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b Program in Petrochemistry and Polymer Science, Faculty of Science and Department of Chemical Technology, Faculty of Science, Chulalongkorn University, 254 
Phayathai Road, Wangmai, Pathumwan, Bangkok 10330, Thailand 
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A B S T R A C T   

Furfural is an interesting bio-platform derived from lignocellulosic biomass that can be converted into chemicals 
and add-value products. In this work, the continuous-flow hydrogenation of furfural with 2-propanol was carried 
out using transition metal-based catalysts. C-MIL-101(Fe) and C-MIL-125(Ti), were successfully synthesized upon 
calcination of the parent MOFs obtained by the solvothermal method and their performances were compared in 
the hydrogenation of furfural. Interestingly, an 83% furfural conversion has been achieved over calcined C-MIL- 
125(Ti) with 77% of selectivity for FOL. Calcined C-MIL-101(Fe) provided lower furfural conversion and FOL 
selectivity, with an interesting switch towards acetal products.   

1. Introduction 

Biomass has been getting attention to use as a source of energy for a 
long time, especially in these decades due to the disadvantages of fossil 
fuels such as coal, natural gas, and petroleum oil. The utilization of non- 
renewable hydrocarbons causes air pollution and the greenhouse effect 
continuously. Thus, biomass from agriculture (sugarcane, cotton, wood, 
bagasse, corn) is an alternative option to replace or reduce using of fossil 
resources or produce some chemicals efficiently. Furfural (FF) is a 
product derived from the dehydration of xylose from lignocellulosic 
biomass enriched with pentose derivatives and it is an important starting 
material for the production of furfuryl alcohol (FOL), 2-methylfuran (2- 
MF), maleic acid, tetrahydrofuran (THF), levulinic acid (LA) and other 
useful chemicals [1–3]. Furfural production was established at industrial 
scale in 1921 [4]. In the last years, furfural production increased to 
200,000 tons a year [5,6]. This makes it a very appetible renewable 
chemical platform that can be converted in many interesting products 
(Scheme 1). For example, furan and furoic acid can be obtained through 
decarboxylation and oxidation, respectively [7] while conversion to 5- 
hydroxymethylfuran (5-HMF) from hydrolysis of glucose (biomass) 

was also reported [8]. Furfural can also be transformed into levulinic 
acid which can be used as biofuel, fuel additive or other useful products 
[7,9,10]. Moreover, reductive amination and decarbonylation of 
furfural can produce furfurylamine and 2-methylfuran, respectively [7]. 

Ca. 62% of the furfural manufacture is converted to FOL. Generally, 
FOL is a starting material used in many industries to produce lubricants, 
plasticizers, vitamin C, adhesives, coatings, and resins [11,12]. In 
addition, FOL is an intermediate to synthesize 2-MF which is used as a 
gasoline blend or as an intermediate in perfumery. FOL can be synthe-
sized in the liquid or vapor phase. Typical hydrogenation of furfural 
with hydrogen under high pressure to produce FOL is concerned with 
safety issues. Catalytic transfer hydrogenation (CTH) of furfural with 
hydrogen donors (methanol, ethanol, n-propanol, i-propanol, n-butanol, 
or i-butanol) with the assistance of Lewis acid sites has been reported as 
a feasible alternative. Homogeneous catalysts have been used for the 
reaction with issues related to corrosiveness, and complicated separa-
tion between reactants and products. Thus, heterogeneous catalysts 
have been used widely employed systems with simplified catalyst re-
covery after the reaction and improved stability [13,14]. Hydrogenation 
of furfural was catalyzed by metal oxides (Fe3O4, TiO2, and NiO) on 
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support, alumina or Metal-organic frameworks (MOFs). 
MOFs are known as multifunctional materials used as catalysts, gas 

or liquid storage, sensing, separation and other applications because of 
their high surface area, porosity, tunable pore size, and thermal stability 
[15,16]. >20,000 different structures of MOFs are reported nowadays 
including structures such as UiO-66, UiO-67, MIL-100, ZIF-67, ZIF-8, 
and HKUST-1. They are formed by metal atoms as nodes and ligands 
synthesized by solvothermal, mechanochemistry or electrochemical 
methods [17,18]. MIL-101(Fe), and MIL-125(Ti) are well-known MOFs 
used in catalytic reactions and absorbents in wastewater. Moreover, they 
are the most surrogate materials of MIL-n series (MIL = Matériaux de 
l'Institut Lavoisier) [19]. Some previous works reported that metal ox-
ides could catalyze furfural hydrogenation due to their Lewis acid sites 
that worked on the reaction. Moreover, metal oxides can proceed 
alkylation, reduction, condensation, cycloaddition, transesterification, 
dehydrogenation, and other chemical reactions efficiently with variety 
of reaction conditions. MOFs calcination can convert metal ions to metal 
oxides that are well-dispersed on carbon material to prevent aggrega-
tion. This could help improvement of catalytic activity and reduce metal 
leaching after reaction. Mhadmhan et al. studied evaluated the catalytic 
activity of synthesized Fe/Al-SBA-15, 53MOF/Al-SBA-15, 88MOF/Al- 
SBA-15 and 101MOF/Al-SBA-15 catalysts with different Fe sources in 
the N-alkylation of aniline with benzyl alcohol [20]. These catalysts 
were mesoporous materials with high surface areas. The acidity of cat-
alysts was comparably improved with respect to Al-SBA-15 which 
increased aniline conversion. The use of MOFs as seeds increased Fe 
oxide nanoparticles dispersion on the support surface. 53MOF/Al-SBA- 
15 gave the best catalytic activity which indicated that the use of 
MOFs as seeds was more effective than the use of FeCl3 (Fe/Al-SBA-15 
catalyst). 53MOF/Al-SBA-15 could be reused due to its stability as 
mechanochemically synthesized catalyst [20]. 

Pirmoradi et al. reported about furfural hydrogenation over Pd-TiO2 
supported on activated carbon catalyst. [21] Metal sites and TiO2 acted 
as active sites for the reaction. The reaction occurred through a 
continuous reactor system with H2 gas at 180 ◦C and 2.1 MPa. Products 
were 2-MF, tetrahydrofurfuryl alcohol (THFA), 5-hydroxy-2-pentanone 
(5H2P), and FOL as an intermediate. The fractional conversion of 
furfural was about 0.50 mol/mol within 0.011 h with FOL as the main 
product. 5H2P selectivity and furfural conversion were increasing over 
time. Moreover, mechanism and mass transfer analysis were studied in 
this work. 

Li et al investigated furfural hydrogenation over Fe3O4@C magnetic 

catalysts [22]. The catalyst was synthesized by a solvothermal process 
forming Fe3O4 and graphitic carbon from glucose. Increasing glucose 
and Fe3O4 ratio caused thicker the coated carbon shell of the catalyst. 
Fe3O4@C catalyzed furfural hydrogenation with isopropanol as a 
hydrogen donor and obtained FOL as the main product. Isopropanol has 
been reported as optimum H2 donor compared to other alcohols 
(methanol, ethanol, n-propanol, n-butanol, and i-butanol) as it is a 
secondary alcohol. The optimum conditions were 473 K, within 4 h, and 
0.05 g of catalyst and this provided 93.6% of FF conversion and 98.9% of 
FOL selectivity. Moreover, the catalyst could be recycled efficiently. 

Last but least, dealing with the sustainability of a process also re-
quires its scalability at industrial level. In this sense, continuous flow 
offers significant advantages with respect to batch systems including a 
precise control of mass and heat transfer, a fine residence time control, 
safer processes, continuous production and an easier scalability [23]. 

In this work, the possibility to obtain transition-metal-based oxide 
catalysts usable in a continuous flow system for the conversion of 
furfural with high performances was explored. For this purpose, C-MIL- 
101(Fe) and C-MIL-125(Ti) were synthesized by calcination of the 
parent MOFs obtained by hydrothermal synthesis. They were charac-
terized by XRD, FT-IR, BET, XPS, TEM, and pyridine (PY), and 2,6- 
dimethyl pyridine (DMPY) pulse chromatography titration and tested 
with furfural hydrogenation reaction through a flow reactor system. 
Results were compared with previous works of furfural hydrogenation 
using a variety of catalysts including our recent work on similar Ti–Fe 
mixed oxide systems obtained from MOFs [24]. The calcined MIL-101 
(Fe) and calcined MIL-125(Ti) were interesting due to the well- 
dispersed iron and titanium oxides as the active sites on the catalysts. 
Moreover, these metals (Fe and Ti) are not as expensive as Pd or Au 
which were selected to catalyze in other work of furfural hydrogenation. 

2. Experimental 

2.1. Catalyst preparation 

MIL-101(Fe) was synthesized using 1.461 g of Iron (III) chloride 
hexahydrate (FeCl3⋅6H2O) and 0.427 g of terephthalic acid. These 
chemicals were dissolved in 30 mL dimethylformamide (DMF) and 
stirred for 1 h at room temperature. Then, the mixture was transferred 
into autoclave and placed in the oven at 120 ◦C for 20 h. The solid was 
cool down, filtrated, and rinsed with DMF and ethanol, respectively, for 
few times. The obtained MIL-101(Fe) was dried in the vacuum oven for 
70 ◦C overnight. 

MIL-125(Ti) was prepared using 0.6 mL of titanium(IV) isopropoxide 
and 0.498 g of terephthalic acid. The chemicals were dissolved in DMF 
(15 mL) and methanol (2 mL) solvents stirring for 20 min at room 
temperature. The mixture was added to the autoclave and heated to 
150 ◦C for 20 h. Then, the precipitate was cool down, filtrated and rinsed 
with DI water and ethanol for few times. After that, the white solid was 
dried at 80 ◦C for 2 h. The DMF in the white solid was removed by 
calcination at 200 ◦C for 10 h. Finally, MIL-125(Ti) was obtained. 

Both MOFs were calcined to render C-MIL-101(Fe) and C-MIL-125 
(Ti) (iron oxides and titanium oxides) used as catalysts. MIL-101(Fe) was 
calcined at 380 ◦C for 1 h under N2 atmosphere while the MIL-125(Ti) 
was heated at 400 ◦C for 3 h under N2 atmosphere for the calcination. 
All MOF and calcined MOFs were characterized by XRD, FT-IR, BET, 
XPS, and pyridine (PY), and 2,6-dimethyl pyridine (DMPY) pulse chro-
matography titration. 

2.2. Catalyst characterization 

Nitrogen physisorption isotherms were determined at 77 K by using 
the micromeritics automatic analyzer ASAP 2000 to study the textural 
properties of the materials. Each sample was degassed at 130 ◦C over-
night under vacuum (0.1 Pa). The specific surface areas were obtained 
by the linear determination of the Brunauer-Emmett-Telller (BET) 

Scheme 1. Furfural conversion into important chemical compounds [7].  

J. Ratthiwal et al.                                                                                                                                                                                                                               



Catalysis Communications 177 (2023) 106649

3

equation. 
Samples were analyzed by X-ray diffraction (XRD) with a Bruker D8- 

Advanced Diffractometer (40 kV, 40 mA) and Cu X-ray tube (λ = 0.15 A) 
(Bruker AXS, Karlsruhe, Germany). XRD patterns were measured in the 
range of 10◦–80◦ (2ϴ) to study crystallinity and structure of the solid 
materials. Materials were measured between 4000 and 400 cm− 1 by A 
PerkinElmer spectrum 3 spectrophotometer and PIKE Technologies 
MIRacle™ Single Reflection ATR accessory for spectra IR. 

XPS measurements were performed using an ultra-high vacuum 
(UHV) surface analysis system (Specst model, Berlin, Germany) at 
pressures <10− 10 mbar with a conventional XR-50 X-ray source (Specs, 
Mg-Ka, 1253.6 eV) in stop-and-go mode to reduce damage. Fe and Ti 
high-resolution spectra with pass energies of 25 and 10 eV and step sizes 
of 1 and 0.1 eV, respectively, were recorded at room temperature with a 
Phoibos 150-MCD energy analyzer (Phoibos, Berlin, Germany). 
Powdered samples were deposited on a sample holder with double-sided 
adhesive tape and evacuated overnight (<10− 6 Torr). The holder con-
taining the degassed sample was transferred to the analysis chamber for 
XPS measurements. Binding energies were referenced to the adventi-
tious carbon C1s line at 284.6 eV, and deconvolution curves were ob-
tained using the manufacturer-supplied software Casa XPS. 

Surface acid properties of the materials were analyzed by pyridine 
(PY), and 2,6-dimethyl pyridine (DMPY) pulse chromatography titra-
tion. The pulses were carried out using a microinjector in the catalytic 

bed from a cyclohexane solution of the titrant (0.989 M in PY and 0.956 
M in DMPY). The catalyst was fixed inside a stainless-steel tubular 
microreactor with Pyrex glass wool stoppers and standardized at each 
titration at 200 ◦C in the nitrogen flow (99.999% purity). The gas 
chromatography with a flame ionization detector (FID) was used to 
analyze the injected base left from the catalyst to calculate the amount of 
acid sites on the catalyst surface. 

2.3. Catalytic studies 

The catalysts were tested in the hydrogenation of furfural (2 mmol) 
with 2-propanol (10 mL) under 200 ◦C and 20 bar with reactants flow 
rate of 0.2 mL/min for 2 h using a Phoenix flow reactor. 0.1 g packed 
catalyst (30 mm long ThalesNano CatCart) was employed. Products 
were collected every 15 min and analyzed by Gas Chromatography – 
Mass Spectrometry (GC–MS) and Gas Chromatography with Flame 
Ionization Detector (GC-FID). 

3. Results and discussion 

MOFs and the calcined MOFs were characterized by X-ray diffraction 
(XRD). XRD patterns of MIL-101(Fe) and MIL-125(Ti) have been 
included in Fig. 1a. The results show that MIL-101(Fe) had diffraction 
patterns at 9.42o, 9.66o, and 18.88o supporting a crystalline MIL-101 
(Fe) formation [25,26]. Comparably, MIL-125 shows an amorphous 
material with broad peaks before 10◦, around 25◦ and 50◦. Even if not 
crystalline, this MOF will transform in anatase and rutile TiO2 upon 
calcination. 

Fig. 1b shows XRD patterns of calcined MOFs. C-MIL-125(Ti) illus-
trated diffraction peaks at 2Ɵ = 25.8o, 38.7o, 48.3o, 54.4o, 55.4o, 63o, 
69.5o, and 75o, representing the typical anatase phase (TiO2). Moreover, 
there were less intense diffraction patterns at 27.1o and 36.1o ascribed to 
the rutile phase in the C-MIL-125(Ti). These indicated that MIL-125(Ti) 
had changed to anatase and rutile TiO2 after calcination [27]. XRD 
diffraction of C-MIL-101(Fe) showed 2Ɵ lines at 24.12o, 33.12o, 35.61o, 
40.88o, 49.51o, 54.22o, 57.63o, 62.45o, and 64.11o ascribed to hematite 
Fe2O3 phase [28]. In addition, there were weak diffraction patterns of a 
different iron oxide species after MIL-101(Fe) calcination. Appearing at 
2Ɵ values of 30.1o, 35.4o, 43.1o, 53.4o, 56.9o, and 62.3o. 

FT-IR patterns of MOFs are shown in Fig. 2. There were apparent 
peaks in the region of 1600–1400 cm− 1 representing asymmetric and 
symmetric O-C-O bonds of terephthalic acid ligands of MIL-101(Fe) in 
Fig. 2a. Moreover, peaks at 590 and 790 cm− 1 belonged to Fe–O vi-
bration and C–H bending vibration of benzene of MIL-101(Fe), 
respectively [17,19]. In Fig. 2b, strong bands around 1650 and 1400 
cm− 1 ascribed to vibrational stretching of the carboxylate (-COO− ) 
group of the ligands of MIL-125(Ti). In addition, there were peaks be-
tween 500 and 800 cm− 1 assigned to O-Ti-O vibrations [29]. 

Table 1 shows textural and porosity results of calcined MOFs (C-MIL- 
101(Fe) and C–MIL-125(Ti)) determined by N2 adsorption/desorption 
isotherms. C-MIL-125(Ti) had the largest BET surface area, pore diam-
eter, and mesopore volume compared to C-MIL-101(Fe). Moreover, all 
calcined MOFs showed a type IV isotherm with an H3 hysteresis loop 
that demonstrated mesopore materials with wedge-shaped pores as 
shown in Fig. 3. 

PY and DMPY pulse chromatography titration experiments were 
subsequently performed to estimate the acid properties of the catalysts. 
This characterization pointed to the presence of Lewis and Brönsted acid 
sites on the catalysts when DMPY is selectively adsorbed on only 
Brönsted acid sites while PY is adsorbed on both of Lewis and Brönsted 
acid sites. Therefore, the difference between PY and DMPY adsorption 
could indicate Lewis acid sites on the catalysts. Table 1 showed that the 
biggest difference between DMPY and PY belonged to C-MIL-125(Ti), 
demonstrating that C-MIL-125(Ti) had the largest amount of Lewis acid 
sites. On the contrary, C-MIL-101(Fe) had a small amount of Lewis acid 
sites but a higher amount of Brönsted acid sites. 
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Fig. 1. XRD patterns of MIL-101(Fe) and MIL-125(Ti) (A) and XRD patterns of 
C-MIL-101(Fe) and C-MIL-125(Ti) (B). 
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Fig. 4 shows XPS spectra of C-MIL-101(Fe) and C-MIL-125(Ti). The 
calibration of binding energies was reported respect to the main C 1 s 
peak set at 284.6 eV. For C-MIL-101(Fe) (Fig. 5A), the spectrum showed 
two contributions in the carbon region at 284.5 eV and 288.1 eV, 
attributable to sp2 C––C and C––O respectively. In the O 1 s region, the 
main peak was deconvoluted in three contributions at 530.4 eV, 531.7 
eV and 533.3 eV attributable to Fe–O lattice oxygen, Fe-OH (or 
defective oxide) that is the main peak, and C––O, respectively [30,31]. 
In the Fe 2p region, there were 2 peaks of Fe 2p at 709.9 eV with a 
classical broadening few eV away for paramagnetic oxides [32] and one 
at 723.9 eV which corresponded to Fe 2p3/2 and Fe 2p1/2 spin orbitals, 
respectively, attributable to Fe3+ species. 

The spectrum of C-MIL-125(Ti) (Fig. 4B) showed three contributions 
to the signal in the C 1 s region. Two of them are attributable again to 
C––C and C––O species (respectively at 284.5 eV and 288.5 eV) but a 
third contribution was present in this sample at 285.7 attributable to 

C–O single bond, indicating the possible presence of -C-OH moieties 
[33,34]. The O 1 s region could be deconvoluted into three bands 
correspond to Ti–O lattice species (larger contribution, 529.8 eV), Ti- 
OH (531.3 eV) and C––O species [35], comparably different to Fe- 

Fig. 2. FT-IR patterns of MIL-101(Fe) (A), MIL-125(Ti) (B), calcined MIL-101(Fe) (C) and calcined MIL-125(Ti) (D).  

Table 1 
Textural properties obtained from N2 sorption experiments and acid properties 
achieved from PY and DMPY pulse chromatography titration of calcined MOFs.  

Catalysts BET 
surface 
area 
(m2/g) 

Mesopore 
volume 
(cm3/g) 

Pore 
diameter 
(Å) 

PY 
(μmol/g) 

DMPY 
(μmol/ 
g) 

C-MIL-101 
(Fe) 

119 0.23 38.4 69 62 

C-MIL-125 
(Ti) 

122 0.28 83.0 119 25  

Fig. 3. N2 adsorption/desorption isotherms of calcined MOFs (C-MIL-101(Fe) 
and C-MIL-125(Ti)). 
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containing materials in which the largest contribution was due to Fe-OH 
species. The presence of mainly non-protonated oxygen in the TiO2 of C- 
MIL-125(Ti) can be the reason why the contribution of Lewis acid sites is 
higher in this material as compared to that of C-MIL-101(Fe). In the Ti 
2p region, peaks of Ti 2p were present at 464.1 and 458.4 eV, correlated 
to Ti 2p1/2 and Ti 2p3/2 of Ti4+ (typical of TiO2). 

Li, et al. studied the optimum conditions for furfural hydrogenation 
(Scheme 2) [22]. The type of alcohol (H2 donors) plays an important role 
in the reaction. Interestingly, 2-propanol had low reduction ability. 
Moreover, the H atom at the α-C position of 2-propanol could be easily 

activated and lead to improved reaction yields. High FF conversion was 
achieved when the temperature was increased from 160 to 200 ◦C. 

Calcined MOFs were tested in furfural hydrogenation using 2-propa-
nol as an H2 donor to obtain furfuryl alcohol (FOL), with catalyst per-
formance being depicted in Fig. 5. Blank runs (without catalyst) 
provided very low FF conversion with only furfuryl diacetate (FLDA) as 
major product. On the other hand, the reaction with catalysts could 
produce FOL, for which C-MIL-125(Ti) had the highest FF conversion 
(83%) and 77% FOL selectivity. FLDA, 2-furanmethanol acetate (2- 
FMA) and 3-butene-2-one, 4-(2-furanyl)-(3-BOF) were detected by- 
products during furfural hydrogenation over C-MIL-125(Ti). Unexpect-
edly, the reaction with C-MIL-101(Fe) provided a comparably low FF 
conversion (34%). This result showed that the textural and surface 

Fig. 4. XPS analysis of calcined MOFs A) C-MIL-101(Fe) and B) C-MIL-125(Ti)).  

Fig. 5. Catalytic activity of furfural hydrogenation with 2-propanol over 
calcined MOFs with Phoenix flow reactor. (Reaction conditions: 200 ◦C, 20 bar, 
reactants flow rate of 0.2 mL/min, and reaction time = 2 h). 

Scheme 2. Furfural hydrogenation to obtain FOL.  

Table 2 
Comparative catalytic activity of furfural hydrogenation using various catalysts.  

Catalysts Conditions FF 
conversion 
(%) 

FOL 
selectivity 
(%) 

References 

Fe3O4/C Furfural, 2-propanol, 
batch reactor, 200 ◦C, 
20 bar, 4 h 

76.4 98.5 [36] 

5% Pd/ 
TiO2 

5% Ru/ 
TiO2 

1%Ru- 
4%Pd/ 
TiO2 

Furfural, H2, batch 
reactor, 200 ◦C, 20 bar, 
and 4 h 

65.4 
8.2 
39.3 

28.6 
100 
45.3 

[37] 

TiO2- 
Fe2O3/C 

Furfural, 2-propanol, 
formic acid (Furfural/ 
formic acid 2:1 ratio) 
flow reactor, 200 ◦C, 
30 bar, 
0.1 mL/min flow rate, 
1.5 h, 0.25 g catalyst 

70 >99 [24] 

C-MIL-125 
(Ti) 

Furfural, 2-propanol, 
flow reactor, 200 ◦C, 
20 bar, 
0.2 mL/min flow rate, 
2 h, 0.1 g catalyst 

83 77 This work  
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properties of catalysts influenced FF conversion and FOL selectivity. 
Table 2 shows the catalytic activity of furfural hydrogenation with 2- 

propanol over Fe3O4/C catalyst [36] under autoclave conditions pro-
vided 76.4% FF conversion. Fe3O4/C catalyst was prepared via Fe MOF 
calcination. The well dispersed metal oxides on the catalyst could help to 
provide high FOL selectivity. On the other hand, furfural hydrogenation 
over 5% Pd/TiO2 (without alcohol as H2 donor) provided 65.4% FF 
conversion with low FOL selectivity. 5% Ru/TiO2 was reported to lead to 
complete FOL selectivity at very low conversion (ca. 8%). Bimetallic 1% 
Ru-4%Pd/TiO2 was prepared to improve FOL selectivity and conversion 
but the use of molecular hydrogen might cause safety issues during the 
reaction. In this work, C-MIL-125(Ti) offered a remarkably high FF 
conversion (83%) with high FOL selectivity under simpler reaction 
conditions as compared to our recently reported combined Ti–Fe oxides 
from MOFs (requiring double catalyst amount and the addition of formic 
acid to react 70% furfural conversion) [24]. 

FF conversion profile FF and FOL selectivity vs time is shown in 
Fig. 6, remaining stable with time-on-stream which pointed to a good 
stability of the catalytic system under the investigated reaction 
conditions. 

Catalytic transfer hydrogenation (CTH) is used to explain the 
mechanism of furfural hydrogenation with alcohol as an H2 source on 
the Lewis acid sites of iron or titanium oxides as well-known and pre-
viously reported reaction mechanism, Scheme 3 [38,39]. 

4. Conclusions 

Metal oxides were directly obtained upon calcination of Ti and Fe- 
containing MOFs. C-MIL-125(Ti) performed better than C-MIL-101(Fe) 
in furfural hydrogenation to FOL. C-MIL-125(Ti) provided 83% furfural 
conversion with 77% FOL selectivity due to the presence of larger 
amount of Lewis acid sites and optimum porosity. Furfural conversion 
was also achieved in high yields, in a scalable continuous flow system, 
using simple, highly stable and active transition metal based oxide 
catalysts (Ti and Fe). 
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