Scheme 1) are estimated using experiments 10–16 in Table 1. 
28 On the other hand, since direct measurement of catalytically active Lewis species and solids is 
29 infeasible, we use glucose kinetics data to model both the sugar chemistry and the catalyst Cr 
30 speciation at once, i.e., the kinetic parameters of both models are estimated simultaneously. The 
31 procedure is iterative: the ODEs of four key species concentrations based on R2 and R3, namely 
32 Cr3+, Cr(OH)2+, Cr(OH)3, and H+, are first formulated and solved in a plug flow reactor with 
33 respect to residence time. Then, the concentrations of catalytically active species, Cr(OH)2+ and 
34 H+, are passed into the glucose kinetics model as Lewis and Brønsted acid catalyst concentrations, 
35 respectively, and used to solve the concentration profiles for glucose, fructose, mannose, HMF, 
36 FA, and LA. The calculated concentration profiles of aforementioned species are compared with 
37 experiments 1–9 (Table 1) to estimate the kinetic parameters of both catalyst speciation model (R2 
38 and R3) and Lewis-acid catalyzed reaction model (dashed solid lines in Scheme 1) and the 
39 approach is iterated until numerical convergence in kinetic parameters is achieved. The method of 
40 estimating the kinetic parameters is mentioned in the Methods section. The model can account for 
41 preheating by simulating the catalyst speciation without a substrate and also for the coupled 
42 catalyst and reaction dynamics. The estimated parameters of the catalyst speciation model are 
43 shown in Table 2, and that of Brønsted- and Lewis-acid catalyzed reaction model are shown in 
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1 Table 3. Figure 5 shows a parity plot using the data reserved for model assessment (experiments 
2 17–26 in Table 1). The model predictions are in good agreement with experiments for most cases, 
3 and the relative error is at most 30%, indicating the catalyst speciation model is adequate.

4

5 Table 2. Estimated kinetic parameters of the catalyst speciation model.

Activation energy Ea [kJ/mol] Pre-exponential factor log10 [A0, 1/min] 
k2 96 ± 4 12.2
k3 85 ± 6 8.9

aReverse reactions are modeled using the equilibrium constants obtained from the 
OLI software. The equilibrium constants are provided in the SI.

6

7 Table 3. Estimated or literature kinetic parameters for reactions shown in Scheme 1.

Reaction Catalyst Activation energy 
Ea [kJ/mol]

Pre-exponential factor
log10 [A0, 1/min] 

Glucose → fructosea CrCl3 73 ± 6 8.1
Fructose → mannosea CrCl3 75 ± 3 7.8
Mannose → glucosea CrCl3 80 ± 9 8.1
Fructose → humins CrCl3 71 ± 8 8.1
Mannose → humins CrCl3 110 ± 8 11.1
Glucose → humins CrCl3 73 ± 10 6.8
HMF → humins CrCl3 55 ± 8 4.2
Mannose → HMFb,31 HCl 17 ± 3 20.5
Mannose → huminsb,31 HCl 58 ± 12 5.6
Fructose → HMFb,44 HCl 127 ± 2 18.1
Fructose → huminsb,44 HCl 133 ± 7 16.4
HMF → huminsb,44 HCl 64 ± 8 6.6
Fructose → FA/huminsb,44 HCl 129 ± 10 15.5
HMF → LA/FA HCl 92 ± 5 11.0
Glucose → HMF HCl 139 ± 4 15.6
Glucose → FA HCl 180 ± 10 17.7
Glucose → humins HCl 183 ± 3 20.3
aParameters of reverse reactions are calculated using literature equilibrium constants.59

bParameters are obtained from literature as cited.
8
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1
2 Figure 5. Parity plot of normalized concentration predicted by the model and obtained from 
3 experiments. Solid line is the parity line; points are data reserved for model assessment; and dashed 
4 lines are 30% error lines.

5

6 The predicted catalyst speciation is shown in Figure 6. The model-predicted proton 
7 concentration is compared with the measured pH, previously shown in Figure 3. The rapid increase 
8 in the H+ concentration (or drop in pH) is correctly captured by the model. A sharp peak in the 
9 Cr(OH)2+ concentration is observed at very short times. An additional set of experiments (not listed 

10 in Table 1) is conducted at short residence times (3–20 s) so that the catalyst changes and the 
11 glucose conversion are low. In Figure 7, the resulting simulations agree well with experiments, 
12 indicating that the catalyst speciation model can adequately describe the dynamics of Lewis and 
13 Brønsted acid active species at short reaction times. A non-monotonic variation of initial glucose 
14 reaction rate vs. the CrCl3 preheating time is observed in both simulations and experiments with 
15 an overall variation in reaction rate up to 3-4 times at these conditions. The initial glucose reaction 
16 rate reaches a maximum at ~1 min and then decreases. This behavior can be explained by the 
17 interplay between the hydrolysis of Cr3+ (R2) and the formation of the Cr(OH)3 solids (R3). At 
18 short heating times (~3 min), Cr3+ is rapidly hydrolyzed to form Cr(OH)2+ releasing protons, which 
19 is consistent with the pH rapidly dropping (Figure 3). At longer preheating times, the Cr3+ 
20 hydrolysis is either complete and/or the Cr(OH)2+ starts forming solids, which lower the 
21 concentration of the active species and consequently the glucose reaction rate. 

22 This indicates that one should carefully consider catalyst pretreatment compared to the 
23 operating time since the catalyst speciation happens rapidly in the first ~10 min of heating at 180 
24 °C (Figure 6 and Figure 7). Specifically, if one performs the reaction at very short residence times 
25 (<< 10 min), preheating the catalyst for ~1 min can provide higher reaction rate. On the other hand, 
26 if the reaction is carried out at much longer residence times (>> 10 min), the effect of preheating 
27 catalyst is less significant since catalyst deactivation happens already during reaction. The catalyst 
28 dynamics can also affect reproducibility among different reports.

29
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1

2 Figure 6. Concentrations of key catalyst species vs. preheating time at 180 °C. Circles are 
3 experimental data; lines represent model predictions. Conditions are those of Figure 3. 

4

5
6 Figure 7. Glucose initial reaction rate over catalysts heated for different preheating times. Reaction 
7 conditions: 1 wt% glucose with 1.7 mM CrCl3 at 180 °C. The catalyst was preheated in the flow 
8 reactor at the same temperature as that used for the glucose reaction. Circles are experimental data; 
9 line represents model prediction. The method for calculating the initial experimental glucose 

10 reaction rate at short times is provided in the SI.

11

12 Figure 8a shows the experimental conversion/yields (circles) and model predictions (lines) of 
13 the direct Brønsted acid-catalyzed reaction. The excess of FA becomes more pronounced as the 
14 glucose conversion increases but under these conditions the ratio of FA to LA is close to 1. While 
15 no literature is available for direct comparison, the estimated activation energy (180 kJ/mol) is 
16 high as expected for the retro-aldol reaction.23 The other estimated activation energies are 
17 comparable to literature reported values.56-58 Figure 8b shows conversion and yields of typical 
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1 Lewis-acid catalyzed reactions. The activation energies of glucose–fructose and fructose–mannose 
2 isomerization are similar, which may be attributed to that both reactions proceed via 1,2 
3 intramolecular hydride transfer.33, 60 Besides, the mannose-glucose isomerization activation energy 
4 is similar to the literature reported value,31 while the activation energies of glucose–fructose and 
5 fructose–mannose are slightly lower, possibly due to the catalyst speciation.

6 The model is also assessed using the tandem Lewis/Brønsted-acid catalyst. Figure 9 shows the 
7 experimental conversion/yields (circles) and model predictions (lines). The conversion of glucose 
8 and the HMF yield increase much faster using the tandem Lewis/Brønsted-acid catalyst compared 
9 to using only the Lewis-acid catalyst. This is attributed to that the additional Brønsted-acidity, 

10 provided by HCl, promotes the fructose dehydration reaction and drives the equilibrium-limited 
11 glucose–fructose isomerization to high conversions by converting fructose. Besides, the formation 
12 of solids is suppressed by the addition of HCl. However, the additional HCl also shifts the 
13 hydrolysis reaction backward reducing the amount of catalytically active species Cr(OH)2+31 and 
14 thus decreasing the Lewis-acid catalyst activity. Given these tradeoffs, tuning the ratio of the two 
15 catalysts is important to determine the optimal reaction conditions.

16

17
18 Figure 8. Conversion and yield of 1 wt% glucose vs residence time in (a) aqueous HCl (pH=2) at 
19 200 °C and (b) 1.7 mM CrCl3 at 180 °C from experiments (circles) and model predictions (lines).
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1

2
3 Figure 9. Conversion and yield of 1 wt% glucose vs residence time using 1.7 mM CrCl3 in aqueous 
4 HCl (pH=2) at 200 °C from experiments (circles) and model predictions (lines).

5

6 Optimal HMF yield at short contact time using tandem CrCl3/HCl catalyst

7 To find out the optimal reaction conditions for HMF production, first, parametric studies are 
8 carried out to investigate the effect of CrCl3 concentration on HMF yield at 160 and 180 °C (Figure 
9 10). The maximum HMF yield depends mainly on temperature and does not change with CrCl3 

10 concentration. It first increases and then decreases with increasing HCl concentration. This is 
11 attributed to the rate-limiting step changing from dehydration at low HCl concentrations to 
12 isomerization at high HCl concentrations,31 indicating that the optimum happens by balancing the 
13 dehydration and isomerization rates. The optimal HCl concentration increases when the CrCl3 
14 concentration increases. Then, the model is applied to find out the operating window under various 
15 conditions. Figure 11 shows the heatmap of predicted HMF yield vs the residence time and HCl 
16 concentration with 1.7 mM CrCl3 at different temperatures. The maximum HMF yield is ~36% at 
17 200 °C in ~7 min and ~33% at 180 °C in ~15 min. These stand among the highest yields in single 
18 aqueous phase starting from glucose over CrCl3 catalyst. There are very few literature works that 
19 use flow reactors at high temperature, and only Muranaka et al.21 obtained ~40% HMF yield in 22 
20 min at 180 °C using a PBS buffer (pH = 2) in a flow reactor (buffers often have catalytic activity 
21 themselves). Other relatively high yields have been obtained in a batch reactor by Siqueira et al.61 
22 (47% yield in 100 min at 200 °C using TiO2-P) and Watanabe et al.62 (20% HMF yield in 5 min 
23 using anatase TiO2 at 200 °C), but batch systems suffer from long preheating times. More detailed 
24 comparison is not possible as catalysts have been different. 

25 In comparison to literature, this study shows that moderately high HMF yields can be reached 
26 using a microreactor operating at short residence times and high temperatures. While a moderate 
27 HCl concentration gives a higher yield and a larger operating window, which is desirable from a 
28 control viewpoint, the optimal residence time greatly decreases when the HCl concentration 
29 increases with only a slight decrease in the optimal HMF yield. This results in more compact 
30 reactors with less capital cost for small scale operation. When considering both product yield and 
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1 operation time, the productivity, defined as the HMF yield per time, increases using higher HCl 
2 concentrations. In this context, an additional experiment is carried out using 1.7 mM CrCl3 and 
3 0.056 M HCl as catalyst at 200 °C at 2 min. A HMF productivity of 15.2% yield/min is achieved, 
4 which is slightly higher than the model-predicted productivity, as shown in Figure 12. This is the 
5 highest productivity among all studies21, 30, 61-63 using flow reactors with single aqueous phase and 
6 the same initial glucose concentration (1 wt%). This high productivity at short contact times is 
7 attributed to both fast heat transfer of the microreactor and the effectiveness of the tandem 
8 CrCl3/HCl catalysts.

9

10
11 Figure 10. Maximum HMF yield obtained at optimal residence time as a function of HCl 
12 concentration at different CrCl3 concentrations and temperatures.

13
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1
2 Figure 11. Model-predicted contour plot of HMF yield vs residence time and HCl concentration 
3 of 1 wt% glucose over 1.7 mM CrCl3 at (a) 180 °C and (b) 200 °C.

4

5
6 Figure 12. HMF productivity vs. temperature from this work and relevant literature21, 30, 61-63. All 
7 literature works used 1 wt% glucose solutions in single (aqueous) phase only.
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1 Conclusions
2 HMF production from glucose via cascade reactions using Lewis acid (CrCl3) and Brønsted 
3 acid (HCl) catalysts in aqueous media was investigated experimentally and computationally in a 
4 continuous flow microreactor at short residence times and high temperatures. We studied the 
5 chromium species formation at reaction-relevant conditions using UV-Visible spectrophotometry 
6 and elucidated the effect of Cr(III) speciation on glucose isomerization. A kinetic model for 
7 catalyst speciation was also developed via a hierarchical approach using experimental data and 
8 was coupled with a revised glucose isomerization and dehydration model that accounts for the 
9 varying catalyst speciation. The model is in good agreement with experiments at various reaction 

10 conditions.

11 It is found that there are two overall time-scales in Lewis acid catalyst speciation. At short 
12 heating times, Cr3+ is rapidly hydrolyzed to form Cr(OH)2+ releasing protons, consistent with rapid 
13 drop of pH within minutes. At longer preheating times, the Cr3+ hydrolysis is either complete 
14 and/or the Cr(OH)2+ starts forming solids and oligomers, which lower the concentration of the 
15 active species and consequently the glucose consumption rate. The catalyst reactivity changes 
16 sharply at short residence times; specifically, it goes through a maximum and eventually decreases 
17 at long heating or reaction times, fully rationalized by the varying catalyst speciation. The resulting 
18 catalyst activity changes with time by a factor of 3-4 (depending on conditions). Our results 
19 indicate that the Lewis acid catalyst treatment plays a vital role in getting optimal reactivity. Since 
20 a catalyst in a continuous process is used over long times, catalyst deactivation due to formation 
21 of particles is unavoidable. This behavior is analogous to sintering of heterogeneous catalysts. It 
22 appears that solid formation is irreversible by HCl treatment. Developing efficient catalyst 
23 regeneration methods should be pursued in future work. Adding Brønsted acids, e.g., HCl, reduces 
24 the Lewis acid active species at short times by reversing the hydrolysis reaction but prevents solids’ 
25 formation at longer times and thus provides stable tandem catalyst speciation. It is clear that 
26 tandem catalysis has multiple benefits given that Brønsted acids shift the glucose-fructose 
27 equilibrium by accelerating fructose dehydration, reduce processing times, and increase HMF 
28 yield.

29 Finally, the model was applied to optimize the HMF yield and understand the interplay of 
30 processing conditions. The HMF yield is insensitive to the CrCl3 concentration and depends 
31 primarily on temperature once residence time and HCl concentration are properly engineered. One 
32 of the highest yields (~36% at 200 °C in ~7 min) was predicted for a single-phase (aqueous) 
33 system, and the higher HMF productivity of 15.2% yield/min was experimentally demonstrated at 
34 short times (2 min). While the yield in a monophasic system is relatively low, the developed 
35 kinetics model can be applied directly to model and design a biphasic system for glucose 
36 conversion to HMF to further promote the product yield. The simplicity of the monophasic system 
37 studied herein enabled us to focus on catalyst speciation without complications arising from using 
38 an organic solvent. Moreover, the applied approach of modeling catalyst speciation and glucose 
39 conversion simultaneously can be extended to other homogeneous tandem catalyst systems. 
40 Changes in catalyst speciation may occur also in heterogeneous catalysts. The short contact times 
41 and good temperature control of the microfluidic enable studies of such changes. Continuous flow 
42 microreactors operating at short residence times and high temperatures can give high HMF 
43 productivity and contribute to process intensification of biorefineries. The combination of the 
44 developed kinetics model and computational fluid dynamics (CFD) simulation can further guide 
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1 the design of compact microreactor modules for HMF production and open up the possibility for 
2 small-scale and distributed biorefineries.
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