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Introduction

The hydrogenation of saccharides such as glucose, fructose, lactose, xylose and maltose to their corresponding polyols are important processes in the food and pharmaceutical industry. [1- 5] In particular, several million tons of maltose are annually produced worldwide through the enzymatic hydrolysis of biomass feedstocks, in particular starch, [6][7][8] and the hydrogenation of maltose (Scheme 1) is a straightforward method for the production of maltitol, [9] which is used as a potential sugar substitute and as an intermediate for pharmaceutical production. [10,11] However, the selective production of maltitol is challenging because the glycosidic bond can be easily hydrolyzed to glucose which is further hydrogenated to sorbitol. [12] The hydrolysis of maltitol can also lead to the formation of a mixture of sorbitol and glucose, the latter being rapidly hydrogenated into sorbitol. The hydrogenation of maltose to maltitol has been much less studied in the academic literature than that of monosaccharides. As is often the case for the reductive transformation of biosourced molecules, Ru-based catalysts are both very active and selective in the catalytic hydrogenation of maltose in aqueous solutions (selectivity to maltitol > 95% at full conversion, for mass fractions of maltose in water = 4-40 wt.%, T = 90-140 °C, P(H 2 ) = 20-70 bar). [9,[13][14][15][16][17][18] But the cost and availability of noble metals are the major drawbacks for their industrial application and, to date, Raney ® Ni is the most common benchmark catalyst for this reaction. [19][20][21][22] A selectivity to maltitol of 85-99% was reported to be achieved at high conversion in a range of reaction temperature of 80-170 °C, under 28-70 bar of H 2 , using concentrated aqueous solutions of maltose (mass fractions = 20-50 wt.%). However, Raney ® Ni deactivates under reaction by leaching of nickel and by deposition of organic by-products. [10,[23][24][25] A common way to tackle with problems of catalytic performance and stability is to associate two elements in the catalytic phase. Up to now, this strategy has not been implemented to a large extent for maltose hydrogenation. A recent system based on a Ni-P nanoalloy supported on basic solids has been studied. [26][27][28] Ni-P/HT and Ni-P/mSiO 2 -NH 2 &CH 3 (HT: hydrotalcite: Mg 6 Al 2 CO 3 (OH) 16 •4(H 2 O), mSiO 2 -NH 2 &CH 3 : functionalized mesoporous silica) were investigated in a 10-50 wt.% maltose aqueous solution, at 60-150 °C, under 20-50 bar of H 2 . [26- 28] Under optimum conditions, a selectivity to maltitol of 90-95% was achieved at almost full conversion. Ni-P/HT retained its activity and selectivity toward maltitol (95% at 95% conversion) during four runs of reactions. [26] Ni-P/SiO 2 -NH 2 displayed a good stability in the aqueous phase hydrogenation of maltose after six runs of reactions. [28] In a few works, the advantages of adding iron to Ni for the aqueous phase hydrogenation of monosaccharides (xylose and glucose) have been reported and it was demonstrated that both the activity and stability of the catalysts were enhanced by Fe addition. [29][30][31] The objective of the present paper is to determine for the first time, through a kinetic study, to what extent a Ni-Fe/SiO 2 bimetallic catalyst would outperform a Ni/SiO 2 catalyst in the aqueous phase hydrogenation of maltose, as they have been reported to do for monosaccharides. [29][30][31] The effect of reaction parameters (e.g., temperature, maltose concentration, hydrogen pressure) on catalytic activity, selectivity, and stability will be examined.

Experimental section

Ni 100 /SiO 2 and Ni 62 Fe 38 /SiO 2 catalysts were prepared by deposition-precipitation with urea according to the procedure detailed in our previous work. [29,32] For Ni 62 Fe 38 /SiO 2 , the Ni and Fe loadings were 26 and 16 wt.%, respectively. Fcc Ni-Fe alloyed nanoparticles were observed by XRD and TEM analysis. The bimetallic particles were homogeneous in size (average size: 5.4 nm; standard deviation: 1.3 nm) and composition (standard deviation of composition: 8 Fe at %). Ni 100 /SiO 2 exhibited a 40 wt.% loading of Ni. Fcc Ni was observed by XRD analysis with 5.4 nm as an average particle size.

The elemental analysis of Ni, Fe, and Si in solutions was done by ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometry) analysis by using Agilent 720-ES ICP-OES equipment combined with Vulcan 42S automated digestion system. Powder X-ray diffraction patterns (XRD) of the samples were recorded in ambient conditions using a Bruker AXS D8 Advance diffractometer equipped with a nickel filter, a copper tube (λKα (Cu) = 1.54184 Å) and a multi-channel fast detector. Samples were scanned at 0.014 ° s -1 over the range 5 ≤ 2θ ≤ 80°.

The hydrogenation of maltose (Alfa Aesar, 96%) was carried out in a 30 mL batch Hastelloy Parr autoclave. In a typical reaction, a substrate aqueous solution of 24 mL (8.8 wt.% of maltose, corresponding to concentrations of 95 g L -1 and 0.26 mol L -1 ) and 108 mg of catalyst were loaded into the reactor. After purging the reactor 3 times with H 2 , 20 bar H 2 was added and the system was heated to the reaction temperature (T = 80-150 °C) with a stirring rate of 600 rpm. The effect of mass of catalysts up to 108 mg was studied to check the absence of diffusion limitation. At the end of the reaction, pressure was removed, the reactor was cooled, and the catalyst was collected by centrifugation. Blank tests were performed in which no conversion of maltose was observed. Maltose, maltitol, glucose, and sorbitol were analyzed by High Performance Liquid Chromatography (HPLC,Waters 2410 RJ) equipped with RI and UV detectors and a Rezex ROA-organic Acid H + column (Ø 7.8 mm x 300 mm) at 25 °C. Diluted H 2 SO 4 (5 mM, 0.5 mL/min) was used as a mobile phase. The products were identified by their retention times compared to available standards and the response factors were determined experimentally for these commercial products. The hydrogenation products of maltose are well separated by the HPLC column as shown on a typical chromatogram (Figure S1).

The conversion of maltose at time t was calculated from equation (3):

(3) where C 0 maltosee is the initial concentration of maltose (in mol L -1 ) and C t maltose is the concentration of maltose at time t (in mol L -1 ). The carbon selectivity to a desired product was calculated using equation ( 4):

(4) in which C t product i is the concentration of product i at time t (in mol L -1 ); n C product i is the number of carbon atoms in the product i.

The calculated TOC (Total Organic Carbon) at time t is determined by the sum of the carbon concentrations of all compounds quantified by HPLC according to equation ( 5).

(
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where M C is the molar mass of carbon = 12 g mol -1 ; n carbon i is the number of carbon atoms in the compound i; C t i is the concentration of compound i at time t (in mol L -1 ).

The carbon balance (CB) at time t is calculated according to equation ( 6).

(

) 6 
Where C 0 maltose is initial concentration of maltose (in mol L - At the end of the tests, the aqueous solution was analyzed by ICP to detect the leaching of metals expressed in ppm.

Results and discussion:

Definition of benchmark conditions with Ni 100 /SiO 2

The hydrogenation of maltose (concentration: 0.26 mol L -1 ) was first carried out at 150 °C 

Determination of the reaction parameters: effect of temperature, and metal leaching

The effect of the reaction temperature was then studied over the range 80-150 °C under 20 bar H 2 in the presence of 108 mg of the Ni 100 /SiO 2 and Ni 62 Fe 38 /SiO 2 catalysts. The temporal evolution of maltose concentration as a function of temperature is shown in Figure 2. At 80 °C, a 68% conversion was achieved after 480 min over Ni 62 Fe 38 /SiO 2 , whereas the maltose conversion was limited to 50% using Ni 100 /SiO 2 . As expected, the conversion increased when the temperature increased. It can be noted that the hydrogenation of maltose in this temperature range was noticeably less rapid than that of xylose hydrogenation. [29] The carbon balance was higher than 98% for both catalysts in the whole temperature range. For preliminary analysis, a pseudo-first order kinetics with respect to maltose was obtained from the plot of ln( / ) versus time (Figure S2), in line with former simplified models applied to xylose hydrogenation. [33,34] . Table S1 presents the values of the first-order apparent rate constants (k app ). The Ni-Fe catalyst exhibited a higher value of k app at 80 °C, but as temperature increased the gap narrowed and at 150°C the Ni catalyst was the more active of the two.

An important point to consider is selectivity. As temperature decreased from 150 to 80 °C, the formation of side-products (glucose and sorbitol, Scheme 3) decreased to a negligible level, as can be seen in the 20-60% conversion range for all the experiments. At 80 °C the reaction was almost 100% selective to maltitol (Figure S3). It was verified that with either catalyst, maltitol was not hydrolyzed in these reaction conditions. This means that the formation of glucose took place via the competing hydrolysis of maltose, a minor pathway favored with the Ni catalyst.

Sorbitol was thus produced by the hydrogenation of glucose issued from the hydrolysis of maltose. It can be assumed that unreduced metal ions acting as Lewis acidic sites (in this case, presumably, unreduced Ni 2+ ions) catalyze the hydrolysis of maltose, as they were found to account for the etherification of furfuryl alcohol in the presence of the same catalysts. [32] Despite the lower reaction rate, a temperature of 80 °C was accordingly chosen for a kinetic study in order to avoid the effect of the side-reaction of maltose hydrolysis, and to limit the leaching of the metals. It was verified for the two catalysts at 80 °C that a linear relationship was obtained between the initial reaction rate of the reaction and the mass of catalysts up to 108 mg, confirming the existence of a kinetic regime without mass transfer limitation. 

Effect of maltose concentration and hydrogen pressure at 80 °C

The maltose concentration (4.4-17.5 wt.%) was varied over the range 0.13-0.58 mol.L -1 , while the reaction temperature was set to 80 °C, and the H 2 pressure to 20 bar. A constant volume of solution was used (24 mL) and the concentration was changed by adjusting the mass of maltose.

Figure 4 presents the temporal evolution of maltose concentration (symbols represent the experimental points and curves the model detailed below). The selectivity toward maltitol was in all cases higher than 98%, with a carbon balance higher than 98%. The Ni 62 Fe 38 /SiO 2 catalyst exhibited a higher activity than the Ni 100 /SiO 2 catalyst over the whole range of concentration tested.

The same kinetic model as the one used in our previous work on the selective hydrogenation of xylose to xylitol (Equation ( 1)) [29] was applied to these measurements.

(
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This first-order model supposes a Langmuir-type adsorption of maltose onto the catalyst, described by the constant K in the inhibition term of Equation ( 1). The values at 80 °C of k, the apparent rate constant in which P H2 is included, and K, the adsorption constant of maltose, are given in Table 1 for the two catalysts. Independent refinements of each curve led to consistent results (details can be found in the Supplementary Material, p. S5, Figure S4) and to a relative error margin of maximum 16%. The value of the apparent rate constant k for the bimetallic catalyst is larger by a factor 2.7 compared with the monometallic catalyst, whereas the gain was less than a factor 2 for xylose hydrogenation (Table 1). The benefit of using the bimetallic catalyst for maltose hydrogenation at 80 °C thus appears clearly. However, the rate constants for maltose hydrogenation are lower by a factor 5 to 6 compared with xylose. Such a strong difference is consistent with that reported with a Ru/C catalyst in the selective hydrogenation of maltose vs. monosaccharide sugars. [35] At 120 °C under 60 bar H 2 , a 100% conversion was achieved after 50 and 90 min, respectively, for the hydrogenation of 9 wt.% L-arabinose and L-rhamnose, while 180 min were needed to complete the hydrogenation of D-maltose. 

Maltose

Xylose [29] Ni 100 /SiO Ni 62 Fe 38 /SiO 2 also exhibits a larger adsorption constant compared to Ni 100 /SiO 2 in the hydrogenation of maltose (Table 1). In the Langmuir model, K is included in the expression of k, and its increase can thus contribute to the increase of the rate constant between the monometallic and the bimetallic catalysts. The oxophilic character of Fe was reported to favor the adsorption of oxygen-containing reactants, compared to Ni surfaces, and this enhancement was also observed for xylose. [29] Unlike what was found for k, the adsorption constants increased by a factor 1.5 to 2 compared with xylose hydrogenation. Maltose adsorbs more strongly than xylose, but the process of hydrogenation is much slower.

Figure 5 . For the Ni 100 /SiO 2 catalyst, the conversion of maltose did not depend much on the H 2 pressure (Figure 5a) and the reaction order m was calculated as 0.11 (Figure S5, from the plot of ln(k) versus ln(P H2 )). In contrast, in the presence of the Ni 62 Fe 38 /SiO 2 catalyst, the conversion of maltose increased significantly with the increase of hydrogen pressure (Figure 5b), and m was found to be equal to 0.50 (Figure S5). The mechanism of hydrogenation thus seems to differ on the two catalysts, not only with respect to maltose adsorption, but also with respect to hydrogen adsorption and dissociation. An order of 0.5 may correspond to a ratedetermining reaction between adsorbed maltose and one hydrogen atom resulting from the dissociative adsorption of H 2 , as was observed for xylose hydrogenation. [29] A dilution of Ni domains among Fe surface atoms can account for the difficulty to find sites that adsorb maltose, a large molecule compared with xylose; hence, for the low values of k despite maltose strong adsorption onto the partly oxophilic surface; and for the limited coverage in hydrogen atoms apt to ensure the hydrogenation. 

Stability of Ni 100 /SiO 2 and Ni 62 Fe 38 /SiO 2 catalysts in aqueous phase

The recyclability of Ni 100 /SiO 2 and Ni 62 Fe 38 /SiO 2 catalysts was examined at 80 °C under 20 bar H 2 during 8 h of reaction (Figure 6). Before each run, the catalysts were reactivated under H 2 at 400 °C for 2 h. A decrease in the catalytic activity of Ni 100 /SiO 2 was found after the first run and a conversion of only 8% was retained during the third run. In contrast, no major change was observed for Ni 62 Fe 38 /SiO 2 (~65-68% conversion).The carbon balance was always higher than 98% and no other product than maltitol was detected. The ICP analysis of the aqueous solutions at the end of each run showed that the leaching of metals (Table S3) was less pronounced for the second and third runs, which did not explain the decrease in catalytic conversion for the Ni 100 /SiO 2 catalyst. Its deactivation was rather related to its rehydration to a phyllosilicate phase (X-ray diffractograms, Figure S6), as was observed upon xylose hydrogenation in water. [29] The Fe-rich shell around Ni-Fe nanoparticles would prevent this transformation, and the addition of Fe to Ni would also be beneficial with respect to the catalyst stability. 

Conclusion

In this kinetic study of the seldom explored aqueous phase hydrogenation of maltose to maltitol, a Ni-Fe/SiO 2 catalyst prepared by deposition-precipitation was found to outperform a reference Ni/SiO 2 catalyst in several respects: a higher activity at 80°C, a temperature chosen to limit metal leaching and side-reactions of hydrolysis that occur at higher temperatures and compromise the selectivity of the reaction; and a larger structural stability. The evolution of maltose concentration with time could be modelled following a first order kinetic model based on a Langmuir-type adsorption of maltose onto the catalyst. The first-order apparent rate constant and the adsorption constants for the Ni-Fe catalyst were larger by a factor of 2 to 3 compared with the Ni catalyst. Compared with the hydrogenation of a monosaccharide, xylose, the adsorption constants for maltose were larger by a factor 1.5 to 2, but the apparent rate constants were much lower, by a factor 5 to 6. Another major difference between the two catalysts was a reaction order of 0.5 with respect to the hydrogen pressure on Ni-Fe/SiO 2 compared with a near zero-order on Ni/SiO 2 . Maltose hydrogenation seems to be driven by an adsorption of maltose very significantly favored on the oxophilic surface of the bimetallic catalyst, but differences in reactants coverage and activation (maltose and hydrogen) should also be invoked to explain the characteristics of the bimetallic catalyst vs. the monometallic catalyst, and of maltose hydrogenation vs. the hydrogenation of monosaccharides.

Scheme 2 :

 2 Scheme 2: Reaction pathways from the hydrogenation of maltose.

  under 20 bar H 2 in the presence of 108 mg of the monometallic Ni 100 /SiO 2 catalyst. The evolution of the concentration of maltose and of the reaction products is presented as a function of time in Figure1. A conversion of 92% was attained after 160 min. Maltitol was the main product (70% selectivity). It appeared at the initial stage of the reaction and its concentration reached 0.16 mol L -1 at 160 min. Side-products (sorbitol and glucose, Scheme 2) were detected after 45 min and their concentration increased to a maximum of 0.11 and 0.05 mol L -1 , respectively, at the end of the test. Finally, the calculated carbon balance obtained at the end of the reaction was 98%, indicating that all the products formed in the aqueous phase were detected by HPLC.

Figure 1 :

 1 Figure 1: Temporal evolution of product concentrations during the hydrogenation of maltose: (■) Maltose; (•) Maltitol; (▲) Glucose; (▼) Sorbitol; (△) Calculated carbon balance: Reaction conditions: maltose 0.26 mol L -1 , V = 24 mL, 20 bar H 2 , 150 °C, 108 mg Ni 100 /SiO 2 , n Maltose /n Ni = 9.8.

Figure 2 :

 2 Figure 2: Effect of reaction temperature on temporal evolution of maltose concentration over a) Ni 100 /SiO 2 , b) Ni 62 Fe 38 /SiO 2 catalysts: (■) 150 °C; (▲) 100 °C; (*) 80 °C. Reaction conditions: maltose 0.26 mol L -1 , V = 24 mL, 20 bar H 2 , 108 mg catalyst, n maltose /n Ni = 9.8, n maltose /n Ni + n Fe = 10.0. The leaching of metals measured by ICP analysis of the liquid solution recovered at the end of the test is presented as a function of temperature in Figure 3. The right-hand Y-axis of the graph corresponds to Si leaching (blue circles). The concentrations of Ni and Si released from Ni 100 /SiO 2 significantly decreased from 37 and 275 ppm, to 14 and 119 ppm, respectively, as the reaction temperature decreased from 150 to 80 °C. Using Ni 100 /SiO 2 at 150 °C is thus beneficial in terms of kinetics, but detrimental in terms of leaching. The same trend was observed for Ni, Fe and Si in the presence of Ni 62 Fe 38 /SiO 2 , with a very low leaching of the three elements at 80 °C.

Figure 3 :

 3 Figure 3: Effect of reaction temperature on metal leaching over a) Ni 100 /SiO 2 , b) Ni 62 Fe 38 /SiO 2 catalysts at the end of the reaction. (■) Ni; (▲) Fe; (•) Si. Reaction conditions: Reaction conditions: maltose 0.26 mol L -1 , V = 24 mL, 20 bar H 2 , 108 mg catalyst, n maltose /n Ni = 9.8, n maltose /n Ni + n Fe = 10.0.

Figure 4 :

 4 Figure 4: Evolution of maltose concentration as a function of time and initial maltose concentration over a) Ni 100 /SiO 2 and b) Ni 62 Fe 38 /SiO 2 catalysts: (•) 4.4 wt.%; (■) 8.8 wt.%; (▲) 17.5 wt.%. Reaction conditions: 20 bar H 2 , 80 °C, 108 mg catalyst. Curves are calculated using the model based on equation (2), see Supp Mater.

Figure 5 :

 5 Figure 5: Evolution of maltose concentration as a function of time and hydrogen pressure over a) Ni 100 /SiO 2 and b) Ni 62 Fe 38 /SiO 2 catalysts: (•) 20 bar; (■) 30 bar; (▲) 40 bar. Reaction conditions: maltose 0.26 mol L - 1 , V = 24 mL, 20 bar H 2 , 108 mg catalyst, n maltose /n Ni = 9.8, n maltose /n Ni + n Fe = 10.0. Curves are calculated using the model based on equation (2).

Figure 6 :

 6 Figure 6: Catalyst recyclability study. (■) maltose conversion, (■) maltitol selectivity. Reaction conditions: maltose 0.26 mol L -1 , V = 24 mL, 20 bar H 2 , 80 °C, 108 mg catalyst, reaction time = 8 h, n maltose /n Ni = 9.8, n maltose /n Ni + n Fe = 10.0.

  

  

Table 1 : Values of rate (k) and adsorption (K) constants for maltose and xylose hydrogenation. Reaction conditions: 20 bar H 2 , 80 °C, 108 mg catalyst.

 1 

2 Ni 62 Fe 38 /SiO 2 Ni 100 /SiO 2 Ni 62 Fe 38 /SiO 2

  

	k (min -1 )	0.0015	0.0040	0.0130	0.0200
	K (L.mol -1 )	1.58	3.90	0.77	2.40

  documents the effect of H 2 pressure (20-40 bar) on conversion at 80 °C, with a 0.26 mol.L -1 maltose aqueous solution. Maltitol was the only product obtained with a carbon balance of 98%. The values of k were calculated for each pressure S2) after importing into Equation (2) the values of K listed in Table1. It was then supposed that k was a simple

	function of P H2	m
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