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Abstract

Three different bimetallic Ru:Ni catalysts suppdrtan a mesoporous silica MCM-48
were prepared by consecutive wet impregnationd witotal metal loading of ca. 3 %
(w-w?). Ru:Ni ratios spanned in the range of 0.15 — 1v89v?') and were compared with
the corresponding monometallic Ni/MCM-48. The cgdtd so prepared were characterized
by X-Ray Diffraction, Transmission Electron Micragy, adsorption / desorption of2N
Temperature Programmed Reduction,sNHPD and Atomic Absorption, and tested in the
liquid phase hydrogenation of D-Glucose into saibit the temperature range 120 — 140
°C under 2.5 MPa of Hpressure. Bimetallic catalysts with Ru:Ni ratiagher than 0.45
enhanced the catalytic behavior of the monomethliliCM-48 in the reaction, increasing
the reaction rate and showing complete selecttaityorbitol by minimizing the production
of mannitol. Ru:Ni/MCM-48 (0.45) was recovered frahe reaction media and tested for

three reaction cycles, showing good stability urttlerselected experimental conditions.
Keywords

Hydrogenation of sugars, sorbitol, ruthenium-nickighetallic catalysts, MCM-48, D-

Glucose



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

1. Introduction

Nowadays, environmental issues such as the poomlageament of fossil fuels, the
depletion of crude-oil reserves and the global wagnmave promoted a major effort in the
valorization of biomass in order to produce fuedhiergy and fine chemicals [1].
Lignocellulosic biomass is one of the most prongsienewable sources of carbon and it is
the only one that can be converted into solid,iflgor gas fuels by thermochemical or
biological processes [2]. Essentially, lignocelkio materials comprise three main
fractions, whose average composition is 34 — 5¢#tlose, 19 — 34 % hemicellulose and
11 — 30 % lignin [3, 4] and it is a relatively lgpviced source of biomass with a high
availability all over the world. In this sense, hgiytic hydrogenation of cellulose into

sugar alcohols has attracted a lot of researchestt¢-8].

Catalytic hydrogenolysis of cellulose consists wb tconsecutive steps where firstly
cellulose is hydrolyzed into D-Glucose, which idsequently hydrogenated into sugar
alcohols like sorbitol and mannitol. Sorbitol isy@rsatile compound which has been used
for many different applications, like building blotor the synthesis of fine chemicals such
as ascorbic acid (intermediate in the synthesigitamin C) [9, 10], as additive in food,
cosmetics and paper industries [2], and its anpraduction is about 700.000 tones / year
[11]. Sorbitol is also used as feedstock for hyghisl — hydrogenation processes in order to
produce isosorbide and valuable polyols such akstiietrols, glycerol, ethylene glycol and
1,2-propanediol [12]. Most of the sorbitol procegsit industrial scale is performed by
catalytic hydrogenation of D-Glucose, which is &ah raw material produced from starch
and sucrose [13, 14], using Raney-nickel cataljidi$ Both noble metals (Ru, Rh, Pd

and Pt) and non-noble metals (Fe, Ni, Cu or Co)ehbgen used as active phases in
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hydrogenation reactions. Nickel-based catalyst® rehieved a good piece of attention
according to their low cost and moderate to goo@lgc activity [16]. Nevertheless,
nickel-based catalysts are susceptible to showtigdaton after its recycling [2, 17, 18]
due to leaching of the active nickel into the reactmedia [19], sintering of the active
metal [18, 20] and poisoning of metallic nickelfage attributed to organic byproducts of
the reaction [21]. The current trend consists oa fiieparation of ruthenium-based
catalysts, which show catalytic activities per masactive metal 20 — 50 times higher in
comparison with nickel [13]. However, the high pgriof noble metals is the main
drawback. Thus, the development of novel bimetaltickel-based catalysts with
comparable high activity to noble metal catalysi 'emains a technological challenge.
Noteworthy efforts were carried out to enhance Igtitaactivity of nickel-based catalysts
in the catalytic conversion of D-Glucose into stobiHoffer et al. determined that the
addition of Mo and Cr had a positive effect promgtRaney - Nickel catalysts activity and
stability in the hydrolytic hydrogenation of D-Gh&e [17]. Bizhanov et al. studied the
influence of noble metals such as Pt, Ru, Rh andriP®aney nickel catalysts and they
observed that Ni/Ru was the most promising opti#t].[In that case the catalytic material
was an unsupported catalyst; however, to the biesuio knowledge, supported Ni-Ru-
based catalysts have never been tested in the ¢smton of D-Glucose. With this aim,
we present the hydrogenation of D-Glucose over tahie Ru:Ni catalysts, using MCM-
48 as porous support, which has shown an excetlatytic behavior in previous works

[23, 24].

In the present work, we report the catalytic bebiawf Ru:Ni-based bimetallic MCM-

48 catalysts in comparison with monometallic Ni/M&#4 for the selective hydrogenation
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of D-Glucose into sorbitol. The influence of thedamn of small amounts of ruthenium

over Ni/MCM-48 in the catalytic activity is repodeén this work.

2. Materials and methods

2.1. MCM-48 preparation

MCM-48 has been prepared using a conventional ligdrmal synthesis, according to
the procedure described by Schumacher et al. 2§Jof n-Hexadecyltrimethylammonium
bromide template (C#CHz)1sN(Br)(CHs)s > 98%, Sigma — Aldrich) was dissolved in 42
cn® of deionized water, 13 c¢hof ammonium hydroxide (20% as MHPanreac), and 18
cm® of absolute ethanol (partially denaturated QP,r&a). The resulting solution was
stirred for 15 min and 4 chof tetraethyl orthosilicate (TEOS, purity99% GC, Sigma —
Aldrich), were added dropwise during 1 minute agpmately. The solution was further
stirred for 18 h in a water bath at 30 °C; the wlprecipitate was then collected by
filtration, washed with distilled water and dried&® °C overnight. Template was removed
from dried samples by calcination with a heatingg af 2 °C-mirt from 80 °C to 550 °C

and maintained at 550 °C overnight.
2.2. Catalyst preparation

Monometallic Ni/MCM-48 with a metal loading close 8 % by weight was prepared
by the conventional wet impregnation (WI) methodngsthe so prepared MCM-48 as
carrier. For this synthesis, nickel (ll) nitratexafydrate (Ni(N@).2.6-HO, 99.999% trace
metal basis Sigma Aldrich) and MCM-48 were sonidaile water previously to their
mixture during ten minutes. Then, nickel nitratduion and the dispersion containing

MCM-48 were mixed and heated with a rate of 1 °@-ffriom room temperature to 105 °C



94  using a Stuart model SD162 heating plate. The ign@agon finished when the solvent was
95 completely evaporated. Then, it was dried overngt05 °C. Bimetallic Ru:Ni/MCM-48
96 with a total metal loading around 3 %, were pregdrg consecutive wet impregnations
97 over MCM-48. Ruthenium (lll) chloride anhydrous @&sanhydrous, Strem Chemicals
98 Inc.) and nickel nitrate were used as ruthenium r@inklel precursors, respectively. In this
99  case, the metal with the highest loading in thalfeatalyst was deposited first. An example
100 of the nomenclature of bimetallic catalysts is prasd: M:M2/S (Mi/M2), where M is
101 ruthenium, M is nickel, S is MCM-48 support andiWzis the mass ratio of ruthenium to
102 nickel. Finally, both monometallic and bimetalliatalytic systems were reduced under H

103  atmosphere at 250 °C according to TPRebhditions.
104 2.3. Support and catalyst characterization

105 Small Angle X-Ray Scattering (SAXS) and X-Ray Ddgition (XRD) were performed
106 in a Bruker Discover D8 diffractometer using the Ka radiation £ = 0.15406 nm). The
107  diffraction intensities were measured, for XRD, o@@ angular range of 5° <9Z 80°
108  with a step size of 0.03° and a count time of 2rsgbep. In case of SAXS, 2° € 2 6° was
109  selected as angular range with a step size of @@@% count time of 1 s per step. Nitrogen
110  adsorption / desorption isotherms were performat WSAP 2020 (Micromeritics, USA)
111  to obtain surface and pore properties of the supput the catalyst. Prior to analysis, the
112 samples were outgassed overnight at 350 °C. Tp##lifec surface areas were determined
113 by the multipoint BET method &/P, < 0.3, total specific pore volumes were evaluated by
114  single point adsorption fromNuptake aP/Po> 0.99. Pore diameter was obtained by BJH
115  (adsorption average, 4-V'A Pore size distribution was derived from the apison

116  branch of the isotherm by BJH (dV/dD) Halsey:Faasection. Temperature Programmed
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Reduction (TPR) profiles were recorded using themroercial Micromeritics TPD/TPR
2900 unit. The samples were loaded into a U-shapedtz cell, ramped (10 °C-mti
from room temperature to 800 °C under a flow ofNd (5% v/v; 50 cm-mirr?, Air
Liquide) and kept at the final temperature untie thignal returned to the baseline.
Hydrogen consumption was monitored by a thermatiaotivity detector (TCD) with data
acquisition/manipulation using the ChemiSoft TPX .08™ software. TPD-NH
experiments were performed in the same analyzehisncase, the samples were activated
under TPR-H conditions (250 °C) for 60 min. Prior to the arsdy the samples were
outgassed at 105 °C using pure He during 60 mianThey were saturated with ammonia
at 100 °C during 30 min. NHvas purged using pure He during 60 min and thempkzs
were heated from 100 °C to 600 °C (ramped 15 °Ch)naind kept at the final temperature
until the signal returned to the baseline. The amaof chemisorbed ammonia was
calculated according to calibrated volumes of tb@mpound. Transmission electron
microscopy (TEM) analyses used a JEOL 2100 unh ait accelerating voltage of 200 kV.
Samples were prepared by ultrasonic dispersionc@toae with a drop of the resultant
suspension evaporated onto a holey carbon-suppagtel A counting of nickel
nanoparticles were carried out from TEM imageshaf different catalysts. At least 100
nickel nanoparticles were counted in each case tatadmean Ni particle sizes were
calculated as number average diamedg),(surface area-weighted diametég)( volume-
weighted diameterd,), according to equations 1, 2 and 3, respectijzsy;

(i ZZi ni'dl’

" X N =
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where nis the number of nickel particles with a diameleSince chemical reactions occur
on catalyst surface, surface-area weighted diamstselected as the most meaningful
parameter to obtain mean Ni particles sizes foalgsis purposes. In order to determine
how closely the observed distribution approaches ttue population, the standard
deviation of the number diametei{) must be calculated as described in Eq. 4.

= n2

Om

4

EDS microanalysis (Oxford Instruments Inca X-Raynmanalysis system TEM 250)
provided elemental and chemical identification atkel and ruthenium in all cases. In
addition, energy dispersive X-Ray spectroscopy nmgpwas performed in STEM mode
for Ni/MCM-48. Metal loadings of ruthenium and netkwere determined by atomic
absorption (AA) using a VARIAN SPECTRA 220FS analyzDigestion of the samples

was performed with HCI, ¥0. and HF using microwave at 250 °C.
2.4. Catalytic hydrogenation of D-Glucose

Catalytic tests were performed in a stainless-stegl pressure reactor with an internal
volume of 25 cr (Berghof BR-25), agitated with a magnetic stirribgr and PID
controlled. Hydrogenation experiments were cargatlin the temperature range 120-140
°C at 2.5 MPa Husing a stirring rate of 1400 rpm. Prior to reawticatalysts were

activatedin situ by reducing under Hatmosphere at 250°C during 60 minutes. Mole of
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carbon in feedstock to mole of total metal ratioR@ was kept at 142 in all the
experiments. The reactor was flushed withfdd 10 minutes and subsequently fed with H
and then the reactor was heated up to the desedion temperature. Once the set point
was reached, 5 chof a solution of 7.35 g-dfD-Glucose was pumped (intelligent HPLC
pump, Jasco PU-2080 Plus) and the reactor wasypiass up to 2.5 MPa of H At the
end of the experiments, recovery of the catalyst made by filtering the product solution
using a vacuum pump. Hydrogenation products werdyaed by HPLC. The HPLC
column used was a SUGAR SC-1011 from Shodex a8@arfd a flow of 0.8 cAmin?
using water Milli-Q as the mobile phase. A WatdRsdetector 2414 was used to identify
sugars, polyols and their derivatives. The errtateel to the concentrations so obtained by
HPLC was lower than 0.08 %. D-Glucose conversioeldg and selectivities to sorbitol

and manitol were calculated using equations 5,d67an

mole (D-Glucose,) — mole (D-Glucosey)

Xp—Glucose (%) = 100 (5)

mole (D-Glucose,)

s %) = mole (product) 100 (6)
product i) = i ble (D-Glucose,) — mole (D-Glucosey)

mole (product)

Y, 100

product (%) =

X -
mole (D-Glucose,) . ~ 100 ™

Reacti ; 1 ) mass (Sorbitol) g
eaction rate i . smin =
(gsorbltol Imetal ) mass (metal) . time ( )

molsyrpi
Specific reaction rate = ;th‘tol )
Ni
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Catalytic activity was expressed as reaction fate 8) in Table 2 to be compared with
those reported previously by other authors. In tamldi catalytic activity was also stated as
specific reaction rate (Eg. 9) in Table 2. In ordertest catalyst reusability, after its
recovery from reaction media, the solid catalyss weashed several times with deionized
water and dried at 105 °C overnight. Then, the lgsttavas reactivated under TPR

conditions and tested again in D-Glucose hydrogemat

3. Results and discussion

3.1. Support characterization

Figure S1(A) shows Small Angle X-Ray Scattering X&) pattern of MCM-48.
Calcined MCM-48 exhibits three main Bragg diffractipeaks in the@range from 2-5,°
that can be assigned to (211), (220) and (332)eglanhese results are in good agreement
with the high quality of mesoporous MCM-48, whehe ttubic phase belongs to a la3d

space group symmetry [25, 27].

To study adsorption properties of calcined MCM-4&tenial, typical adsorption /
desorption isotherms ofNat -196 °C were determined and results are idtestrin Figure
S1(B). This isotherm shows the typical features ofiesoporous silica material, and it can
be classified as a type IV according to the IUPARB8]] First, a sharp nitrogen uptake at
P/Po in the range of 0 — 0.02 due to a monolayer adsormn the walls of MCM-48 is
observed. This step is followed by an abrupt ineega the volume of nitrogen adsorbed at
P/Poin the range of 0.2 — 0.3 associated to capillarydensation of Nin the channels of

MCM-48, suggesting uniformity of the channels andaarow pore size distribution [29].
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No hysteresis was observed between adsorption esatgtion branches, therefore MCM-
48 shows a reversible type 1V isotherm, compar&bkaose reported by Morey et al. [29].
Absence of hysteresis is attributed to the presehsenall-sized mesopores. Materials such
as MCM-48 usually shows type H1 hysteresis, whaee width of the hysteresis loop
slightly increases with increasing the pore siz8].[Figure S1(C) illustrates the pore
volume (cm-g*-A?) as a function of pore diameter (A) for MCM-48. ukimodal pore
size distribution with a well-defined peak centemd20.3 A was observed. This small
mesopore size, in the limit between meso and marex is in good agreement with the
shape of the isotherm. Textural properties for M@8lare described in Table 1, where it
can be observed that BET surface area and poreneolalues were 1289%g* and 0.87

cm?®-g?, respectively, characteristic of these materials.
3.2. Characterization of Ni and Ru-Ni-based catalyts

A monometallic Ni/MCM-48 and three bimetallic Ru/MICM-48 catalysts were
prepared with a metal loading around 3 %, accortbrefomic absorption results (Table 1).

The bimetallic catalysts presented Ru:Ni ratiothmrange of 0.15-1.39

Figure 1 shows the temperature programmed redudfl®?R-H) profiles of the
monometallic Ni/MCM-48 and bimetallic Ru:Ni/MCM-4éatalysts between 25 °C and 400
°C, since at temperatures higher than 400 °C o#uerction peaks were not recorded. For
Ni/MCM-48, one reduction peak centered at 255 °Mbiserved. This profile can be
attributed to reduction of nickel nitrate specieghwiwo displaced ligands of water by
terminal silanol groups (Ni(N§»:4H0O-2(SiOH)) from MCM-48. A smaller and broader
peak was also observed from 275 °C to 350 °C qwreBng to smaller amounts of

Ni(NOs3)2: 5H0- (SiOH) with higher interaction with the silica NMz48 framework [31].
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Ru/MCM-48 was characterized in terms of-FPR in previous works showing a unique
reduction peak at ca. 125 °C corresponding to ¢deation of Reér to RW [23, 24]. The
reduction patterns of Ru:Ni/MCM-48 bimetallic catstis are clearly different from those
obtained from the monometallic Ni/MCM-48 and Ru/ME&MNa catalysts, showing complex
H>-TPR profiles consisting on three overlapped peehksre reduction starts at 100 °C and
finishes at 260 °C, approximately. In the case of\WMCM-48 (0.15), which presented
the highest nickel loading in comparison with thbkeo bimetallic systems, a low-intense
peak centered at 122 °C was observed attributdteteeduction of Ru@l Then, a broader
peak was detected at 182 °C suggesting the presériRa/Ni alloys formed during the
impregnation process, as it was reported by oth#voas [32-34] and a narrow peak at 258
°C corresponding to the reduction of Ni(y4H20.2(SiOH) to Nf was observed. Similar
behavior was detected for Ru:Ni/MCM-48 (0.45) and:NR/MCM-48 (1.39), though a
decrease in the reduction temperature of ruthemmues observed when Ru:Ni ratio
increased suggesting the presence of bigger ruthrenanoparticles, with lower interaction
with the MCM-48 framework. Also, the addition offférent amounts of ruthenium over
Ni/MCM-48 catalyst enhanced the reducibility of ket species due to chemisorption of H
molecules on Ruand subsequent spillover. According to the abasults, 250 °C was

selected as an adequate common reduction tempeeratur

XRD patterns for Ni/MCM-48 and Ru:Ni/MCM-48 catatgsafter reduction underzH
TPR conditions, are shown in Figure 2(A). MononletaNi/MCM-48 showed a broad
characteristic metallic diffraction peak &¢ = 44.5° (JCPDS card No. 4-850),
corresponding to (111) crystallographic plane ofd-€entered Cubic (FCC) nickel. The

position, shape and size of this peak suggestprétgence of very small Nhanoparticles



247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

and it indicates the successful reduction of nicmcies into Ni Calculations based on
the Scherrer equation and Ni (111) diffraction,edetined a nickel crystallite diameter
around 2.7 nm. Comparing monometallic Ni/MCM-48 apichetallic Ru:Ni/MCM-48
XRD patterns, significant differences were obseraeda result of the addition of small
amounts of ruthenium over nickel catalysts. In tase of bimetallic Ru:Ni/MCM-48
catalysts, characteristic diffraction peaks coroesiing to FCC M reflections were
observed a2d = 44.5°, 51.7and76.1°(JCPDS card No. 4-850) related to (111), (2009, an
(220) crystallographic planes, respectively. Birtlietecatalysts showed Ridiffraction
peaks with higher intensity than in the case of thenometallic catalyst, which is
indicative of the presence of bigger metallic niak@noparticles. This fact can be attributed
to the additional drying and coprecipitation stegmployed for bimetallic materials
compared to the monometallic catalyst. In additiBef reflections were detected ag
=38.8°, 42.2°, 43.8°, 58.2°, 69.4Ad 78.4°(JCPDS No. 06—0663), indicating the presence
of Hexagonal Close Packing (HCP) Rhanoparticles. Thus, the most intense diffraction
peaks of Rbiat 20 =43.8°and NP at 20 =44.5° overlapped. A expanded region of XRD
analysis for Ru:Ni/MCM-48 is shown in Figure 2(BA. shift of the resulting peak was
observed towards lower angles as the atomic pexgendf Ru was increased. Similar
behavior has been reported by different authorthénliterature [35, 36]. In the case of
Ru:Ni/MCM-48 (0.15), overlapped peak is close2t® = 44.5°since this catalysts had the
highest nickel metal loading. However, this peakvetb around26 = 43.8° for
Ru:Ni/MCM-48 (1.39) because in this case Ru:Niaatias the highest one in comparison
with the other bimetallic catalyst3his fact makes more inaccurate the application of
Scherer equation for crystallite size determinatibherefore, shape and particle sizes of

metallic species were evaluated by TEM.



271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

Textural properties of the catalysts are summarine@able 1. A sharp decrease of
BET surface area for MCM-48 from 1289 to 572-gt upon nickel introduction was
observed, and pore volume was reduced from 0.874# cni- g*, suggesting a high pore
blockage for Ni/MCM-48 due to the deposition of alkt particles into the mesoporous
network. This is consistent with TEM image for NiW-48 (Figure 3(A)), where Ni
nanoparticles where located in the mesoporous mktafoMCM-48. It must be noted that
nickel nanoparticle size was comparable to the ageerpore diameter of MCM-48.
Therefore, the location of Ni nanoparticles in f@ous network can lead to a forced
increase of pore diameter, indicating a slight ratten of the structure after nickel
deposition. According to these facts, some diffeesnin the adsorption / desorption
isotherms of Ni/MCM-48 (Figure S2(A)) and pore sidistribution (Figure S2B) were
observed in comparison with that from MCM-48. Aftee deposition of nickel into the
pores of the support, the shape of the adsorptidasbrption isotherm changes and a
hysteresis loop appears betwdd®, 0.4 — 0.9. The presence of the hysteresis loopen t
case of Ni/MCM-48 is due to the observed modifmatin pore diameter. It is in good
agreement with the results reported by other asthehere the increase of pore diameter
promoted small increases in the width of the hgstsrloop [30]. The pore size distribution
(dv/dD) did not show a clear maximum, exhibitingvaer diameter distribution and lower
associated pore volumes than the corresponding M8Min the case of bimetallic
catalysts, the decrease of BET surface and porenmhfter the introduction of ruthenium
and nickel was smaller, being this decrease shafpbigher nickel loadings. Significant
differences in adsorption / desorption isothermd pore size distribution of bimetallic
samples (not shown) were not observed in compangtn that obtained for MCM-48.

TEM images, EDS analysis and Ni patrticle size tigtions for all the samples are
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presented in Figure 3, 4, 5 and 6. TEM micrograplthe monometallic Ni/MCM-48
(Figure 3(A)) shows pseudospherical MCM-48 particléhere small nickel nanoparticles
with low contrast are detected, which could beritisted into the mesoporous network of
MCM-48. X-Ray maps coupled to TEM images for Ni/M&8 demonstrated the
homogeneous distribution of nickel nanoparticle® ipore structure of MCM-48 (Figure
3(C), left side for Ni and right side for Si). A wating of nickel nanoparticles (> 100
nanoparticles) from TEM images was carried out XofMCM-48 (Figure 3(B)). The
histogram shows a nickel nanoparticle size distigou in the range 0.91-3.20 nm.
Calculations based on equation 2 determined aideea weighted diameter of 2.3 nm,
in the range of that obtained from XRD analysise Bmall size of nickel nanoparticles can
be related to the small size of MCM-48 channels reheetallic nanoparticles were
deposited during the synthesis [32]. Comparing TiEMges from bimetallic Ru:Ni/MCM-
48 with Ni/MCM-48, very different results were obged (Figures 4-6). In the case of
Ru:Ni/MCM-48 (0.15) which presented the lower amowoh ruthenium, two types of
images were observed. Most of the pictures arelairto that presented in Figure 4(A),
where EDS only detected the presence of nickel.elOilmages presented irregular
agglomerates of ruthenium particles (Figure 4(BWie to the irregular geometry of the
areas where ruthenium was identified and the impiisg of visually difference each
metal, counting of nanoparticles (> 100) was ordgealfor nickel. The distinction of Ni and
Ru areas was carried out by EDS analysis. In thé®,ca broader nickel nanopatrticle size
distribution was obtained with a surface-area weighdiameter of 20.6 nm. Increasing
Ru:Ni ratio up to 0.45, a heterogeneous distributbthe metallic particles was observed,
where three different type of regions were ideeatifia) irregular agglomerates, where EDS

analysis determined the main presence of ruther(itigure 5(A)), b) better dispersed
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particles, where EDS only could identified nickElgure 5(B)) and c) the combination of
the two previous morphologies, where both ruthenamd nickel were observed (Figure
5(C)). The counting of nickel nanoparticles resiilia a narrower nickel particle size
distribution than the previous one. Surface-areaghted diameter of 19.2 nm was
determined for Ru:Ni/MCM-48 (0.45). Finally, Ru:NMICM-48 (1.39) showed a similar
morphology to Ru:Ni/MCM-48 (0.45). This sample slealwnickel regions (Figure 6(A)),
ruthenium regions (Figure 6(B)) and other area pwiesence of both (Figure 6(C)). The
narrowest nickel nanoparticle size distribution whtained for this catalyst, with a surface
area-weighted diameter of 10.9 nm. Nickel nanogagiwere not detected into the pores
of MCM-48 in the case of bimetallic catalysts by MEhowever, this fact cannot be
discarded according to the reduction peaks obseavedmperatures higher than 200 °C,
which can be attributed to small nickel nanopagsalleposited into the pores, as in the case
of the monometallic catalyst. Derived number, stefand volume weighted diameters, as
well as the standard deviation related to numbamdier are given in Table 1. Standard
deviations in number diameter were in the range- 18! %. According to the additional
drying and coprecipitation steps in the case ofebaific catalysts, wider particle size
distributions were obtained compared to Ni/MCM-48, line with greater values of

standard deviation.

Acidic properties are critical for the use of thesgalysts in one-pot applications, which
is the ultimate goal of our research [23, 24]. Acifatures from NEFTPD of the support
and the reduced catalysts are presented in Tahl IFigure 7. In general terms, all the
samples showed two ammonia desorption peaks itethperature range of 170 — 250 °C

and 520 — 590 °C, which are related to weak amahgtacid sites, respectively. Total
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amount of acid sites (mm@ls- glcaays) is consistent with the following sequence of
increasing acidity: MCM-48 < Ni/MCM-48 < Ru:Ni/MCMS8. Compared to MCM-48

sample, an increase of acid sites was observed thige deposition of nickel into the

framework of the support in the case of Ni/MCM-4&atyst. In the case of bimetallic
Ru:Ni/MCM-48 catalysts, the presence of rutheni@suited in a slight increase of acidity
in comparison with the monometallic catalyst. Thaist is attributed to the higher trend of
ruthenium atoms to adsorb ammonia molecules [3fjlevihe influence of chlorine atoms

cannot be discarded.
3.3.Activity test: D-Glucose hydrogenation

Hydrogenation of model compounds into sorbitol sastD-Glucose seems a very easy
reaction pathway, but experimentally it is not aspte, since a decrease in the selectivity
into sorbitol can be observed because of D-Glucoseersion into different byproducts by
different ways. D-Glucose transformation into D-Mase and D-Fructose can be obtained
by Lobry de Bruyn—Alberda van Ekenstein rearrangegmgl4]. Subsequent hydrogenation
of D-Mannose and D-Fructose produces mannitol anxtunes of sorbitol/mannitol,
respectively. In addition, 5-HMF can be detectemfrdehydration of D-Glucose, as well
as other derivatives, such as aldehydes [38]. ireige terms, sorbitol is the major product
in the catalytic hydrogenation of D-Glucose in lmmmpressed water, though sorbitol
isomerizes into mannitol, which is the most impottay-product of this reaction as well.
Both the features of the carrier as the selectdédeametal play a very important role in D-
Glucose hydrogenation reactions. In this sense, tfmmometallic Ni/MCM-48 and
bimetallic Ru:Ni/MCM-48 catalysts were tested ir thydrogenation of D-Glucose at 120

°C and 2.5 MPa Hat different reaction times. Then, Ni/MCM-48 and:Ri/MCM-48
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(0.45) were used at 130 °C and 140 °C in ordeh¢alcthe influence of temperature in the
reaction. Preliminary experiments were carriediouhe high pressure reactor, in order to
confirm that the hydrogenation of D-Glucose was maiss transfer limited when stirring
rate was 1400 rpm and catalyst particles preseatedrticle size smaller than 70 pum,
neither limited by H diffusion when pressure was adjusted to 2.5 MR&.oAling to the
experimental data presented in Figure 8(A) andiplpt- Ln (1 -X) versus reaction time in
Figure 8(B), whereX is conversion of D-Glucose, it was observed aalirféting in all the
cases. Given the excess of eimployed, a pseudo-first order dependence respebt
Glucose was detected, which is consistent with iptsvdata reported by other authors.
Wisniak and Simon [39] found a first order depermjerespect to D-Glucose concentration
using Raney-Nickel catalysts. Mishra et al. proteat the hydrogenation of D-Glucose
over Ru/HYZ followed a first order dependence respe D-Glucose as well [38]. In this
sense, a pseudo-first order dependence respectGluddse concentration was observed
during the hydrolytic hydrogenation (Figure 8(BJfigure 8(A) shows the catalytic
behavior of the different catalysts during the loggimation process. A clear difference was
observed between monometallic and bimetallic catalysince D-glucose was efficiently
hydrogenated into sorbitol over bimetallic catady$t00 % selective to sorbitol), while
Ni/MCM-48 showed selectivities to sorbitol in thenge of 93-95%. The slight decrease in
sorbitol selectivity was attributed to the isomatian of sorbitol into mannitol, thus the
addition of small amounts of ruthenium improvedb#ot selectivity being 100 % in all
cases. The highest conversion of D- Glucose, arod@d%, was achieved over
Ru:Ni/MCM-48 (1.39) after 90 min at 120 °C and ®Pa H. Experimental data presented
in Table 2 provides further information about thehavior of the catalysts. Monometallic

Ni/MCM-48 showed a kinetic constant of 9.7 Hgt- mirr!, which corresponds to a slower
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reaction rate in comparison with Ru:Ni/MCM-48 (0\4fd Ru:Ni/MCM-48 (1.39), though
kinetic constant for Ni/MCM-48 is around 4.2 timésgher than the obtained for
Ru:Ni/MCM-48 (0.15). This catalytic behavior is good agreement with TEM results,
where smaller and better distributed nickel naniigas were observed in the
monometallic catalyst than in Ru:Ni/MCM-48 (0.1Bpth this fact and the small amount
of ruthenium presented in Ru:Ni/MCM-48 (0.15) coddd not enough to overcome the
catalytic behavior of Ni/MCM-48. In the case of RUMCM-48 (0.45) and (1.39),
reaction rates were around 1.9 and 6.8 times highan monometallic nickel-based
catalyst, respectively, indicating that larger amtswf ruthenium conducted to more active
catalysts even with less disperse nickel. MonoretAli/MCM-48 demonstrated higher
catalytic activity in terms of reaction rate (1.@31gsormitor gnetai*-S*) than other nickel-
based catalyst reported in the literature undeifairaxperimental conditions. Zhang et al.
used Alumel catalyst (Ni/Al, 47% nickel metal load) (Aladdin Reagent Limited
Company. A. P. reagents) and nickel powder (Tiagnmel Chemical Reagents Limited
Company) for the hydrogenation of D-Glucose at €2 MPa H and 120 min obtaining
reaction rates of 1.2- TQsoritor Oretai** S* and 9.8- 16 Gsorbitor Ometai’- ST, respectively [40].
However, Schimpf et al. working at higher pressuoager time-on-stream (120 °C, 12
MPa and 5 h) and using a Ni/Si@chieved a reaction rate of 9.931@orbitor Gnetait* S™.
Ni/MCM-48 presented a catalytic activity 8.3 timmsaller than those obtained by Schimpf
et al [38]. There is not many information about tmgrogenation of D-Glucose over
Ru:Ni-based catalysts in the literature, but Bizhaat al. reported the promoting effect of
small amounts of ruthenium (0.1 — 0.5 %) and Pallad(5 %) over unsupported Raney-
Nickel catalysts [22] which can raise its activity as much as 30 %. In the case of

Ru:Ni/MCM-48 (0.45), the addition of a 0.76 % oftmanium over Ni/MCM-48 catalyst
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improved catalytic activity in a 100 %, approxinmgtdn addition, catalytic activity of all
the samples was calculated as specific reactienbaged on nickel surface area, which was
calculated from the equation 9, whe3@ is the specific Ni surface area calculated from
equation 10 and the reaction time. In equation 10,i$ a shape factor that assumes a
spherical geometry, which its use is valid basedanulations from TEM analysid, is
surface-area weighted diameter of Ni from equa®i@mdp,; is nickel density (8.9 g- cfi)
[41]. Specific reaction rate given in Table 2, aomsistent with the following sequence of
increasing activity: Ni/MCM-48 < Ru:Ni/MCM-48 (0.15< Ru:Ni/MCM-48 (0.45) <
Ru:Ni/MCM-48 (1.39). This sequence illustrates ihgpact of ruthenium addition per
specific surface of nickel. Moreover, RuU/MCM-48 lwia ruthenium loading around 4%
reported in a previous work [23], showed a reactatr of 3.2- 18 gsorbitor Gnetai*- S* for D-
Glucose hydrogenation at the same experimentalittomsl which was 5.8 times higher

than that obtained by Ru:Ni/MCM-48 (1.39).

Ru:Ni/MCM-48 (0.45) was selected to study the uefice of temperature in the
conversion of D-Glucose, yield and selectivity trlstol. The so obtained results were
compared with those acquired over NiI/MCM-48 (Figlg in the same range of
temperatures (120 — 140 °C). Kinetic constantsaah éemperature for both catalyst are
given in the caption for Figure 9. An increaselw hydrogenation temperature produced a
slight improvement of the reaction rate using Ni/M@8. In addition, a clear decrease in
the selectivity to D-Sorbitol from 95 to 86 % wastected as a result of its isomerization
into mannitol by raising temperature. However, itituence of temperature had a major
effect in the reaction rate for Ru:Ni/MCM-48 (0.4%) this case, the conversion to sorbitol

was significantly increased with temperature froint8 59 %, while the selectivity to
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sorbitol remained constant (Figure 9). Arrheniustpfor Ni/MCM-48 and Ru:Ni/MCM-48
(0.45) given in Figure 10(A). It can be observedt tihe activation energy value jEor the
hydrogenation of D-Glucose over Ni/MCM-48 was 36 idf*, which is comparable to
the values reported in the literature. Déchampl.etaried out the hydrogenation of D-
Glucose in a trickle bed reactor in the temperatarege 70 — 130 °C and 8 MPa of H
pressure over a commercial Silica-Alumina suppomézkel catalyst (purchased from
Harshaw, ref. Ni-3266E 1/16 in.) and the authoporeed an activation energy around 67
KJ-mol! [16]. Brahme et al. studied the hydrogenation oGIDeose in the temperature
ranges of 77 — 100 °C and 77 — 146 °C over a RanBjckel catalyst and activation
energies of 6 KJ-mdland 44 KJ-mol were obtained, respectively [42]. Ru:Ni/MCM-48
(0.45) was more sensitive to temperatures chamgesmparison with Ni/MCM-48 during
the hydrogenation of D-Glucose, showing a highéwvation energy (70 KJ-m®). It is not
possible to make a relationship between reactitesrand activation energies for both
catalysts due to the observed differences in t&fmpse-exponential factors (Figure 10(A)).
It should be noted that the bimetallic catalystvebdd pre-exponential factor five orders of
magnitude higher than the monometallic, pointing @ecompensation effect. Bizhanov et
al. reported activation energy values for bimetaNi-Pt (0.1 wt % Pt) (50 — 54 KJ-m¥l
and Ni-Rh (38 — 42 KJ-mdl Rh) catalysts in the hydrogenation of D-Glucose at
temperatures between 80 — 130 °C [22]. Activatioergy values obtained for Ni/MCM-48
(36 KJ-mott) and Ru:Ni/MCM-48 (0.45) (70 KJ-m#&) are larger than those obtained for
mass transfer limited processes (12 — 21 KXYnoevhich indicates that the reaction rate

was controlled by the kinetics on the metal surface
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In order to check catalyst stability, RUNiI/MCM-48.45) was recovered after each
experiment and tested in D-Glucose hydrogenatioh28t °C after three cycles. Results
shown in Figure 10(B) confirmed that catalytic aityi of Ru:Ni/MCM-48 (0.45) was not
affected by the reusing of the catalyst. It waseobsd a slight decrease in the yield of
sorbitol from 31 % to 29 % after three reactionlegc probably due to the formation of
impurities over the active surface of the catalydtile the selectivity to sorbitol was 100 %
in all cases, demonstrating the good stability af:NRMCM-48 (0.45) under the

experimental conditions.

4. Conclusions

As a result of the deposition of different amouotRu over Ni/MCM-48, significant
differences were observed related to catalyst ptiggeand thus in their behavior during
hydrogenation of D-Glucose in comparison with moetatiic NifMCM-48. According to

the results presented above, the following conchssivere obtained:

)] The addition of different amounts of ruthenium omenometallic Ni/MCM-48
improved the reducibility of nickel and rutheniurpesies into their metallic
state, respectively.

i) Calculation from TEM images demonstrated that theparation of bimetallic
Ru:Ni catalyst by consecutive wet impregnation edusn increase of the nickel
crystallite size in comparison with the monometaltiatalyst. However, the
higher Ru:Ni ratio, the smaller the nanoparticleef nickel.

Iii) The presence of Ru:Ni ratios higher than 0.45 im iaterials improved the

catalytic behavior of the monometallic system ia tatalytic hydrogenation of
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D-Glucose, increasing the reaction rate and showomgplete selectivities to
sorbitol.

Iv) Hydrogenation of D-Glucose into sorbitol was alsaried out at different
temperatures over Ni/MCM-48 and Ru:Ni/MCM-48 andi\ation energies of
ca. 36 KJ-mot and 70 KJ-mol were obtained. Ru:Ni/MCM-48 (0.45) showed
a good catalytic behavior at higher temperatures th20 °C, enhancing the
reaction rate but maintaining a stable selectitatgorbitol.

V) A good stability after three reaction cycles wasesled for Ru:Ni/MCM-48
(0.45).

Vi) In accordance with the results here presented, iRAOM-48 (0.45) stands as a
good option for the efficient hydrogenation of aanpdrate sugars into sugar

alcohols.
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614 Table 1. Textural properties, metal loading, Ru: Ni ratiekel particle size and acidic properties of Ni/M&M, Ru:Ni/MCM-48 bimetallic catalysts and

615 bare MCM-48 support.

Catalyst Ru Ni  RuNi  Sger Voore  Dpoe  dpni  dspi d, N Om Acidity (mmol-g™¥
(%) (%) (m*gyH (cmigH (hm) (nm) (nm) (nm) I [1°  Total
MCM-48 - - - 128¢ 0.8i 2.2 - - - - 0.157 0.34: 0.50¢
Ni/MCM -48 - 2.9t - 572 0.4¢ 4.4 2.1 2.2 24(2.7) 0. 0.54¢€ 0.46: 1.007
Ru:Ni/MCM-48 (0.15 0.3t  2.4¢ 0.1t 931 0.5¢ 2.2 17.t 20.€ 21.€ 5¢€ 0.39%¢ 0.75¢ 1.15:
Ru:Ni/MCM-48 (0.45 0.7¢ 1.67 0.4f 1112 0.6¢ 2.2 16.5 19.2 20.t 5 0.32( 0.88: 1.20:
Ru:Ni/MCM-48 (1.39 1.6 1.17 1.3¢ 118¢ 0.7¢ 2.2 10.t 10.€ 11.c 1. 0.33¢ 0.91¢ 1.25¢

616 2T =170 -250 °C.

617 bT = 520-590 °C.

618 ¢ Derived from XRD-Scherrer
619



620 Table 2. Comparison of reaction rates{@ior gnetail- S), Specific reaction rate (melhior cni?yi- st) and

621 pseudo-first order kinetic constants of Ni/fMCM-4&laRu:Ni/MCM-48 catalysts in D-Glucose
622 hydrogenation at 120 °C, 2.5 MPa &hd 90 min.
Catalyst Specific reaction Reaction rate -10 k-10° R?
rate - 103
(m0|sorbilol' szNi'Sl) (gsorbilol' gnetafl- Sl) (d m3- gl' min_l)

Ni/MCM-48 2.24 1.2 9.7 0.998
Ru:Ni/MCM-48 (0,15) 3.35 0.39 2.3 0.976
Ru:Ni/MCM-48 (0,45) 19.8 2.5 18.3 0.996
Ru:Ni/MCM-48 (1,39) 24.9 5.5 66.3 0.985
623
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Figure captions
Figure 1. H>-TPR profiles.

Figure 2. (A) XRD patterns of Ni/MCM-48, Ru:Ni/MCM-48 (0.15), RW¥i/MCM-48 (0.45) and
Ru:Ni/MCM-48 (1.39) andB) expanded region for bimetallic catalysts.

Figure 3. (A) Transmission Electron Microscopy (TEM) micrograp{B) Ni particle size distribution and
(C) Mapping images of Ni/MCM-48

Figure 4. Transmission Electron Microscopy (TEM) micrograpimel EDS of A) nickel area andB)
bimetallic area of Ru:Ni/MCM-48 (0.15(C) Ni particle size distributions from TEM images of
Ru:Ni/MCM-48 (0.15).

Figure 5. (A,B,C) Transmission Electron Microscopy (TEM) micrograjpinsl EDS of Ru:Ni/MCM-48
(0.45).(D) Ni particle size distributions from TEM images.

Figure 6. (A,B,C) Transmission Electron Microscopy (TEM) micrograjpinsl EDS of Ru:Ni/MCM-48
(1.39).(D) Ni particle size distributions from TEM images.

Figure 7. NHs-TPD patterns for reduced catalysts.

Figure 8. (A) Evolution of D-Glucose conversion (line + symbafdaselectivity (open symbol) as a function
of reaction time an@B) pseudo-first fitting at C:Ru = 142, 120 °C, 2.58mR and 1400 rpm fo® Ni/MCM -
48,m Ru:Ni/MCM-48 (0.15),A Ru:Ni/MCM-48 (0.45) an¥ Ru:Ni/MCM-48 (1.39).

Figure 9. Effect of reaction temperature (120, 130, 140 YCyanversion of D-Glucose and selectivity to
sorbitol overA L1 Ni/MCM-48 (kizpoc= 9.7 1, kizoec= 1.3- 16 and kagec= 1.7- 16 dm?- g- mint) and

[ | - Ru:Ni/MCM-48 (0.45) (Kzooc: 1.8-1@, klgooc: 3.4-1% and K4ooc: 5.1-1¢ dm3-g1-mirr1) at C:Ru
=142, 2.5 MPa b 1400 rpm and 90 min.

Figure 10. (A) Arrhenius plots of D-Glucose hydrogenation owelNi/MCM-48 and e Ru:Ni/MCM-48
(0.45) and(B) Stability test of Ru:Ni/MCM-48 (0.45) at C:Ru =2,4120 °C, 2.5 MPa £11400 rpm and 90
min.
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668 Figure 3
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Figure 6
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Figure 7
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Figure 8
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724 Figure 10
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