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Abstract
Sustainable and renewable production of platform chemicals and fuels has been 
gradually rising. Formic acid is one of the important chemicals for leather, cosmetic 
and pharmaceutical industries as well as hydrogen source. In this study, selective 
oxidation of biomass-derived glucose to formic acid was investigated under base 
free medium at 70  °C over synthesized hydrotalcite-like catalysts using hydrogen 
peroxide as oxidant. Effect of Mg/Al ratio (6/1, 3/1, 1/1, 1/3 and 1/6) and heat 
treatment (drying and calcination) on catalyst structure and product distributions; 
effect of calcination temperature (450, 650 and 900  °C), solvent composition 
(ethanol/water) and reaction temperature (30, 50 and 70  °C) on catalytic activity 
and product selectivity were investigated. Reducing the Mg/Al ratio enhanced the 
density of metal-OH bonds, surface area and uniformity of pores up to some extent. 
The highest glucose conversion and formic acid selectivity were achieved over Mg–
Al (1:3) catalyst as 38.7 and 99.0%, respectively. The calcined catalysts (at 450 °C) 
exhibited 7 times higher selectivities and 4 times higher activities than the dried 
ones. However, higher calcination temperatures did not show remarkable increments 
in activities and yields. Easily prepared, cheap Mg–Al (1:3) catalyst provided 
promising results even at low temperature with hydrogen peroxide at atmospheric 
medium in a low boiling point solvent (ethanol).
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Introduction

The global market of formic acid (FA) has been steadily increasing since it is one of 
the efficient platform chemicals used in the food, textile and leather, pharmaceutical, 
and cosmetic industries [1]. Formic acid can be transported easily due to its stability 
at room conditions, nontoxic and nonflammable properties [2]. FA has a crucial 
role as a hydrogen donor [3] as decomposes easily to produce hydrogen and carbon 
dioxide above 140 °C [4–6] . This makes it favorable, safe, and economic feedstock 
to be used in fuel cells and many hydrogenation reactions.

Although many different methods have been applying for lab-scale production 
of formic acid [7–10], today two main non-renewable methods have been using for 
large-scale. These two methods are hydrolysis of methyl formate and carbonylation 
of methanol [11]. The methyl formate process is still the most widely used method 
since 90% of formic acid is produced industrially by this reaction. However, high 
process costs and the formation of undesired products along with formic acid push 
people to find sustainable, renewable, and cost-effective methods.

The conversion of biomass-derived molecules to fuels, especially formic 
acid is attractive in the last years [12–21]. Two different chemical strategies are 
present for glucose transformation to formic acid; dehydration-hydrolysis and 
oxidation. The dehydration-hydrolysis process consists of dehydration of glucose to 
5-hydroxymethylfurfural [22–27] that is followed by its rehydration to formic and 
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levulinic acids (LA) [22, 28–31]. The formation of LA together with FA limits the 
thermodynamic yields of these acids [28]. Nowadays, extensive efforts have been 
making for highly selective glucose oxidation to formic acid [14, 21, 32, 33].

Glucose oxidation to FA occurs under basic conditions or over base sites of 
the catalysts [14, 32]. Wide range of homogeneous and heterogeneous catalysts, 
different O2 sources, different reaction mediums, and conditions were investigated in 
the literature [12–15, 34–37]. Wang et al. (2019) achieved 91.3% formic acid yield 
with LiOH at room temperature for 8 h by using H2O2 as an oxidant [14]. Jin et al. 
(2008) investigated the fast oxidation of glucose to formic acid with H2O2 in the 
presence of an alkali medium (NaOH) at 250 °C. Formic acid formed only in 60 s 
in 75% FA yield [32]. Albert et  al. (2012) reported oxidation of biomass (xylan) 
conversion to formic acid with Keggin-type polyoxometalate (H5PV2Mo10O40) as a 
homogeneous catalyst by using p-toluenesulfonic acid as an additive at 90 °C and 
30 bar O2. The formic acid yield was obtained as 53% for 24 h [38]. However, it is 
still a great challenge to carry out the glucose oxidation process providing a high 
yield of formic acid under base-free and mild conditions.

Hydrotalcites (HTs), called layered double hydroxides, are natural minerals 
containing M+2 and M+3 metal oxides [39, 40]. They can be synthesized from basic 
metal salts by co-precipitation easily. HTs have a high amount of hydroxyl groups 
and surface basic sites which make them active and selective oxidation catalysts 
[40]. Promising catalytic performances of this type of catalyst were reported 
many times [40–47]. Sato et  al. [43] brought a unique perspective to hydrotalcite 
type catalysts for selective formic acid production via oxidation of glucose. They 
calcined Mg–Al type hydrotalcite (HT) and tested in glucose oxidation in ethanol 
medium. Although satisfactory glucose conversion was obtained over uncalcined 
HT, calcination significantly improved the formic acid selectivity (upto 78.1% with 
complete glucose conversion). In comparison with the other common catalysts, 
-such as mono alkali oxides (MgO and CaO), zeolites (H-ZSM-5 and H-β) and 
SiO2- the highest yield was achieved over calcined HT.

The present work focused on the performance of different Mg–Al type hydrotalcite 
catalysts on glucose oxidation. HTs were synthesized by the co-precipitation method. 
These catalysts were tested in selective glucose oxidation to formic acid. Effect of 
Mg/Al ratio, thermal process, reaction temperature, and solvent composition on 
catalytic activity and formic acid selectivity were investigated under base-free mild 
conditions.

Experimental study

Materials

Glucose, magnesium nitrate hexahydrate (≥ 99%), aluminum nitrate nanohydrate 
(≥ 99%), and sodium hydroxide (97%) were purchased from Merck KGaA 
(Darmstadt, Germany). Sodium carbonate anhydrous (99%) and hydrogen peroxide 
(35%) were supplied by Isolab Chemicals (Wertheim, Germany).
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Catalyst preparation

Synthesis of hydrotalcite‑like catalysts with different Mg–Al ratios

Mg–Al hydrotalcites were prepared by a co-precipitation method. Solution A was 
prepared by dissolving the magnesium nitrate hexahydrate [Mg(NO3)2.6H2O] 
and the aluminum nitrate nonahydrate [Al(NO3)2.9H2O] in water. Solution B 
was aqueous solution of 1  M NaOH. These two solutions were simultaneously 
added into aqueous sodium carbonate (Na2CO3) solution at 60  °C and pH 10. 
After consumption of the metal solutions, the mixture was stirred for 1 h and left 
to mature for 18 h. The resulting precipitates were filtered, washed with deionized 
water, dried at 110 °C for 18 h, and calcined at 450 °C for 5 h with a heating rate 
of 10  °C/min. The synthesized hydrotalcites are labeled Mg–Al(x:y) (x:y = Mg/
Al ratio). The Mg–Al(3:1) catalyst was also calcined at 650 and 900 °C with the 
same heating rate, time and labeled as Mg–Al(3:1)-650 and Mg–Al(3:1)-900, 
respectively.

Characterization of catalysts

The crystal phases and X-ray diffraction (XRD) patterns of the catalysts were 
analyzed with the Rigaku Smartlab instrument. The patterns were scanned 
between 2θ = 5–80° angles where the scanning speed was 3°/s. A wavelength of 
λ = 0.15418 nm and a power of 45 kV/40 mA of Cu Kα beam source were used. 
FT-IR measurements of the catalysts were made with Perkin-Elmer Brand Paragon 
1000 model Fourier Transform Infrared Spectroscopy (FT-IR/ATR). Measurements 
were taken with a powder sample between 400 and 4000  cm−1. Nitrogen 
physisorption analyzes were performed with the Quantachrome Autosorb IQ2 
model instrument. All samples were degassed at 120 °C for 8 h prior to adsorption. 
The multipoint adsorption data were obtained at 77  K and relative pressure of 
760  mmHg. The surface area, pore structures, and pore volumes of the catalysts 
were determined by the BET method.

Catalyst screening tests

Synthesized catalysts were tested in glucose oxidation. Oxidation tests were carried 
out at 70 °C for 6 h in both water and ethanol medium. Hydrogen peroxide solution 
(35%) was used as an oxidant.

The reactions were performed in a reflux glass bubble reactor with a volume of 
100  ml. A specified amount of catalyst and glucose were loaded into the reactor. 
This was followed by the addition of oxidant in 50 ml of solvent. The solution was 
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stirred at 500 rpm under heating in an oil bath on the magnetic stirrer. Each sample, 
taken at every two hours, was cooled immediately in an ice bath, filtered with a 
0.45 µm PVDF syringe filter, diluted for HPLC analysis.

Parametric studies

Parametric studies were performed with the most efficient catalyst (providing the 
highest conversion and FA selectivity). The effects of calcination temperatures 
(450  °C, 650  °C, and 900  °C), solvent compositions (ethanol, water, ethanol/
water: 50/50 (v/v)), reaction temperatures (30 °C, 50 °C, and 70 °C) and catalyst/
glucose ratios (1/1, 1/2 and 1/5) on glucose oxidation were investigated in order 
to optimize the reaction parameters.

Recyclability test

Recyclability of the catalysts was performed in the same reaction medium. After 
each run, used catalyst was washed, dried and calcined at 450 °C and used in the 
consecutive cycle. Used catalyst after the 1st run was analyzed by XRD.

Product analysis

The diluted samples were analyzed by Thermo Ultimate 3000 model high 
pressure liquid chromatography (HPLC) equipped with ICSep Coregel 87H3 
(300 × 7.8 mm) organic acid column, UV–Visible (UV–Vis), and Refractive Index 
(RI) detectors. The injection volume was 20 µl. Dilute sulfuric acid (8 mM) was 
used as the mobile phase. The flow rate was 0.6 ml/min, the column temperature 
was 60 °C and the RID temperature was 45 °C. Organic acids (formic acid, acetic 
acid, levulinic acid) concentrations were determined by UV–Vis detector while 
sugar (glucose and fructose) concentrations by RID detector.

Glucose conversion (X), product carbon-yield (Y) and carbon-selectivity (S) 
were calculated using the following equations.

X(%) =
Moles of Glucose

in
−Moles of Glucose

out

Moles of Glucose
in

x100

Y(%) =
Moles of the Product . Number of Carbon in the Product

Moles of Glucose
in
x6

.100

S(%) =
Moles of the Product . Number of Carbon in the Product

Moles of Glucose Reactedx6
.100
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Results and discussion

Characterization of the synthesized catalysts

The XRD patterns of calcined hydrotalcite-like structures with different Mg/Al 
ratios are demonstrated in Fig. 1. It was observed that each catalyst was compat-
ible with the literature in terms of Mg/Al ratios [44, 48]. Mg–Al(6:1) catalyst 
had three different crystal phases which were hydrotalcite (2θ = 12°, 23°, 35°), 
magnesium-aluminate (2θ = 65°) and magnesium oxide/periclase (2θ = 37°, 43°, 
63°). The Mg–Al(3:1) had high-density hydrotalcite crystal phases (2θ = 12°, 
23°, 35°, 40°, and 47°) and less magnesium oxide/periclase crystals (2θ = 43° and 
63°). Pure hydrotalcite crystal structure forms when the weight ratio of Mg/Al is 
between 2–4% [49]. It was realized from the XRD patterns, the density of hydro-
talcite crystal phases decreased outside of this range. For Mg–Al(1:1), the mag-
nesium-aluminate (2θ = 20° and 65°) crystallinity was very low but magnesium 
oxide/periclase (2θ = 37°, 43°, 63°) crystallinity was high. Mg–Al(1:3) had low 
crystallinity or smaller crystals (< 5 nm) so it could not be detected by XRD anal-
ysis. The crystal phases of Mg–Al(1:3), were magnesium-aluminate (2θ = 44°, 
63°, and 65°) and magnesium oxide/periclase (2θ = 37°). Mg–Al(1:6) catalyst had 
a high crystal density of magnesium-aluminate (2θ = 20°, 45°, and 65°) and low 
crystal density of magnesium oxide/periclase (2θ = 37°). When the Mg/Al ratio of 
the catalysts decreased (from the ratio Mg/Al = 3), the hydrotalcite crystals were 
disappeared and the density of magnesium-aluminate crystals increased.

The high-temperature X-ray diffraction analysis was performed at different 
temperatures to observe the differences in the diffraction planes of uncalcined 

Fig. 1   XRD patterns of calcined hydrotalcite-like structures at different Mg/Al ratios
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Mg–Al(3:1). The XRD patterns of this catalyst are shown in Fig. 2. Dense crys-
tallinity was clearly visible in the patterns at room temperature and 150  °C. 
As seen in Fig.  2, there were hydrotalcite crystals in Mg–Al (3:1) structure at 
these two temperatures. When the temperature reached 250  °C, the intensity of 
the crystal peaks decreased. At 350 °C the crystal structure of the catalyst trans-
formed into an amorphous structure. There was no change in crystal density up to 
900 °C. Dense magnesium aluminate crystal phases were noticed at 20°, 32°, 59°, 
and 65° at 900 °C. As a result, when the temperature increased, the hydrotalcite 

Fig. 2   XRD patterns of Mg–Al (3:1) HT catalyst at different temperatures

Table 1   Textural properties of hydrotalcite-like catalysts

Catalysts BET surface area 
(m2/g)

B.J.H. Pore diameter 
(nm)

Pore volume 
(cm3/g)

External 
surface area 
(m2/g)

Mg–Al(1:6) 189 9.50 0.448 189
Mg–Al(1:3) 232 7.07 0.411 232
Mg–Al(1:3)-D 57.6 24.5 0.353 57.6
Mg–Al(1:1) 124 17.4 0.542 120
Mg–Al(3:1) 64.7 20.0 0.324 64.7
Mg–Al(3:1)-650 93.1 34.1 0.793 93.1
Mg–Al(3:1)-900 93.4 36.7 0.858 90.1
Mg–Al(6:1) 52.8 12.9 0.170 52.8
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structure of synthesized material changed and its crystal structure tended toward 
amorphous.

Textural properties of the prepared hydrotalcite-like catalysts are given in Table 1. 
It was observed that there was a steady increase in specific surface area with the 
decrease in the Mg/Al ratio (up to 1:6). This increment was 20% between catalysts 
possessing hydrotalcite structure which was almost % 90 in catalysts having mostly 
magnesium–aluminum oxide structure. By increasing the calcination temperature of 
Mg–Al(3:1) from 450 to 650 °C, the surface area and pore diameter were improved 
by almost 50%, while the pore volume more than doubled. However, the structure of 
this catalyst did not change significantly when the calcination temperature raised to 
900 °C. Effect of calcination process on textural properties is clearly noticeable in 
Mg–Al(1:3). Calcination highly increased the surface area of this sample.

Nitrogen adsorption–desorption isotherms and pore size distributions of the syn-
thesized catalysts are given in Figs. 3 and 4. All of the catalysts indicated Type IV 
isotherm with distinct Type H3 hysteresis loop which implies mesoporous character, 
slit-shaped pores, wide pore size distribution, and high energy of adsorption [50]. 
Most of the pores are distributed in the mesopore range. Few amounts of macropo-
res were observed.

Fig. 3   N2 Adsorption and desorption isotherms of hydrotalcite-like catalysts a Mg-Al(1:6) b Mg-Al(1:3) 
c Mg-Al(1:1) d Mg-Al(1:3))
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Fig. 4   N2 Adsorption and desorption isotherms of hydrotalcite-like catalysts a Mg–Al(3:1) b Mg–
Al(3:1)-650 c Mg–Al(3:1)-900 d Mg–Al(6:1))

Fig. 5   BJH Pore size distributions of catalysts with different Mg–Al ratio
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The Mg–Al (1:3) exhibited the most narrow pore size distribution on lower 
mesopore region, whereas the distributions patterns of other catalysts were much 
broader. This suggests that Mg–Al (1:3) was more uniformly packed together com-
pared to others (Fig. 5).

The FT-IR spectra of dried hydrotalcite-like structures at different Mg/Al 
ratios are given in Fig. 6. Each catalyst is compatible with the literature [51, 52]. 
The absorption band at 3698  cm−1 was stretching vibrations of metal-OH (such 
as Mg-OH and Al–OH) bonds which was seen in Mg–Al(1:1), Mg–Al(1:3), and 
Mg–Al(1:6) materials. In these regions, Lewis acid centers formed on the alu-
minum side, and both basic and oxidizing centers formed on the Mg side. This 
band is not found in Mg–Al(3:1) and Mg–Al(6:1) catalysts [14, 34]. Absorption 
bands at 3400–3500 cm−1 formed by physisorption between located interphase and 
metal-O–H bonds. The sharp absorption bands at 2980  cm−1 were caused by the 
CO3

−2-H2O stretching vibrations [51] formed by the hydrogen bonding of carbon-
ate ions attached to the Mg–Al structure [53]. Also, 1350–1380  cm−1 bands were 
caused by CO3

−2 in the structure. The band at 1646 cm−1 observed in Mg–Al(3:1) 
was H–O..H vibrations by the presence of crystalline water. The bands obtained at 
1250 and 1066 cm−1 were the symmetric-asymmetric stretching movements of the 
ether groups.

FT-IR spectra of calcined catalysts at different Mg/Al ratios are shown in Fig. 7. 
The intensity of metal-OH bonds (absorption band at 3698  cm−1) in Mg–Al(1:1) 
decreased after the calcination process, but it remained constant in Mg–Al(1:3) 
and Mg–Al(1:6) catalysts. In Mg–Al(3:1) and Mg–Al(6:1) catalysts, the inten-
sity of these bonds reduced dramatically with calcination. Sharp absorption bands 

Fig. 6   FT-IR spectra of dried hydrotalcite-like catalysts
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(CO3
−2-H2O stresses) at 2901 and 2980  cm−1 maintained their intensity in 

Mg–Al(1:3) and Mg–Al(1:6), which decreased significantly in other catalysts as a 
result of calcination. For these catalysts, similar results were obtained at 1390, 1250, 
and 1066  cm−1 (CO3

−2 in the structure). Mg–Al(1:1) also maintained its intensity 
at 1390  cm−1. As a result, reactive metal-OH and CO3

−2 groups were preserved 
as crystal structures getting closer to magnesium-aluminate even if catalysts were 
exposed to calcination. FT-IR spectra of different calcination temperatures (650 °C 
and 900  °C) of Mg–Al(3:1) are also shown in Fig.  7. In the structure, the metal 
oxides absorption bands remained at the same level but others decreased to negligi-
ble levels.

Glucose conversion tests

Activity test of dried hydrotalcite‑like catalysts

The glucose conversions over dried hydrotalcite-like catalysts with different Mg/
Al ratios (6/1, 3/1, 1/1, 1/3, and 1/6) are given in Fig. 8. Glucose conversion was 
not notable in a catalyst-free environment. Changing Mg/Al ratio did not affect the 
glucose conversion significantly except Mg–Al(6:1). The lowest glucose conver-
sion (8.5%) was obtained with Mg–Al(6:1). Other catalysts exhibited appx. 16–18% 
conversions.

The formic acid yields are given in Fig. 9. The highest FA yield (4.7%) and selec-
tivity (29.4%) were obtained with Mg–Al(1:3) catalyst. The FA yield raised with the 

Fig. 7   FT-IR spectra of calcined hydrotalcite-like catalysts
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increased in the aluminum ratio (except Mg–Al(1:6)). Unexpectedly, no formic acid 
was produced by Mg–Al(1:6) catalyst.

In literature, some alkaline earth metal salts (MgCl2 or CaCl2) were found very 
effective to oxidize the sugar but not effective alone in formic acid production 
[34]. The transition metals (FeCl3, CrCl3 or MnCl2 and AlCl3) were more selective 
for organic acids, especially formic acid [34]. The basic medium or alkali metals 
contribute to the conversion of glucose, but formic acid is formed by the transition 
metals in heterogeneously catalyzed oxidation. The results were clearly seen in 
Figs. 8 and 9.

Activity tests of calcined hydrotalcite‑like catalysts

The glucose conversions of calcined hydrotalcite-like catalysts with different Mg/
Al ratios (6/1, 3/1, 1/1, 1/3, and 1/6) are given in Fig. 10. The glucose conversion 
increased with reaction time in all catalysts. Increasing the Mg/Al ratio enhanced 
the conversion (except Mg–Al(6:1)). The highest conversion was obtained as 
65.1% with Mg–Al(3:1). As compared with the dried samples, calcined ones 
were seen much more active (approximately 4 times) in the oxidation of glucose. 

Fig. 8   Glucose conversions of dried hydrotalcite-like catalysts with different Mg–Al ratios (Solvent: Eth-
anol, Temperature: 70℃, Time: 6 h, Catalyst/Glucose:1/2, 2% Glucose Loading, 250% H2O2 solution)
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Because, strong basic centers on the surfaces of hydrotalcites—formed during the 
calcination process- accelerated the oxidation of glucose and increased stability 
of catalysts [40].

Time-dependent formic acid carbon selectivities of the calcined catalysts are 
shown in Fig. 11. The selectivities of formic acid increased slightly up to 4 h with 
the decrease in the Mg/Al ratio. After 4th hour, FA yield significantly increased 
over Mg–Al(1:3) and Mg–Al(1:6) and reached to 99 and 74%, respectively. These 
results indicated that the breakdown of hydrogen peroxide formed O radicals; 
these radicals reacted with glucose molecules in virtue of Mg metal to produce 
intermediates [43] until the 4th hour of the reaction. These products were con-
verted then into formic acid on the centers where the Al atom and CO3

−2 ions 
were located [43].

As mentioned in Fig. 1, as the Mg/Al ratio reduced, the materials moved away 
from the hydrotalcite structure and the crystal density shifted toward magnesium 
aluminates, which was very effective in formic acid production. Meanwhile, 
Mg–Al(1:3) and Mg–Al(1:6) catalysts preserved the Metal-OH and CO3

−2 groups 
in their structure even after the calcination, compared to other hydrotalcites (Fig. 2). 
Based on these performances, the rest of the tests were continued with Mg–Al(1:3).

Fig. 9   Formic acid carbon yield of dried hydrotalcites with different Mg–Al ratios (Solvent: Ethanol, 
Temperature: 70 °C, Time: 6 h, Catalyst/Glucose:1/2, 2% Glucose Loading, 250% H2O2 Solution).
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Effect of calcination temperature on glucose conversion and formic acid selectivity

Calcination of prepared catalysts improved the activities and formic acid selectivi-
ties. Mg-A1(3:1) was determined as a model catalyst in order to examine the effect 
of calcination temperature and the effect of crystal phase on catalytic activity and 
formic acid selectivity. This catalyst was calcined at different temperatures (450  °C, 
650 °C, and 900 °C). The glucose conversion, formic acid carbon yields, and selectivi-
ties of Mg-A1(3:1)-450, Mg-A1(3:1)-650, and Mg-A1(3:1)-900 catalysts are given in 
Fig. 12. The highest glucose conversion (49.3%) was obtained with Mg–Al(3:1)-650 
catalyst, but the highest formic acid carbon yield (7.43%) and selectivity (17.32%) were 
obtained with Mg–Al(3:1)-900 which was slightly higher than Mg–Al(3:1)-450. There-
fore, considering the amount of energy consumption, the optimum calcination tempera-
ture was determined as 450 °C.

Fig. 10   Glucose conversion over calcined hydrotalcites prepared at different Mg–Al ratios (Solvent: 
Ethanol, Temperature: 70 °C, Catalyst/Glucose:1/2, 2% Glucose Loading, 250% H2O2 Solution, Catalyst 
Calcination Temperature: 450 °C).
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Effect of solvent type on glucose conversion and formic acid selectivity

In the literature studies, it has been observed that the type of solvent may affect 
the oxidation products distribution. The most suitable solvents for oxidation were 
determined as alcohols (ethanol) and water. For this reason, aqueous ethanol 
(EtOH) solutions in different proportions (100%, 50% and 0%, (EtOH-Water)) 
were prepared and their effects on glucose conversion and formic acid selectivi-
ties were investigated. Results are given in Figs. 13 and 14. The presence of water 
did not affect the catalytic activity (~ 40%) significantly where formic acid was 
maximized with the absence of water. The highest selectivity (99%), without any 
by-product, was obtained in 100% ethanol medium. It was previously reported 
the formation of the carboxylic acid intermediates during glucose oxidation [7]. 
Decarboxylation of these intermediates favors the formation of CO2, especially 
in aqueous mediums. When an alcohol is used as a solvent, the formation of CO2 
during the reaction is prevented and formic acid yield is improved [7]. In addi-
tion, as a result of the reaction of aldehydes (glucose) with alcohols (ethanol), 
hemiacetal structures are formed and the conversion of glucose to non-formic 

Fig. 11   Formic acid selectivity of calcined hydrotalcites with different Mg–Al ratios (Solvent: Ethanol, 
Temperature: 70 °C, Catalyst/Glucose:1/2, 2% Glucose Loading, 250% H2O2 Solution, Catalyst Calcina-
tion Temperature: 450 °C)
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acid carboxylic acids (acetic acid, glycolic acid) are prevented [54]. Thus, formic 
acid selectivity increases significantly in ethanol medium.

Effect of reaction temperature on glucose conversion and formic acid selectivity

The time-dependent glucose conversions at different temperatures are given in 
Fig. 15. The reaction was carried out at three different temperatures (30 °C, 50 °C, 
and 70 °C). The highest temperature was determined as 70 °C considering decom-
position of H2O2 above 70  °C and boiling point of EtOH [55]. Although the oxi-
dation reaction was exothermic, glucose conversion (9.6%, 25.0%, and 38.7%) 
increased with temperature by the increase in molecular motion and surface activity. 
The time trends of conversions and the differences between conversion lines at each 
time point indicated the accuracy of the oxidation results.

The selectivities of formic acid obtained at different temperatures are shown in 
Fig. 16. The highest product selectivity (99%) was obtained at the highest tempera-
ture where the lowest product selectivity (29.6%) was at the lowest reaction tem-
perature. A huge difference in selectivities was observed between 70 and 50  °C. 

Fig. 12   Glucose conversion, formic acid carbon yield, and formic acid selectivity of Mg–Al(3:1) cata-
lyst calcined at different temperatures (Solvent: Ethanol, Temperature: 70 °C, Time: 6 h, Catalyst/Glu-
cose:1/2, 2% Glucose Loading, 250% H2O2 Solution)
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Although the temperature difference is only 20 °C, the slight increase in temperature 
could be changed the mechanism. It was noticed that the selectivity at 30 °C was 
higher than at 50 °C. This was due to the formation of CO2 that starts after 30 °C.

Effect of catalyst/glucose ratio on glucose conversion and formic acid production

Effects of catalyst/glucose (1/5, 1/2, and 1/1) ratio on glucose conversion were inves-
tigated. The time-dependent glucose conversion amounts of different catalyst/glu-
cose ratios are given in Fig. 17. The glucose conversion increased with the amount 
of catalyst depending on the increase in the active sites per glucose molecule. The 
highest glucose conversion (71.9%) was obtained when the catalyst/glucose ratio 
was chosen as 1/1.

The effect of different catalyst/glucose (1/5, 1/2, and 1/1) ratios on formic acid 
selectivity was examined (Fig. 18). When the amount of catalyst was increased, 
formic acid selectivity decreased from 99 to 64.7%. This was attributed to the 
formation of side reactions and the high number of active centers caused the 
conversion of glucose into other products. Formic acid formation at G/C = 1/5 
was not remarkable. This may be due to the insufficient number of active sites 

Fig. 13   Glucose conversion of Mg–Al(3:1) catalyst calcined in the different reaction medium (Tempera-
ture: 70 °C, Time: 6 h, Catalyst/Glucose:1/2, 2% Glucose Loading, 250% H2O2 Solution)
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per glucose molecule, instantaneous occupation of these sites, and undesired 
reactions between unbonded glucose molecules and solvent, products, etc.

Catalyst stability

Mg–Al(1:3) catalyst were tested in a series of recycle reactions and the re-used 
catalyst after the 1st reaction was analyzed by XRD. XRD patterns of the used 
catalyst and series activity results are given in Figs.  19 and 20, respectively. 
Recovered catalysts after each run were washed and calcined for the consecu-
tive reaction cycles. Glucose conversion slightly reduced after 3rd run; however 
it was significantly decreased after the 4th use. XRD results of the used catalyst 
exhibited the same crystal structure with higher intensities. This could be due to 
the enlarging of MgO crystals during the reaction. Dramatic drop in the activity 
after 4th run could be attributed to the formation of humins and deactivation of 
the active sites by these molecules.

Fig. 14   Formic acid selectivities of Mg–Al(3:1) catalyst in different reaction mediums (Temperature: 
70 °C, Time: 6 h, Catalyst/Glucose:1/2, 2% Glucose Loading, 250% H2O2 Solution)



4097

1 3

Highly selective oxidation of glucose to formic acid over…

Conclusions

Selective oxidation of glucose to formic acid under base free mild conditions 
was successfully achieved over hydrotalcite-like catalysts. Synthesized catalysts 
exhibited high glucose conversions (~ 60% over Mg–Al (3:1)) and extremely high 
formic acid selectivities (~ 99% over Mg–Al (1:3)) in ethanol by using H2O2 as 
oxidant at 70 °C. Densities of the hydrotalcite crystals and average pore diameters 
of the catalysts reduced as Mg/Al ratio increased, while surface area and 
amount of metal-OH bonds increased. Mg–Al (1:3) had most narrow pore size 
distributions that indicated the more uniformly packing of this material compared 
to others. Mg–Al (1:3) provided the highest formic acid yield and selectivity 

Fig. 15   Glucose conversion of Mg–Al(1:3) calcined hydrotalcites at different reaction temperatures (Sol-
vent: Ethanol, Catalyst/Glucose:1/2, 2% Glucose Loading, 250% H2O2 Solution, Catalyst Calcination 
Temperature: 450 °C)



4098	 H. A. Kılıç et al.

1 3

(37% FA yield and 99% FA selectivity) among the all synthesized catalysts. The 
calcination process significantly improved the catalytic activities of the catalysts 
(~ 4X in conversion and ~ 7X in yield). The effect of water/ethanol ratio was also 
demonstrated. Presence of water in solvent significantly decreased the FA yield 
since water favored the formation of CO2. A dramatic drop in FA selectivity was 
observed when the reaction temperature was reduced to 50 °C due to the reaction 
mechanism. Doubling the catalyst/glucose ratio increased the conversion by 84% 
while lowering the selectivity by 30%.

Fig. 16   Formic acid selectivity of Mg–Al(1:3) calcined hydrotalcites at different reaction temperatures 
(Solvent: Ethanol, Reaction time: 6 h, Catalyst/Glucose:1/2, 2% Glucose Loading, 250% H2O2 Solution, 
Catalyst Calcination Temperature: 450 °C)
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Fig. 17   Glucose conversion of Mg–Al(1:3) calcined hydrotalcites at different catalyst/glucose ratios (Sol-
vent: Ethanol, Reaction Temperature: 70 °C, 2% Glucose Loading, 250% H2O2 Solution, Catalyst Calci-
nation Temperature: 450 °C)
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Fig. 18   Formic acid selectivity of Mg–Al(1:3) calcined hydrotalcites at different catalyst/glucose ratios 
(Solvent: Ethanol, Reaction Temperature: 70  °C, 2% Glucose Loading, 250% H2O2 Solution, Catalyst 
Calcination Temperature: 450 °C)
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Fig. 19   XRD patterns of fresh and re-used Mg–Al (1:3) HT catalyst

Fig. 20   Recycle reaction results of Mg- Mg–Al (1:3) HT catalyst
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