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Abstract−− The C-O hydrogenolysis of Erythritol 

(ERY) to Butanediols was studied in aqueous solution 

at 473 K and 25 bar of H2 using Rh/ReOx/TiO2 and 

the monometallic Rh/TiO2 and ReOx/TiO2 catalysts. 

The solids were characterized by temperature pro-

grammed reduction (TPR), TEM and XPS. TPR and 

XPS showed that ReOx species are close to Rh parti-

cles leading to reduction at lower temperature than 

Re on monometallic catalyst. However, some segre-

gated Rhenium species were suspected by TPR profile 

for the bimetallic catalyst and detected by TEM.  

Re/TiO2 exhibited low activity forming only products 

from dehydration and epimerization. Although 

Rh/TiO2 showed high activity (total conversion at 14 

h), was more selective to C-C cleavage leading to 

lower carbon products. Rh/ReOx/TiO2, showed in-

stead, a good activity and selectivity towards C-O hy-

drogenolysis route yielding 37.5% of Butanediols. Ac-

tivation energy and reaction orders on ERY (0.58) 

and H2 (0.53) were estimated from experiences made 

at different reaction conditions.  

Keywords−− Butanediols – Erythritol - Hydrogen-

olysis – Rhodium catalysts 

I. INTRODUCTION 

Erythritol (C4H10O4) is a promising C4 intermediate pro-

duced by fermentation of sugars (Moon et al., 2010) that 

can be obtained from non-edible biomass derivatives. By 

C-O hydrogenolysis, valuable butanediols (BDOs) can 

be obtained but their consecutive C-O hydrogenolysis 

produces butanols and butane, while C-C cleavage leads 

to lower carbon products (C2-C3), which are less valua-

ble compounds and therefore should be avoided. Butane-

diols, have many applications such as food flavorings, 

inks, perfumes, fumigants and production of resins. Pol-

yol hydrogenolysis has been previously studied, particu-

larly using glycerol as reactants in aqueous solution to 

produce 1,2-propanediol and 1,3-propanediol 

(Nakagawa et al., 2010; Soares et al., 2016). Typically, 

noble metal/support catalysts are used for hydrogenolysis 

reactions. Pt, Ru, Rh, and Ir have been investigated but 

Pt was less active, while Ru often promotes excessive C–

C cleavage. To prevent the break of the carbon chain, an 

oxophilic promoter (Re, Mo or W) is added to the noble 

metal resulting in an improvement of the selectivity to the 

C-O hydrogenolysis (Chia et al., 2011). The hydrogen-

olisis of glycerol on Ir/ReOx/SiO2 catalysts was previ-

ously studied (Nakagawa et al., 2010) and it was 

suggested that diols are formed by the attack of hydrogen 

species, dissociated on Ir0, to 1-glyceride species formed 

on the oxidized rhenium cluster.  Rh/ MoOx/SiO2 catalyst 

was also tested during 1,4- anhydroerythritol hydrogen-

olysis (Arai et al., 2016) to 2-butanol. Other supports, 

more hydrothermally stable than SiO2, such as TiO2 or 

ZrO2, were used to prepare Rh/ReOx bimetallic catalysts 

to promote the ERY hydrogenolysis to BDOs (Said et al., 

2017). The highest selectivity obtained to butanetriol and 

butanediol was 37% and 29% respectively, at 80% of 

ERY conversion (200°C, 120 bar H2) when using 

3.7wt%Rh-3.5wt.%ReOx/ZrO2. The effect of H2 partial 

pressure on ERY initial rate was previously discussed 

while the effect of ERY initial concentration is still lack-

ing.  

Therefore, in this paper we focused on the C-O hy-

drogenolysis of ERY using Rh/ReOx/TiO2 in order to se-

lectively produce BDO. We have compared the catalytic 

behavior of mono and bimetallic catalysts and estimated 

the reaction orders for ERY and H2 as well as activation 

energy from kinetic experiments.  

II. EXPERIMENTAL SECTION 

A. Catalysts preparation 

TiO2 (Degussa P-25, 50 m2/g, 85% anatase, 15% rutile) 

was used as catalysts support. Before impregnation, the 

TiO2 was treated in air flow at 723 K for 4 h (heating rate 

5 K/min). Rh/TiO2 and ReOx/TiO2 catalysts were pre-

pared by incipient wetness impregnation with an aqueous 

solution of RhCl3 (Sigma-Aldrich, 99.9%) and HReO4 

(Sigma Aldrich, 99%) respectively. The bimetallic 

Rh/ReOx/TiO2 catalyst was prepared by impregnation of 

Rh/TiO2 with HReO4 aqueous solution. After impregna-

tion, the catalysts were dried at 373 K for 24 h and treated 

in air at 723 K. The nominal Rh content was 1.8 wt% and 

rhenium content was determined in order to get Re/Rh 

molar ratio of 1. 

B. Catalysts characterization 

Specific surface areas (SBET) were measured by N2 phy-

sisorption at 77 K in a Micromeritics Model ASAP 2020 

apparatus. The crystalline structure of the samples were 

studied by X-ray diffraction (XRD) using a Shimadzu 

XD-D1 diffractometer and Ni-filtered CuKα monochro-

matic radiation for X-ray source. The metal content (Rh  

and Re) of the catalysts was determined by inductively 

coupled plasma atomic emission spectroscopy ICP-AES 

(Perkin Elmer, Optima 2100 DV).   
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Table 1.  Catalysts characterization 

Catalysts 
SBET 

(m2/g) 

TPR  XPS 

H2 Uptake  
(Re/Rh)S 

 Rh 3d   Re 4f 

(molH2 g-1h-1)   Rh+3 Rh0  Re+7 Re+5 Re+4 

Rh/TiO2 48 2.1·10-4  -  43% 57%  - - - 

ReOx/TiO2 49 3.5·10-4  -  - -  20% 80% - 

Rh/ReOx/TiO2 49 5.3·10-4   0.97   35% 65%   - 32% 68% 

Temperature programmed reduction (TPR) was carried 

out in a fixed-bed reactor using H2 (5%)/Ar (60 cm3/min) 

and heating rate of 10 K/min from 298 K to 1073 K.  H2 

(m/z=2) signal was analyzed by mass spectrometry in a 

Baltzers Omnistar unit. XPS analysis was performed on 

a Specs Multitechnical instrument equipped with a dual 

Al/Mg X-ray source and a PHOIBOS 150 hemispheric 

analyzer in fixed analyzer transmission mode (FAT). The 

spectra were obtained with step energy of 30 eV with Mg 

anode (200W). The pressure during the measurement was 

less than 1.10-9 mbar. Before the analysis, the samples 

were treated in 5% H2/Ar flow during 0.5 h at 393 K and 

then evacuated in ultra-high vacuum for 2 h. Casa XPS 

(ver. 2.3.19) software was used to analyze Rh 3d and Re 

4f peaks. Transmission electron microscope (TEM) im-

ages were acquired with JEOL 2100 plus. The samples 

were dispersed in ethanol using ultrasound and supported 

on Cu grids. More than 200 particles were measure to es-

timate the average particle size.    

C. Catalytic tests 

Catalytic experiments were carried out in a batch reactor 

(Parr 4565). Prior the reaction, the catalyst was reduced 

ex-situ at 393 K (reduction temperature was chosen con-

sidering the maximum of the first peak during TPR ex-

periments) for 1 h in H2 flow (30 cm3/min). After the re-

duction, the catalyst and erythritol aqueous solution (0.4 

M) were loaded into the reactor and purged with N2; then 

the reactor was heated up to reaction temperature (473 K) 

under stirring and finally, the desirable H2 pressure was 

admitted (25 bar). Both liquid and gas phases were ana-

lyzed. Liquid samples were periodically collected and an-

alyzed by HPLC (Shimadzu 20A) with refractive index 

detector (RID-20A) using a Bio-Rad Aminex HPX-87H 

ion exchange column with a flow rate of mobile phase 

(H2SO4 5mM) of 0.6 mL/min. Gaseous products were 

quantified using an Agilent 6850 gas chromatograph 

equipped with a 30 m HP5 column (inner diameter: 0.32 

mm, film thickness: 0.25 µm) and a flame ionization de-

tector (FID). A gas chromatograph Thermo Scientific 

ISQ QD Simple Quadropole Mass Spectrometer with a 

30 m TR-5MS column (inner diameter: 0.25 mm, film 

thickness: 0.25 µm) was used to identify some unknown 

products.  

The conversion of erythritol was calculated as: 

𝑋𝐸𝑅𝑌
𝑡 (%) =

𝐶𝐸𝑅𝑌
0 − 𝐶𝐸𝑅𝑌

𝑡

𝐶𝐸𝑅𝑌
0 ∙ 100 (1) 

where CERY
0 is the initial ERY concentration and CERY

t is 

the ERY concentration at a t time of the reaction. 

The yield to j product (ηj
t) was calculated as: 

𝜂𝑗
𝑡(%) =

𝐶𝑗
𝑡 ∙ 𝑛𝑗

𝑐

𝐶𝐸𝑅𝑌
0 ∙ 𝑛𝐸𝑅𝑌

𝑐 ∙ 100 (2) 

where 𝐶𝑗
𝑡 is  the concentration of j at a t time of the reac-

tion and  𝑛𝑗
𝑐 is the number of carbon of j. 

III. RESULTS AND DISCUSSION 

A. Catalysts characterization 

Catalysts characterization results are presented in Table 

1. The impregnations and thermal treatments did not sig-

nificantly change the BET surface area of TiO2. The H2 

consumption reported in Table 1 was calculated from the 

TPR profiles of mono and bimetallic catalysts. The 

Rh/TiO2 TPR curve shows a broad peak center on 400 K, 

assigned to the complete reduction of Rh+3 to Rh0 as the 

H2 uptake was similar to the theoretical value expected. 

The TPR for Re/TiO2 catalyst has a narrow peak over 540 

K accounting for the H2 consumption for Re+7 to Re0 re-

duction in good agreement with results previously re-

ported (Mitra et al., 2001).The Rh/ReOx/TiO2 profile pre-

sented an asymmetric peak at about 400 K attributed at 

Rh+3 reduction and rhenium species close to Rh particles 

that promotes its reduction, a second peak at higher tem-

peratures was also detected related to the reduction of 

rhenium clusters far from Rh species. A H2 consumption 

of 5.3·10-4 molH2 g-1h-1 was calculated for bimetallic cat-

alyst which is lower than the theoretical predicted 

(8.7·10-4 molH2 g-1h-1) and it is probably due to partial re-

duction of rhenium species. Actually, it was previously 

reported the stabilization of rhenium species at interme-

diate oxidation states in bimetallic catalysts (Koso et al., 

2011). Furthermore, a structure of Rh metal particles with 

attached ReOx clusters was suggested for these authors 

(Amada et al., 2010). 

X-ray photoelectron spectroscopy (XPS) was per-

formed on the three catalysts reduced at 393 K. The Rh3d 

and Re4f spectra for Rh/TiO2, ReOx/TiO2 and 

Rh/ReOx/TiO2 are displayed in Fig. 1. The relative abun-

dance of each oxidation state of both Re and Rh species 

in the different materials are compiled in Table 1. The 

Rh3d profile of monometallic and bimetallic (Fig. 1 a and 

b, Rh3d5/2 BE = 307eV) are similar with a significant pro-

portion of Rh0 (57% y 65%, respectively) in good agree-

ment with Abe et al. (2001). On the contrary, the Re4f 

spectrum shows differences between ReOx/TiO2 and 

Rh/ReOx/TiO2 catalysts. The predominant rhenium spe-

cies for monometallic catalysts was Re+V (Re4f7/2 BE = 

43.7eV), whereas the main oxidation state in the bimetal-

lic solid was Re+IV (Re4f7/2 BE = 42.4eV) (Cohen Sagiv 

et al., 2013). The Re/Rh molar ratio estimated for bime-

tallic catalyst by XPS was 0.97.  
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Figure 1: XPS spectra of monometallic and bimetallic cata-

lysts of Rh 3d and Re 4f. a) Rh/TiO2, b) ReOx/TiO2, c) and d) 

Rh-ReOx/TiO2. (—) Rh+3, (—) Rh0, (—) Re+7, (—) Re+5, (—) 

Re+4, (—) Envelope, (—) Measure. 

a) 

 

b) 

 

  
Figure 2: TEM images and particle size histogram of a) and c) 

Rh/TiO2, b) and d) Rh-ReOx/TiO2 
 

TEM images of Rh/TiO2 and Rh/ReOx/TiO2 and the cor-

responding size histograms are shown in Fig. 2. Mean 

particle size was lower for the bimetallic catalyst (1.5 

nm) than for the monometallic solid (1.8 nm), suggesting 

that the addition of rhenium oxide on Rh/TiO2 slightly 

affects the particle size as previously reported (Said et al., 

2017). Energy-dispersive X-ray spectroscopy (EDS) was 

performed over several randomly selected images of 

Rh/ReOx/TiO2 and we have estimated an average Re/Rh 

atomic ratio of 0.9 with a few areas with higher Re con-

tent (Re/Rh ratio up to 1.25 as depicted in Fig. 3). 

B. Catalytic results  

Erythritol (ERY) can react in the presence of H2 on 

Rh/ReOx/support to form several products as shown in 

Fig 4. The main routes are: i) dehydration to form mainly 

1,4 anhydroerythritol (14AE), 3-hydroxytetrahydrofuran 

(3OTHF) and tetrahydrofuran(THF), ii) C-C cleavage to 

render C2+C3 products such as ethylene glycol (EG) and 

glycerol (GLY), iii) C- 
 

Ti Kα1 

 

O Kα1 

 
Re Mα 

 

Rh Lα1 

 
Figure 3: Dark Field images with EDS analysis 

 
Figure 4: Reaction network for erythritol conversion 

O cleavage to form butanetriols (BTO), butanediols 

(BDO) and butanols (BuOH) and iv) epimerization to 

threitol. The desired reaction path to BDOs formation, 

the C-O hydrogenolysis of erythritol, produces 1,2,3-bu-

tanetriol and 1,2,4-butanetriol and subsequent C-O cleav-

age of these products can form the four butanediols iso-

mers (1,2BDO, 2,3BDO, 1,4BDO and 1,3BDO). How-

ever, further C-O cleavage leads to lower value products: 

butanols and butane. 

Preliminary reactions without catalysts or using only 

the support (TiO2) were conducted at standard reaction 

conditions (473 K, 25 bar H2, C0
ERY=0.4 M). Erythritol 

conversion was null without any catalyst after 6 h of re-

action while a 6 % conversion was reached when using 

TiO2 (catalyst concentration=0.0125 g mL-1); the only 

product formed was 1,4AE and no gaseous pro- 
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a)

 

b)

 

c)

 

Figure 5: Evolution of the concentrations of ERY and products as a function of time. ( ) ERY, ( ) BTOs, ( ) BDOs, ( ) 

BuOHs, ( ) Cyclic, ( ) C3+C2, ( ) TRE. a) Rh/TiO2, b) Rh-ReOx/TiO2, c) Re/TiO2 

[0.4 M ERY, 473 K, 25bar H2, 12.5 gcatalyst L-1] 

ducts were detected. Additional catalytic tests were per-

formed to ensure the absence of diffusional limitations. 

Figure 5 shows the evolution of ERY conversion and 

product concentrations as function of reaction time using 

Rh/TiO2 (a), Rh/ReOx/TiO2 (b) and ReOx/TiO2 (c) at 

standard conditions. ReOx/TiO2 exhibited very low activ-

ity reaching 40% conversion after 28 h of reaction.  

Main products formed on this catalyst come from the 

dehydration (cyclic) and epimerization (threitol) of ERY, 

both reactions can be catalyzed by Lewis acid sites as the 

sites present on ReOx and also on TiO2. In fact, it was 

observed in the literature that the presence of ReOx spe-

cies enhanced the isomerization of allylic alcohols (Mor-

rill and Grubbs, 2005). The addition of noble metal re-

sulted in more active catalysts (Rh/TiO2 and 

Rh/ReOx/TiO2) reaching total ERY conversion before 16 

h of reaction. Product evolution was qualitatively similar 

on both catalysts. Butanetriols were formed from the be-

ginning of reaction; the BTO concentration curve first in-

creases, reaches a maximum and then decreases. This 

tendency is in good agreement with their role as primary 

products that directly are formed from reactant and then 

undergo further C-O hydrogenolysis to form BDO. How-

ever it is worth to note that the maximum concentration 

of BTO was higher on bimetallic catalyst (CBTO=0.03 M 

at 6 h on Rh/TiO2; CBTO=0.05 M at 8 h on 

Rh/ReOx/TiO2).  Butanediols were the main products 

formed most of the reaction time on both catalysts. Sim-

ilarly to BTO curve, the BDO curve presents a maximum 

and then decreases due to butanols/butanes formation. As 

observed with BTO curve, the maximum concentration 

of BDO reached a value greater on Rh/ReOx/TiO2 (0.15 

M) than observed on Rh/TiO2 (0.1 M). Note that these 

values correspond to a yield of 37.5% and 25% respec-

tively. Butanols concentration curve displays an inflec-

tion point at 14 h and monotonically increases during 30 

h reaction. Butanes were actually detected in gas phase 

after 30 h in low concentrations; for example, about 10% 

of the erythritol reacted after 30 h reaction on 

Rh/ReOx/TiO2 was converted into gaseous products 

(mostly butane and methane). Threitol and cyclic prod-

ucts (principally14AE) were formed by isomerization 

and dehydration directly from erythritol, and also reach a 

maximum. In the case of 14AE, the subsequent decrease 

in the yield is related to the THF formation by consecu-

tive reaction as detected in the gas phase after 30 h. Since 

threitol is much less reactive than Erythritol (Said et al., 

2017),  the diminution of its concentration can be associ-

ated to its further transformation into erythritol caused by 

the high consume of reactant after the first 8 h reaction. 

Finally, the formation of products from C-C scission 

(C2+C3) increases with time, however on the monome-

tallic catalyst goes through a maximum probably due to 

further C-C cleavage leading to light products that go to 

gas phase. Some conclusion can be drawn from these re-

sults: i) the presence of noble metal is required to activate 

the H2 and produce the C-O and C-C hydrogenolysis; ii) 

ReOx species deposited on Rh decreased the C-C scission 

and promote the C-O hydrogenolysis forming selectively 

the desired products (BDO) reaching a 37.5% yield at 14 

h of reaction. The highest BDO yield previously reported 

in literature was 23.3% using Rh-based catalyst and sim-

ilar reaction conditions (Said et al., 2017). From these re-

sults and previous papers (Nakagawa et al. 2010), it can 

be suggested that butanediols are formed from the attack 

of H2 activated on Rh metal to the ERY adsorbed on 

ReOx clusters.  

In order to study the influence of temperature, eryth-

ritol concentration, and H2 pressure on the reaction rate, 

experiments were carried out at different conditions (Ta-

ble 2) using Rh/ReOx/TiO2 (catalyst concentration=12.5 

gcatalyst L-1). Initial reaction rate of ERY conversion were 

determined from the slope at t=0 of the ERY concentra-

tion vs time curve for each experiment and the values ob-

tained are included in Table 2. The initial rate increases 

as expected with an increment in temperature, but also 

with the ERY concentration and H2 pressure evidencing 

a positive order on both reactants. We proposed a simple 

expression for the reaction rate (Eq. 3) with the aim to 

estimate the reaction orders. 

𝑟𝐸𝑅𝑌
0 = 𝑘 ∙ 𝐶𝐸𝑅𝑌

0 𝛼
∙ 𝑃𝐻2

𝛽 (3) 

In Fig. 6, the logarithm of initial rate (𝑟𝐸𝑅𝑌
0 ) was plot-

ted as a function of the logarithm of ERY concentration 

and H2 pressure (a) and versus 1/T (b). From these graphs 

the order on both reactants as well as the activa- 
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Table 2. Catalytic results for ERY hydrogenolysis on 

Rh/ReOx/TiO2 

En-

try 

𝑪𝑬𝑹𝒀
𝟎  

(M) 

PH2  

(bar) 

Temp. 

(K) 

𝒓𝑬𝑹𝒀
𝟎  

(
𝑚𝑚𝑜𝑙 𝐸𝑅𝑌

𝑔𝑅ℎ∙ℎ
) 

1 0.4 25 423 272 

2 0.4 25 448 384 

3 0.4 25 473 584 

4 0.4 25 498 699 

5 0.2 25 473 443 

6 0.6 25 473 816 

7 0.4 15 473 576 

8 0.4 35 473 901 

 

 

 

Figure 6: a) ( ) ln (𝑟𝐸𝑅𝑌
0 ) vs ln (PH2), ( )ln 

(𝑟𝐸𝑅𝑌
0 ) vs ln (CERY

0), b) ( )ln (𝑟𝐸𝑅𝑌
0 ) vs 1/T 

tion energy can be calculated, giving a value of α=0.58 

(reaction order for ERY concentration) and β=0.53 (reac-

tion order for H2 pressure). Activation energy calculated 

from Fig. 6b was 26.6 KJ/mol, similarly to other values 

for C-O hydrogenolysis of polyols previously reported in 

literature (Sciences, 2004).  The positive reaction order 

lower than 1 for erythritol can be interpreted by the strong 

adsorption of this reactant on ReOx species of 

Rh/ReOx/TiO2 whereas the reaction order close to 0.5 for 

H2 pressure is in good agreement with its dissociative ad-

sorption on Rh0.  Others authors have reported reaction 

orders about 0.5 for polyol concentrations during hydro-

genolysis reactions; for example an order of 0.5 and 0.7 

with respect to the substrate concentration was estimated 

for hydrogenolysis of 3-HTHF on Ir/ReOx/SiO2 and 

Rh/ReOx/SiO2, respectively (Chen et al., 2012) and 0.6 

for hydrogenolysis of 1,4AE on  
 

 
Figure 7: Products distribution at different temperatures 

over Rh/ReOx/TiO2 catalyst at maximum yield to butanedi-

ols. [0.4 M ERY, 25bar H2, 12.5 gcatalystL-1] 

Rh/MoOx/SiO2 (Arai et al., 2016). Regarding the order 

determined for H2 pressure some discrepancies are found 

in literature. Some authors have estimated an order of 

0.85 when using Ir/ReOx/SiO2 (Amada et al., 2012) while 

others have found positive order although close to zero 

on Rh/ReOx/TiO2 but close to 1 on Rh/ReOx/ZrO2 (Said 

et al., 2017). 

Moreover, the product distribution calculated at the 

time that the curve of BDO reaches the maximum for all 

temperatures employed are plotted in Fig. 7. BTO con-

centration decreases at high temperature, meanwhile 

BDO goes through a maximum at 473 K. As the temper-

ature increases, the product from dehydration (mainly 

1,4AE) significantly increases, demonstrating that this 

reaction path is highly affected by the temperature (high 

activation energy) as previously informed (Said et al., 

2017). 

IV. CONCLUSIONS 

Rh/ReOx/TiO2 and the monometallic Rh/TiO2 and 

Re/TiO2 were prepared and characterized. From results 

of TPR and XPS, it can be deduced that most of ReOx 

species are close to Rh particles in bimetallic catalyst 

leading to reduction at lower temperature than rhenium 

on monometallic catalyst. However, some segregated 

rhenium species were detected both by TPR and TEM. 

Furthermore, ReOx stabilized on low oxidation state but 

no complete reduction is achieved.  

The C-O hydrogenolysis of Erythritol to valuable 

products like butanediols was efficiently catalyzed by 

Rh/ReOx/TiO2 allowing to obtain a BDO yield higher 

than previously reported (37.5%). Kinetic of the reaction 

was studied by performing experiments at different reac-

tion conditions. Activation energy of 26.6 KJ/mol and re-

action orders on ERY and H2 close to 0.5 were estimated 

indicating a probably strong adsorption of ERY on ReOx 

species and H2 on metallic Rh particles.  
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