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Abstract: The catalytic hydrogenation of palm esters to obtain fatty alcohols using Re-x%Nb/Al2O3 catalysts was evaluated without 

solvents. The catalysts were characterized using nitrogen physisorption, X-ray Diffraction, X-ray Photoelectron Spectroscopy, 

Temperature-Programmed-Reduction, Pyridine-FTIR, and Temperature-Programmed-Desorption-NH3. The catalyst with a 10% Nb 

load was the one that obtained better performance when compared to the other catalysts with 5Nb and 20%Nb. The catalyst with 10%Nb 

obtained an average of 90% ester conversion and 79% selectivity in fatty alcohols. The design of experiments was made to understand 

the most important variable in the system. The results showed that temperature and pressure were the most critical factors. The better 

catalytic performance obtained employing the 10% Nb catalyst can be explained by its acidity properties. Moreover, this catalyst showed 

high stability in the deactivation assays. The results obtained in this work showed a promising method to obtain catalysts with high 

performance to produce fatty alcohols. Thermodynamic reasons (temperature and pressure) justify the slow conversion rate of wax 

esters to fatty alcohols for most reactions. 
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1.Introduction 
 

Catalytic hydrogenation has contributed to the growth of 

the oleochemical industry. This process has been applied 

to obtain several high valued products, such as 

hydrocarbons (aviation kerosene, green diesel, and 

biogasoline) [1]; wax esters [2]; fatty alcohols [3, 4]. Fatty 

alcohols, for example, are very important in the industry 

as they are intermediates for several products; for 

example, fatty alcohols are used in the manufacture of 

nonionic surfactants, cosmetics, shampoos, conditioners, 

resins, food supplements, lubricants, and the production of 

green hydrocarbons. About 50% of the volume of fatty 

alcohols produced annually is destined mainly for 

synthesizing anionic and ionic surfactants [5]. However, 

the production of fatty alcohols remains a challenge due to 

the high cost of catalysts, and the current chromium-

basedcatalysts have environmental implications [6–8]. 

 

Recently, attempts have been made to develop new 

catalysts to produce fatty alcohol under mild conditions to 

replace classic catalysts (Cu-Cr) [3, 9, 10]. The Cu-Cr 

catalyst is effective in terms of catalytic and selective 

activity; nevertheless, it is not environmentally safe 

because of the presence of chromium in its composition. 

Besides that, the conventional method of fatty alcohol 

production applies Cu-Cr catalyst in severe conditions 

between 250-300
o
C of temperature and 2000-3000 Psi of 

H2 pressure  [11].  

 

The application of noble metal catalysts for obtaining fatty 

alcohols by hydrogenation has been most important in the 

last years. Some noble metal-based catalysts were used, 

with emphasis of ruthenium [12, 13], platinum  [14], 

palladium [15, 16]; and rhenium [3]. Nevertheless, despite 

being efficient in hydrogenation reactions, it is necessary 

to control the process conditions to avoid the formation of 

unwanted products (hydrocarbons, for instance). Other 

catalysts systems without noble metals but with other 

metals such as Cu-Mn [17], Cu-Fe [18], and Cu-Zn [19] 

have also been developed. 

 

Rhenium is one of the few metals highly active in its 

activity for partial removal of oxygen from oils and their 

derivatives, producing alcohol in the corresponding 

carbon chain [3, 4, 20]. [21] considers that the 

effectiveness of the monometallic rhenium catalyst for the 

production of fatty alcohols can be improved with the 

addition of promoters, mainly of noble metals (ruthenium, 

rhodium, platinum, and palladium). Niobium is mainly 

used as a co-catalyst as a replacement for noble metals. 

For example,  [22–24] have shown that the niobium has 

excellent potential in numerous catalytic applications, 

both as a promoter and support. For examples of niobium 

applications that have stood out are selective oxidation 

processes, hydrocarbon conversion, polymerization, 

elimination of pollutants (NOx), dehydrogenation, 

hydrotreatment, and electrochemistry [24].  

 

No studies in the literature used niobium as a co-catalyst 

in the hydrogenolysis of fatty acids or esters to obtain 

fatty alcohols. In this work, the influence of niobium 

content as a promoter in bimetallic catalysts (Re-

x%Nb/Al2O3) is studied for fatty alcohols production. 

Moreover, the preparation of rhenium-based catalyst was 

also evaluated. 

 

2.Materials and Methods 
 

2.1. Reagents 

 

The following reagents were used to carry out the work: 

palm oil methyl ester [ (Agropalma SA), the composition 

of palm biodiesel was: methyl palmitate (43.5%), linoleate 
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(10.2%), methyl oleate (39.8%) and methyl stearate 

(4.3%)], Perrenic Acid (HReO4, Sigma-Aldrich), Niobium 

ammonium oxalate { (NH4 [NbO (C2O4)2 (H2O)2]. (H2O) 

n, CBMM}, deionized water (H2O), Hydrogen 99.99% 

(Linde Gases), alumina (γ-Al2O3, SASOL). 

 

2.2. Catalyst Synthesis 

 

The catalysts were prepared using two techniques: wet 

impregnation of niobium ammonium oxalate in alumina to 

form mixed support (x%Nb-Al2O3). Then, Rhenium 

(Re2O7) from the perrenic acid solution was incorporated 

through impregnation on x%Nb-Al2O3.In wet 

impregnation; the niobium ammonium oxalate was 

weighed and dissolved in deionized water with a specific 

amount of niobium. Then, the dissolved solution was 

placed in a 500 ml volumetric flask and added alumina to 

the same flask. The flask was placed in the rotavaporator 

under the agitation of 80 rpm for 2 hours. After this 

period, the rotavaporator was turned on at 80
o
C under 

vacuum with continuous agitation to dry the samples. 

After synthesizing the double supports, they were placed 

in the oven for 12 hours at 100
o
C. After 12h, the material 

(x%Nb/Al2O3) was removed from the oven and calcined at 

200
o
C for 2 hours. Finally, the rhenium was impregnated 

in the previously calcined material through the incipient 

wetness method. After impregnating rhenium in all 

substrates, they were calcined at 500
o
C for 4 hours, with a 

heating rate of 5°C/min. The rhenium content in all 

catalysts was 4% (wt/wt). 

 

2.3. Characterization of catalysts 

 

The X-ray diffraction analysis was carried out on a Rigaku 

Miniflex II diffractometer with CuKα radiation (30 kV 

and 15 mA). The measurements was used under an 

angular scan ranging from 5º to 90º, increment of 0.05, 

and counting time of 1s/step without a knife. 

 

Using the Micromeritics A.S.A.P. 2020, the surface area, 

volume, and pore size of the prepared catalysts were 

determined. First, 0.3g mass samples were taken in each 

catalyst. The samples were pretreated at 300
o
C for 12 

hours under constant vacuum in the same equipment and 

then analyzed. The specific surface area was obtained 

using the BET method and pore volume by the BJH 

method. 

 

The TPR characterization of the catalysts was performed 

in the Micromeritics Autochem TPR-2920 Crycooler II 

equipment. We first weighed 30 mg of the catalyst 

samples, and then the samples were inserted into a quartz 

reactor with a heating ramp and temperature control. The 

samples were pretreated by an argon current at a 40 

mL/min rate at 120
o
C for 1h to reduce humidity. The 

analysis was performed under standard mixing flow of H2 

and Ar (10% H2/Ar) at a 50 mL/min flow rate, with a 

heating ramp of 25
o
C to 1000

o
C and a heating rate of 

10
o
C/min. 

 

The analyses were performed using a Thermo Scientific 

Escalab 250Xi spectrometer. The pressure inside the 

vacuum chamber was kept below 5 x 10
-9

 mbar. An Al Kα 

X-ray monochromatized radiation (hν = 1486.6 eV) was 

used as an X-ray source and operated at 216 W. The pass 

energy of the spectrometer was 100 eV and 25 eV for the 

XPS survey and core-level spectra, respectively. C1s 

(284.8 eV) were used for binding energy calibration. The 

data acquisition and peak fitting were performed using 

Thermo Avantage
© 

software.The analyzes of the ammonia 

were carried out in a mass spectrometer QMS-200 

(Balzers), with the ratio m/z=15, used to quantify the 

ammonia.  

 

Ammonia adsorption was carried out at a temperature of 

70°C using a 4% NH3/He mixture with a flow rate of 30 

mL.min-1 for 30 minutes; after this period, a purge with 

pure He was performed for 60 minutes. The desorption of 

the chemisorbed ammonia was carried out by heating the 

samples to 800°C at a rate of 20°C.min
-1

. The desorbed 

ammonia was quantified from the catalysts by integrating 

the area under the intensity versus the time curve. 

 

The Fourier transform infrared spectroscopy (FTIR) of 

pyridine was applied to determine the catalysts' Lewis and 

Bronsted acid sites. For this, the Shimadzu IRPrestige-21 

equipment was used. About 0.1g of catalyst was weighed 

into a flask. Then, 1 ml of pyridine in the liquid phase was 

added and stirred manually. Then, the flask was placed in 

an oven at 100°C for pyridine evaporation. After drying, 

the sample was analyzed with FTIR, in the range of 1400-

1580 cm-1, with a resolution of 2 cm
-1

 and a scan. 

 

2.4. Catalytic Hydrogenation Tests 

 

The experiments were carried out in a Parr Instruments 

batchreactor of 300 mL volume, with stainless steel cup, 

automatic temperature, and pressure control. The catalysts 

were pre-reduced in an oven with H2 flux at 400
o
C for 4 

hours at a heating rate of 5
o
C/min. Then, they were placed 

in the reactor cup and fed to the substrate. Finally, the 

reactor was pressurized with hydrogen to remove the 

air.4% (wt/wt) of the catalyst was placed on palm methyl 

ester for each reaction. The reactions proceeded with a 

stirring speed of 1200 rpm to reduce external mass 

transfer limitations. Thus, the factors involved in this 

study are the type of catalyst, reaction temperature that 

varied between 250
o
C to 280

o
C, and pressure between 40-

70 bar.The catalyst deactivation tests were performed only 

with the catalyst with 10% Nb. 

 

2.5. Analysis of products 

 

The products of the hydrogenation reactions were 

analyzed by gas chromatography in Shimadzu equipment, 

model GC-2010 with flame ionization detector (FID). The 

samples were injected through the DB 23 column, J & W 

Scientific Mark.  

 

2.6. Experimental Design and Statistical Data Analysis 

 

The Design Expert 9.06 software was used to carry out the 

design. The main objective in the treatment of ANOVA 

data is to evaluate the influence of the interaction between 

the factors (temperature, pressure, and retention time), 

correlating their effects individually or jointly. The 
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factorial design was divided into two levels (2
3
) with 

duplicate, using the experimental data of hydrogenation of 

palm ester. Usually, the levels of the factors are named by 

the signs - (minus) for the lowest level and + (plus) for the 

highest level, but what matters is the initial relationship 

between the given signal and the effect obtained, not 

being a defined criterion the naming of the signs. The 

statistical modeling of the data was restricted only to the 

catalyst results with 10% niobium. This catalyst presented 

the best conversion and selectivity results for fatty 

alcohols. 

 

3.Results and Discussion 
 

3.1.1. Nitrogen Physisorption 

 

Table 1: Textural properties of supports and catalysts 

Catalysts 

Surface 

area -BET 

(m²/g) 

Pore 

volume 

(cm³/g) 

Pore 

Diameter 

(Å) 

Al2O3 161.2 0.382 78.0 

5%Nb/Al2O3 241.0 0.382 63.4 

10%Nb/Al2O3 231.4 0.341 58.9 

20%Nb/Al2O3 224.9 0.399 61.2 

Re/5%Nb/Al2O3 210.1 0.290 55.3 

Re/10%Nb/Al2O3 215.2 0.274 50.9 

Re/20%Nb/Al2O3 197.8 0.290 58.7 

 

Table 1shows the textural properties of the catalyst. The 

results made it evident that the impregnation of niobium in 

alumina allowed an increase in the surface area of the 

catalysts when compared to the alumina. However, 

volume and pore size slightly decreased. Moreover, 

rhenium impregnation in x%Nb/Al2O3led to a decrease in 

the catalysts' surface area, pore volume, and pore size. 

Similar textural properties behavior was observed in 

previous work [25]. For bimetallic catalysts, the slight 

decrease in the values of the surface area when compared 

to the surface areas of x%Nb/Al2O3may indicate that there 

was a certain degree of pore obstruction during the 

rhenium impregnation process. In contrast, the addition of 

Re or Ru as promoters in cobalt-based catalysts decreased 

their surface areas, pore volume, and pore size [26]. This 

behavior was attributed to the impregnation process of 

metals on the surface of the substrates responsible for 

reducing the surface area.  

 

Furthermore, the increase in the surface area after niobium 

and rhenium addition may be due to the doping effect and 

the creation of new pores due to the effective diffusion of 

metals in the support [25].Niobium is stable when added 

to other metals in the synthesis of catalysts. The resulting 

catalyst's stability keeps its surface area and pore volume 

unchanged  [27]. Other works have observed that the pore 

volume and the average pore diameter decrease as the 

Nb2O5 content in the catalyst increases, although, up to a 

certain percentage, the catalysts' surface area (BET) 

increases. After a certain level of niobium, the surface 

area decreases again [28]. The results regarding BET 

corroborate this work. However, the pore volume and pore 

diameter were different, suggesting other factors 

influencing the textural properties due to the addition of 

niobium oxide-briefly, reserve metal from the support 

pores  [29]. 

 

3.1.2. X-Ray Diffraction (XRD) 

 

Figure 1 shows the diffractograms of the catalysts (Re-

x%Nb/Al2O3) and illustrates only peaks corresponding to 

alumina. It may indicate a better dispersion of metals 

(niobium and rhenium) on the alumina surface, fact-based 

on XPS results below. 

 

In general, only Al2O3 diffraction peaks are observed due 

to the lower amount of Re and the good dispersion of 

Nb2O5 on the alumina surface. According to  [30], the 

three (3) peaks of XRD of samples containing γ-alumina 

correspond to the separation of pairs of atoms of Al-Al, 

Al-O, and O-O. Any peak that appears below 1.3 Å 

consists of termination ripples and does not correspond to 

any connection length in the structure. Even varying the 

niobium content in the catalyst, niobium peaks were not 

detected. Other studies found similar results for the case 

of niobium [31] and rhenium  [27]. After impregnating 

any metallic oxides, the alumina surface appears to be 

complementarily dehydroxylated [31].The presence of 

only γ-Al2O3 peaks appears to indicate that there was a 

better dispersion of niobium in alumina. 

 

The lack of rhenium peaks can be related to a higher 

dispersion of rhenium in the supports or low content in the 

catalysts. According to [31], they could only detect 

rhenium peaks in the catalyst with a rhenium content 

above 10% in the catalyst; that is, it was impossible to 

observe any rhenium peak in proportions below this 

content. 

 

 
Figure 1: X-ray diffractogram of the Re-x% Nb/Al2O3 

bimetallic catalysts 

 

3.1.3. Temperature Programmed Reduction 
 

Figure 2 shows the temperature-programmed reduction 

profiles of the catalysts. The catalyst reduction 

temperatures are: Re-5%Nb/Al2O3at 374
o
C, Re-

10%Nb/Al2O3at 308.8
o
C and 401.2

o
C and Re-

20%Nb/Al2O3at 345.2
o
C. The catalysts have different 

reduction temperatures despite being composed of the 

same metallic composition. This was probably due to the 

niobium content that varied between 5%, 10%, and 20%. 
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The catalyst with 10% niobium presented two reduction 

peaks; the second, at 401.2
o
C, has a higher reduction 

temperature when compared to the other catalysts. The 

peaks in the reduction temperature of the catalysts were 

attributed to the reduction of the Re
7+

 to Re
0
 species. 

Without passing through the intermediate species (Re
+6

, 

Re
+5

, and Re
+4

).In the case of the Re-

10%Nb/Al2O3catalyst, the two peaks would be related to 

the different species of Re
7+

, being the first peak with the 

lowest intensity at 308.8
o
C corresponds to the Re

7+
 

species formed by clusters; that is, the greater amount of 

rhenium with little interaction with the support. The 

second most intense peak at 401.2
o
C would correspond to 

the species in strong connection with the support. The 

XPS results further support the fact that the catalyst only 

existed with the oxidation state of Re
7+

, as can be seen in 

all XPS figures (Figure 4) in the Rhenium spectra. 

 

 
Figure 2: Profile of the Catalyst Temperature 

Programmed Reduction 

 

The catalysts with 5% and 20% niobium showed low 

metallic dispersion of rhenium on the catalyst surface, so 

they presented lower reduction temperatures due to less 

interaction with the support. While the catalyst with 10% 

niobium showed more metallic dispersion of rhenium on 

the surface, there was a more excellent dispersion; 

therefore, more difficult to reduce; that is, its reduction 

occurs at elevated temperatures. The difference in the 

metallic dispersion is observed in the XPS results shown 

in Table 3.Contrary to what is reported in the literature 

and the logic indicating that lower metal content produces 

greater metal dispersion, metallic particles with greater 

metal-support interaction Toba et al. (1999). These 

particles must be reduced at higher temperatures. 

However, the TPR results do not show a definite trend 

with the Nb2O5 content. 

 

3.1.4. Temperature Programmed Desorption 

 

Table 2 present the acidity profiles of TPD-NH3 of the 

catalysts, the values of the deconvolution areas, and the 

temperature ranges in which the ammonia desorption has 

occurred. At low temperatures, the peak deconvolutions of 

Re-5%Nb/Al2O3and Re-20%Nb/Al2O3 catalysts are found. 

This means that weak acidic sites mainly characterize 

these materials. These results corroborate the data in Table 

2. The Re-10%Nb/Al2O3 catalyst presents the ammonia 

desorption profile with variation from low to high 

temperatures, attributed to both strongly acidic and weak 

acidic sites. Other studies found similar results regarding 

broad peaks of catalyst desorption (de Paiva et al., 2006, 

Jiao et al., 2016). The greatest width was attributed to 

different forces, both weak and strong (Bronsted acids) 

[34].  

 

Table 2: Catalyst Strong/weak acid site ratio 

Catalysts μmolNH3/gcat 

The ratio of acid sites 

(%) 

weak strong 

Re-5%Nb-Al2O3 456 86, 8 13, 2 

Re-10%Nb-

Al2O3 
588 76, 2 23, 8 

Re-20 Nb2O5-

Al2O3 
579 83, 4 16, 6 

 

The total number of acidic sites is related to the total 

deconvolution area generated from the TPD analysis. At 

the same time, the force is proportional to the temperature 

at which the species' desorption occurs. The stronger the 

acidic site, the greater the interaction with adsorbate and 

the higher the temperature required to remove it [35–37].  

 

Table 2 shows that all catalysts have high acidity since the 

values of ammonia consumption per gram of the catalyst 

are high. Furthermore, only the Re-10%Nb/Al2O3catalyst 

has a large peak, also characterized by the extension of the 

nitrogen desorption temperature and many strong acidic 

sites. In contrast, Re-20%Nb/Al2O3catalysts showed only 

weak acidic sites; this probably indicates that the greater 

the amount of niobium oxide discharged on the surface of 

the alumina, the catalysts will be formed with weak acidic. 

The increase in acidity in the catalysts did not show any 

proportional relation to the increase or decrease in 

niobium content in the catalyst. 

 

3.1.5. Photoelectron Spectrometer excited by X-rays 

(XPS) 

 

The characterization of the catalysts by XPS aimed to 

determine the oxidation states of the metals Re and Nb in 

the Re-Nb catalysts; examine the metallic dispersion in 

the catalyst, and evaluate the influence of the interaction 

Re-Nb in the binding energies and the width of the 

spectra. 

 

Figure 3 shows the adjustment curves of the XPS spectra 

of Re-Nb bimetallic catalysts. In catalysts, it can be seen 

that the rhenium has a double spectrum. The curves of the 

spectra revealed the presence of a doublet for all catalysts 

with a more intense Re 4f7/2 reference peak and the 

second Re 4f5/2 peak. In the same figure, it is possible to 

observe doubled spectra corresponding to the Nb3d 

species. 
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Figure 3: Rhenium XPS spectra and niobium promoter in bimetallic catalysts: (d and e) Re-5%Nb/Al2O3, (f and g) Re-

10%Nb/Al2O3, and (h and i) Re-20%Nb/Al2O3. 

 

The adjusted curves of both the rhenium and the Niobium 

spectra show a double peak for each, indicating that a 

single species is present for both metals. According to the 

graphs' profiles, niobium has binding energies in the range 

of approximately 208 ± 0.98, which indicates the presence 

of Nb
+5

 species on the support surfaceγ-Al2O3. These data 

demonstrate no reduced oxidation state of niobium (Nb
+4

 

or Nb
+3

) in these catalysts. The XPS measurements 

showed the binding energies with peaks between 

47.1±0.9, which means the existence of the Re
+7

 species 

of rhenium. Therefore, the two metals did not present 

species from the reduced state. Similar results were 

obtained in previous works [38–41]. When synthesized, 

these researchers demonstrated that any rhenium catalyst 

would present a doublet before and after the reaction, 

regardless of the support used. 

 

According to  [42], Okal, also obtained similar results for 

all catalysts calcined between 500
o
C-800

o
C. The authors 

also found that the relative intensity and separation of the 

Re 4f7/2-Re5/2 rotation-orbit rotation were fixed for each 

doublet in the curve adjustment routine. However, the line 

width and position were variable to some extent. 

However, at temperatures below 500
o
C, they observed the 

most significant formation of Re
4+

, Re
6+

 species. The 

authors believe it is indicative of a high affinity of the 

dispersed Re. 

 

According to [43] from the capture of O2 and XPS, the 

results showed that very small Re particles had direct and 

strong contact with the oxygen atoms of the support at 

temperatures between 20 to 500ºC. The XPS data 

indicated that, at room temperature, groups and small 

particles of rhenium were oxidized to the species Re
4+

, 

Re
6+

, and Re
7+

. The O/Re ratios at temperatures up to 

200°C increased with the Re dispersion, implying a high 

affinity of the highly dispersed Re to oxygen. 

 

High temperatures accelerate the oxidation of rhenium 

with instantaneous sublimation of the Re2O7 oxide and its 

simultaneous adsorption as a ReO4 species on alumina. 

Catalysts treated at 500ºC, regardless of the particle size 

of the rhenium and its interaction with the support, the 

total rhenium was oxidized for the Re
7+

 species (as ReO4 

groups), which is the highly dispersed surface phase of the 

rhenium species. These species form some type of surface 

complex with an Al–O–ReO3 or Al– (O–ReO3)3 structure, 

which inhibits the surface migration of the rhenium and its 

loss by oxidized catalysts [43].The spectra of the catalysts 

showed no carbon on the surface or any organic molecule 

"COOR" that is a typical contaminating. Similar results 

were also obtained [44]. 

 

Table 3 presents the peak width (FWHM), atomic 

relationships of species on the surface, and the binding 

energies (BE) of the Re4f7/2 component that corresponds 

to the most intense spectrum for all catalysts and Nb3d5/2 

of the more intense spectrum only in bimetallic catalysts. 

 

Table 3: Summary of the binding energies of the components of rhenium and niobium, their relative properties, and their 

atomic relationship of the surface between Re and the %Nb/Al2O3. 

Catalysts 
Peak BE 

(Re4f7) 

Peak BE 

(Nb3d5) 

FWHM eV 

(Re4f) 

FWHM eV 

(Nb3.) 

Oxidation states of 

Re7+ ions 
a
DPof Nb b

DPof Re 

Re-5%Nb/Al2O5 46.95 207.86 4.783 5.146 100% 3.42 0.62 

Re-10%Nb/Al2O5 47.29 208.14 4.797 5.094 100% 2.68 0.94 

Re-20%Nb/Al2O5 47.17 208.14 4.747 4.981 100% 4.52 0.75 
a
DPof Nb- metallic dispersion of niobium on the catalyst surface and 

b
DPof Re –metallic dispersion of rhenium on the catalyst 

surface 
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Based on the XPS data in Table 3, the atomic 

concentrations of Re, Nb, and Al were obtained, and the 

respective atomic ratios Re/NbAl (metallic dispersion of 

rhenium on the catalyst surface), Nb/Al (metallic 

dispersion of niobium on the catalyst surface) were 

calculated. In this case, the sensitivity factors of the 

elements that make up the Re4f7/2, Re4f5/2, Nb3d, and 

Al2p catalysts were considered. 

 

As shown in Table 3, only the Re-5%Nb/Al2O5 catalyst 

showed good dispersion of niobium species on γ-Al2O3 

(Nb/Al), considering that the 5%Nb catalysts have half the 

niobium content in the catalyst of 10%Nb. As for the Re-

10%Nb/Al2O5and Re-20%Nb/Al2O5 catalysts, the metallic 

dispersion between Nb/Al is practically similar, 

considering that the catalyst with 10%Nb gave an Nb/Al 

ratio of 2.68 and that of 20%Nb gave Nb/Al ratio of 4.52 

since the relative percentage of niobium on the surface in 

the catalyst of 20%Nb is twice the content of niobium in 

the catalyst with 10%Nb. Therefore, it can be said that the 

variation of the niobium content in the catalysts was 

independent of the variation in the atomic 

niobium/alumina (Nb/Al) and consequently in its 

dispersion. 

 

Using the XPS technique to characterize catalysts 

(prepared from two different niobium precursors: complex 

niobium and ammonia oxalate and niobium oxalate) with 

different levels of niobium, it was observed that the 

catalysts synthesized from the complex niobium and 

ammonium oxalate presented Nb/Al atomic ratios similar 

to those obtained in our study, that is, the catalyst with 

5%Nb showed more excellent metallic dispersion of 

niobium (Nb/Al), while the catalysts with 10%Nb and 

20%Nb showed almost similar dispersion of Nb/Al, 

considering that the catalyst with 20%Nb has twice the 

amount of niobium about the catalyst with 10%Nb  [44]. 

However, the catalyst prepared using niobium oxalate as a 

precursor presented the oxide dispersion of the catalyst 

with 10% greater than the catalyst with 20%. However, 

the 5% catalyst shows greater metallic dispersion than 

those mentioned above  [45]. 

 

The metallic dispersion of niobium on the surface of the 

catalysts depends on the charge. According to [28], for 

catalysts with low niobium charge, the niobium species 

were well dispersed in the γ-Al2O3 nanofiber through Nb-

O-Al bridge bonds. This result is in line with our results. 

The metallic dispersion of rhenium in the catalysts 

increases in the following order: Re-10%Nb/Al2O3>Re-

20%Nb/Al2O3>Re-5%Nb/Al2O3. According to [46], the 

increase in the atomic relationship in the Re/Al2O3 catalyst 

obtained through XPS analysis with the loading of 

completely oxidized samples suggests the presence of 

well-dispersed metal surface species. 

 

The values of binding energies in Table 3 samples for Re 

4f species show slight differences between them, but all 

correspond to the Re2O7 oxide with Re
7+

 oxidation status. 

Differences in charges of niobium content may have 

caused the small displacement of the binding energies. 

The binding energy results of both Re 4f7/2 and Nb 5d3/2 

are independent of the variation of the niobium content in 

the catalysts. Similar results were obtained in some studies 

[42, 47]. However, some studies found that the binding 

energy was considered dependent on the size of the 

particles, increasing by about 0.5 eV, since the size of the 

particles decreases from 5 to 1 nm [48]. The analysis of 

the oxygen spikes as a function of the variation in the 

niobium content showed that the catalysts overlap the 

energy binding spectrum of metals and support, as shown 

in Table 4. 

 

Table 4: Binding energies of the O1s components, their comparable properties, and their atomic relationship of the surface 

with the other components 

Catalysts Name 
Peak BE 

(eV) 
FWHM (eV) Area (P) CPS (eV) Atomic Reason (%) 

Re5%Nb-Al 
O1s A 531.46 2.345 50103.65 72.9 

O1s B 533.05 2.404 18620.61 27.1 

Re10%Nb-Al 
O1s A 531.67 2.404 64135.47 77.89 

O1s B 533.08 2.404 18199.87 22.11 

Re20%Nb-Al 
O1s A 531.56 2.294 56194.19 77.06 

O1s B 533 2.403 16727.16 22.94 

 

The chemical oxygen environment (O1s) showed variable 

proportions than the expected proportions of O1s oxygen 

(Rhenium Oxygen 531 eV, Alumina Oxygen is 533 eV, 

Niobium Oxygen 529 eV) at x%Nb/Al2O3 and in Re2O7. 

Due to the low amount of niobium in the catalysts, it was 

difficult to separate the niobium oxygen peaks from the 

other components of the catalysts (Rhenium Oxygen and 

Alumina Oxygen). However, the niobium O1s species, 

even though it was impossible to identify, allowed the 

oxygen peaks (FWHM) of the species identified to be 

widened in an order based on the equilibrium shift from 

higher to lower binding energy level, Table 4. 

 

Although it was difficult to separate the components due 

to the strong overlap of the O1s signal from Re2O7 on O1s 

from other catalyst components, for all cases, it was 

considered that the peaks in Table 4, the first O1s A peak 

could correspond to that of rhenium oxygen. The second 

O1s B peak could correspond to the oxygen of the 

overlapping supports. These results agree with other 

studies that attributed the O1 peaks of about 530-532eV to 

adsorbed oxygen species, such as O, OH, or H2O [4]. 

However, different results also identified the peak of O1s 

with a binding energy of 530 eV specific. For all the 

components of the catalyst [49]. 

 

The different niobium loads in the bimetallic catalysts 

affect the O1s spectra by decreasing the binding energies 

(BE) and increasing the width of the peaks (FWHM), 

indicating that there was O1s coupling of the catalyst 

components. The FWHM values are higher for the spectra 

of the Re4f species and for the Nb3d species, which 
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means that these species are well dispersed over the 

surface of the supports, where the metals are contained. 

 

The comparison of the O1s spectra for the catalysts 

illustrates that the niobium caused the displacement of the 

binding energy. The greater the amount of niobium on the 

catalysis was, the greater the displacement for lower 

binding energy. The lower binding energy of niobium 

oxide when it enters the structure alters the electronic 

cloud of oxygen in that region. Consequently, based on 

this shift, it can be said that niobium oxide is altogether 

interacting with other catalyst components. As for the 

catalyst with 10% niobium has a displacement for less 

energy, less than the catalyst with 5%. This can be 

explained by the fact that this (Re-10%Nb/Al2O3) has a 

lower niobium charge on the surface, that is, a lower 

atomic ratio, when compared to the Re-5%Nb2O5/Al2O3 as 

illustrated in Table 4 and previously described. In this 

logic, the equilibrium shift from higher to lower energy 

level follows the following sequence: Re-

10%Nb/Al2O3<Re-5%Nb/Al2O3<Re-20%Nb/Al2O3. 

 

Infrared Spectroscopy with Fourier Transform of 

Pyridine 

 

Figure 4 shows the FTIR profile of pyridine for bimetallic 

catalysts. The profile of the graphs in Figure 4 shows the 

existence of bands at 1445 cm-1, 1490 cm-1, 1609 cm-1, 

1537 cm-1, and 1640 cm-1 for all catalysts. According to 

the literature, bands corresponding to Lewis acid sites are 

found at 1445 cm-1 and 1609 cm-1, while Bronsted acid 

sites are found at 1537 cm-1 and 1640 cm-1. The band at 

1490 cm-1 refers to both Lewis and Bronsted sites [50, 

51]. 

 

According to the profile in Figure 4, the catalyst with 

5%Nb had more Lewis acid sites. However, it also 

presents a lower intensity band of a mixture of Lewis and 

Bronsted acid sites. The catalyst with 10%Nb also showed 

a higher intensity band of Lewis acid sites and Lewis and 

Bronsted mixture when compared to catalysts with 5%Nb 

and 20%Nb. Nevertheless, some bands indicate the 

presence of Bronsted acid sites in the 10%Nb catalyst. 

The catalyst with 20%Nb had both Bronsted acid sites and 

Lewis acid sites; however, a smaller amount of Bronsted 

acid sites than in the catalyst with 10%Nb, but higher than 

in the catalyst with 5% Nb. Regarding the Lewis acid 

sites, the catalyst with 20%Nb has a smaller amount of 

Lewis acid sites when compared to the catalysts with 

5%Nb. 

 

 
Fig. 4: Spectra of bimetallic catalysts produced from 

FTIR transmission of pyridine 

 

According to [52], Lewis acid sites can be detected in all 

niobium catalysts, regardless of the charge. However, the 

strength of these acidic sites increases with Nb content. 

Meanwhile, Brønsted acidic sites are only found for Nb 

loads above 4.5%Nb, and a correlation between polymeric 

Nb species and the presence of Brønsted acidic sites is 

observed. The authors detected acidic Brønsted sites for 

the sample with the highest Nb surface coverage at a 9.0% 

charge. 

 

3.2. Catalytic Tests 

 

The catalytic results of the hydrogenation of palm esters 

are presented in Table 5 and Figure 6. 

 

Table 5: Conversion and selectivity data for hydrogenation reactions using Re-5%Nb/Al2O3 catalyst 

Stard 

order 

Factor 1 

Temperature 

(
o
C) 

Factor 2 

Time (hs) 

Factor 3 Hydrogen 

pressure (bar) 

Response 1 

Conversion (%) 

Response 2 Fatty 

Alcohol (%) 

Response 2 

Hydrocarbon 

(%) 

Response4 

Wax ester (%) 

1 250 8 40 37.9 33.0 0 67.0 

2 250 8 40 33.2 27.4 0.1 72.4 

3 280 8 40 41.6 18.5 0 81.5 

4 280 8 40 42.0 19.9 0 80.1 

5 250 10 40 55.0 11.0 0 89.0 

6 250 10 40 51.9 14.7 0 85.4 

7 280 10 40 63.5 19.2 0.2 80.6 

8 280 10 40 68 23.1 0 76.9 

9 250 8 70 39.7 19.1 0 80.9 

10 250 8 70 40.1 17.7 0.8 81.5 

11 280 8 70 86.5 19.3 0.6 80.0 

12 280 8 70 83.3 22.1 1.0 76.9 

13 250 10 70 59.3 16.0 0.1 83.7 

14 250 10 70 63.1 20.5 1.0 78.5 

15 280 10 70 86.9 29.0 3.2 67.7 

16 280 10 70 89.7 33.0 2.9 64.1 
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Table 5 shows that the catalyst with 5% niobium indicated 

that the three factors influenced the conversion of esters. 

The higher the temperature, pressure, and residence time, 

the greater the conversion. However, the selectivity of 

products, especially fatty alcohols, was not proportional to 

all reaction conditions. The best selectivity of fatty 

alcohols, which was 33.0%, was achieved using 250
o
C, 

8h, and 40 bar and 280
o
C, 10 h, and 70 bar, which means 

that the variation in conditions was not so influential in 

obtaining the highest fatty alcohol yield, which is a 

product of interest. However, the temperature and 

residence time can be constant. The temperature 

influenced the selectivity of the products in general; that 

is, the reactions carried out at 250
o
C and 40 bar at 8h had 

a higher selectivity of fatty alcohols than the reactions 

under the same conditions but the temperature of 280
o
C. 

However, it is essential to note that despite this selectivity 

behavior, the reactions carried out at a temperature of 

280
o
C have consistently shown more excellent conversion 

than the reactions carried out at 250
o
C. Furthermore, in 

the same reactions analyzed above, when the residence 

time is increased from 8h to 10h, it is observed that the 

fatty alcohol yield decreases a little due to the favoring of 

the reaction for the formation of wax esters. 

 

The reactions carried out at 280
o
C, and 70 bar indicate no 

significant change in the yield of fatty alcohols, regardless 

of the variation of the factors. In general, Table 5 

illustrates a favorable production of wax esters regardless 

of the conditions applied in the reactions. Additionally, 

the lower conditions 250
o
C and 40 bar, did not favor the 

formation of hydrocarbons, but at temperatures of 280
o
C 

and 70 bar, there were traces of hydrocarbons. 

 

The wax esters are the intermediate with the highest 

selectivity in reactions. This selectivity of wax esters as an 

intermediate was that they are the slowest step in the 

process. When evaluating this behavior of the products as 

a function of temperature and pressure variation, it can be 

seen that it may be due to thermodynamic reasons. There 

is a low formation of wax esters at low pressures and 

temperatures, probably due to low conversion. In contrast, 

there is a greater formation of wax esters and conversion 

at high temperatures and low pressures. High-pressure 

reactions show a higher rate of conversion of esters and 

then wax esters to fatty alcohols at 280°C compared to 

250°C. The reaction in a heterogeneous medium may also 

be fundamental to justify the slow conversion rate of wax 

esters into fatty alcohols, as previously discussed. The 

reactions were carried out in a heterogeneous medium 

because one of the objectives was to avoid using organic 

solvents. 

 

Table 6: Conversion and selectivity data for hydrogenation using Re-10%Nb/Al2O3 catalyst 

Stard 

ordem 

Fator 1 

Temperature 

(oC) 

Fator 2 

Time (hs) 

Fator 3 Hydrogen 

pressure (bar) 

Response 1 

Conversion 

(%) 

Response2 

Fatty Alcohol 

(%) 

Response 3 

Hydrocarbon 

(%) 

Response4 

Wax ester 

(%) 

1 250 8 40 32.01 40.62 0 59.38 

2 250 8 40 27.83 41.41 0.53 58.06 

3 280 8 40 73.21 34.69 1.12 64.19 

4 280 8 40 66.02 29.03 0.2 70.77 

5 250 10 40 46.91 34.11 0 65.89 

6 250 10 40 39.97 35 0 65 

7 280 10 40 76.98 45.63 1.15 53.22 

8 280 10 40 75.69 47.05 1.07 51.88 

9 250 8 70 70 34.82 1.62 63.56 

10 250 8 70 67.83 35.9 0 64.01 

11 280 8 70 84.28 61.12 0 38.88 

12 280 8 70 85.11 63 0.21 36.79 

13 250 10 70 88.64 46.29 1.89 51.82 

14 250 10 70 83.62 49 0.84 50.16 

15 280 10 70 88.32 75.02 2.48 22.5 

16 280 10 70 91.08 78.64 2.76 18.6 

 

Results in Table 6 show that 10% niobium catalyst has a 

different activity from the 5% niobium catalyst in the 

reactions carried out at 40 bar pressure. That is, reactions 

carried out at 40 bar at a temperature of 250
o
C show low 

conversion during 8h of reaction. However, the selectivity 

of fatty alcohols is greater than the same reaction with 10 

hours of reaction—however, the conversion increases at a 

longer reaction time. The low conversion to fatty alcohols 

in 10 hours of reaction, when compared to 8 hours of the 

reaction observed for reactions carried out with 250
o
C and 

40 bar, was due to the formation of wax esters, which 

were probably the result of the reaction of fatty alcohols 

already produced with the raw material of process. 

The reactions carried out at 280
o
C obtained a better 

conversion of palm esters and selectivity of fatty alcohols 

when compared to the reactions carried out at 250
o
C under 

the same pressure conditions. It is important to note that in 

reactions carried out at 280
o
C, the conversion and 

selectivity of fatty alcohols increase with longer the 

reaction time. This may mean that the kinetic balance of 

the reaction favors the production of fatty alcohols, 

reducing the shape of the intermediate (wax esters).As for 

the formation of hydrocarbons (unwanted products), a 

result similar to that illustrated in table 5 was obtained. 

Reactions at temperatures of 280
o
C favor the production 

of hydrocarbons. As mentioned in the literature, the low 

formation of hydrocarbons is favored by thermodynamic 

conditions and the catalyst (rhenium) [3, 14]. 

 

Paper ID: SR22530015241 DOI: 10.21275/SR22530015241 523 



International Journal of Science and Research (IJSR) 
ISSN: 2319-7064 

SJIF (2022): 7.942 

Volume 11 Issue 6, June 2022 

www.ijsr.net 
Licensed Under Creative Commons Attribution CC BY 

Table 7: Conversion and selectivity data for hydrogenation using Re-20%Nb/Al2O3 catalyst 

Stard 

order 

Factor 1 

Temperature 

(oC) 

Factor 2 

Time (hs) 

Factor 3 

Hydrogen 

pressure (bar) 

Response1 

Conversion 

(%) 

Response2 

Fatty Alcohol 

(%) 

Response3 

Hydrocarbon 

(%) 

Response4 

Wax ester 

(%) 

1 250 8 40 27.7 26.3 0 73.7 

2 250 8 40 23.9 28.1 0 71.9 

3 280 8 40 68.4 9.9 0 90.1 

4 280 8 40 68 10.2 0 89.9 

5 250 10 40 30.5 24.8 0 75.2 

6 250 10 40 31.0 25.5 0 74.5 

7 280 10 40 71.1 13.6 1.0 85.4 

8 280 10 40 69.5 16.2 0 83.8 

9 250 8 70 38.2 19.6 0 80.4 

10 250 8 70 37.8 21.0 0.0 79.0 

11 280 8 70 70.9 18.7 0.8 80.5 

12 280 8 70 72.1 20.7 1.0 78.9 

13 250 10 70 43.5 20.9 0 79.2 

14 250 10 70 45.1 23.3 0.4 76.3 

15 280 10 70 71.7 21.5 1.2 77.3 

16 280 10 70 74.4 22.4 2.2 75.3 

 

The catalyst with 20% shows similar results to those 

presented with the catalyst with 5% niobium regarding the 

conversion and selectivity towards fatty alcohols. These 

two catalysts showed a low yield in the production of fatty 

alcohols compared to the 10% niobium catalyst, with an 

average of 89.7 % palm esters conversion duplicate which 

resulted in 76.8% selectivity in fatty alcohols. This result 

was achieved at 280
o
C and 70 bar of hydrogen during 10 

hours of reaction. Catalysts with 5% and 20% niobium 

content may have obtained similar results as both have 

weak acidic sites compared to the catalyst with 10% 

niobium content; this agrees with the results obtained 

TPD-NH3. On the other hand, according to the XPS 

results, these two catalysts show a lower dispersion of the 

rhenium in the catalyst, as previously described.  

 

In general, the conversion and selectivity results 

illustrated in the three Tables 5, 6, and 7 show that the 

reactions carried out at 280
o
C and 70 bar showed 

promising results. This trend indicates that the 

combination of higher pressure and temperature favors 

more excellent catalytic activity and improves the yield 

and selectivity of the desired product and the conversion 

of palm esters. The catalysts showed similar behavior 

regarding the conversion and selectivity of the products. 

The three catalysts demonstrated higher temperature 

(280
o
C), the increased conversion rate of palm ester, and 

selectivity towards fatty alcohols, except in some cases 

where there was the production of traces of hydrocarbons. 

At temperatures of 250
o
C, the conversion decreased while 

the selectivity of fatty alcohol increased. 

 

The results also show reaction intermediates (wax esters) 

production in all systems that increase their selectivity 

with the increased time of the reaction and simultaneously 

convert them into fatty alcohols [8, 58]. However, only 

the rate of formation of the intermediates is fast. However, 

their transformation into fatty alcohols is not flexible 

under certain operational conditions, especially for 

reactions without the solvent. This is a different important 

factor compared to other studies in the literature. Our 

results corroborate with the results found by other works 

that found the total conversion of esters and formation of 

intermediates to be faster. At the same time, the reaction 

continued to take longer for the intermediates to be 

converted into the final product [53]. 

 

Based on the results, it can be concluded that the 

equilibrium constant of the ester hydrogenolysis reaction 

for the production of fatty alcohols increases with 

increasing system temperature. In thermodynamic terms, 

this reaction must be carried out at not too high 

temperatures to increase the selectivity of fatty alcohols 

and avoid the formation of hydrocarbons, as seen in the 

reactions at 280
o
C, where there was the production of 

traces of hydrocarbons (C16 and C18). 

 

Comparing the activity of the three (3) catalysts, the 

catalyst with 10% niobium showed better conversion and 

selectivity when compared with the other catalysts with 

5% and 20% niobium. The activity of the catalysts 

increases in the order of Re-10% Nb/Al2O3> Re-

20%Nb/Al2O3> Re-5%Nb/Al2O3. The difference in the 

activity of the catalysts can be justified by the metallic 

dispersion of rhenium, whereby the catalyst with 10% 

niobium was the one with the greatest dispersion, 

followed by the catalyst with 20% niobium. This 

dispersion was strongly supported by XPS data (Figure 4) 

in the atomic ratio of rhenium on the catalyst surface. 

 

Rhenium is one of the few metals highly active in this 

reaction. Its catalysts are promising for partially removing 

oxygen from oils and their derivatives by producing 

alcohol in the corresponding carbon chain [3, 21]. 

Considers that the effectiveness of the monometallic 

rhenium catalyst for the production of fatty alcohols can 

be improved with the addition of co-catalyst, mainly of 

noble metals (ruthenium, rhodium, platinum, and 

palladium). Several studies indicate that certain metals as 

promoters in hydrogenolysis reactions increase the yield 

and selectivity of fatty alcohols and simultaneously reduce 

the production of unwanted products, for example, the 

Zinc and Cobalt, co-catalyst [54]; tin [32]. According to 

[32], tin as a co-catalyst influences the distribution of the 

products meaning tin controls the adsorption of the 

substrates and the reactivity of the functional groups of the 
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substrates. [54] demonstrated that in most cases, adding a 

co-catalyst increases the selectivity of fatty alcohols. 

However, there are metals (Zn and Co) that, when added, 

do not favor the formation of fatty alcohols despite 

increasing the catalytic activity of the process. 

 

Based on the ammonia TPD results, the catalyst with Re-

10%Nb/Al2O3 showed more strong acid sites than the 

other catalysts with 5%Nb and 20% Nb. That is greater 

acid strength, which exercised an essential role in 

converting esters, mainly in the selectivity of fatty 

alcohols. This acidic force may indicate the presence of 

Bronsted’s acidic sites on the metal surface. Bronsted 

acidic sites may have been responsible for the better 

catalytic performance of this catalyst. According to [55], 

the Lewis acidic sites resulting from the formation of 

catalysts are generally weaker than those initially present 

in the oxide supports. The TPD results of the 5%Nb and 

20%Nb catalysts showed the presence of weak total acid 

sites. These two catalysts probably had a higher amount of 

weak Lewis acid sites. The lower amount of niobium in 

the catalysts has more Lewis acid sites. The ratio of Lewis 

acidic sites decreases with an increase in niobium content, 

and in parallel, there is a formation of Bronsted acidic 

sites [45, 55, 56]. According to [52], the better catalytic 

performance is mainly due to the strength of the acid sites 

and the presence of Brønsted acid sites, with catalysts 

having stronger acid sites and a more significant number 

of Brønsted acid sites being more active. 

 

According to [55], when studying the acidity of various 

oxides, they identified Lewis acid sites in all catalysts. 

However, Bronsted acid sites were obtained only 

Nb/Al2O3catalysts and Nb/SiO2. The authors associated 

Bronsted's acidity with the creation of bridged hydroxyls 

formed between the surfaces of niobium oxide species and 

the alumina support. 

 

The interaction between the Nb2O5 precursor and the γ-

Al2O3 nanofiber results in niobium species with strong 

Lewis acidic and intense Brønsted acidic sites. While the 

increasing the Nb2O5 load led to the formation of two-

dimensional polymerized niobium species three-

dimensional polymerized niobium species [28, 52]. These 

species significantly influenced the distribution and 

quantity of Lewis acid sites and Brönsted sites on Nb2O5-

γ-Al2O3 nanofibers [28]. 

 

Bronsted's acidic sites appear, and the monolayer form-

critical surface coverage of the supported niobium oxide 

species. This monolayer increases with increased 

superficial coverage (increased niobium load) and reaches 

its maximum before the monolayer is covered. Therefore, 

there is a direct relationship between critical concentration 

and surface metal oxide species [55].Some studies 

characterizing the catalysts of 5%Nb/Al2O3, 

10%Nb/Al2O3, and 20%Nb/Al2O3 using the pyridine 

infrared technique have observed that although the 

number of Bronsted acid sites increases with the increase 

in niobium content among these catalysts, the amount of 

Lewis acid sites is always greater with 5%Nb. This 

amount of Lewis acid sites decreases considerably for the 

10%Nb catalysts, but in the 20%Nb catalysts, this amount 

of Lewis acid sites increases again [28, 45, 55]. In this 

context, it may be that the catalyst with 10%Nb obtained 

the best result because the appropriate ratio between the 

Lewis acid sites and the Brönsted acid sites is more 

appropriate and, therefore, adequate to improve the 

dispersion of rhenium as shown by the XPS results. 

 

All niobium catalysts can detect Lewis acid sites, 

regardless of the charge. Meanwhile, Brønsted acid sites 

are found only for Nb loads above 4.5%Nb, and a 

correlation is observed between polymeric Nb species and 

the presence of Brønsted acid sites. The authors were able 

to detect Brønsted acid sites for the sample with the 

highest Nb surface coverage with a 9.0% load. For [57], 

niobium oxide catalysts prepared from niobium oxalate as 

a precursor present in their surface phase two types of 

niobium oxide species in the alumina support. Their 

relative concentrations depend on their relative 

concentrations of the coverage of niobium oxide. The 

presence of surface phases of niobium oxide not only 

slows down the loss in the surface area but also the 

surface niobium oxide species in the support has a strong 

Bronsted acidity [57, 58].  

 

3.3. Catalyst deactivation tests 

 

Results in Figure 5 illustrate that the catalyst suffered a 

slight reduction in its activity over time, not only due to 

the difference between the conversions of the three 

reactions (fresh-reduced catalyst and the two reuses), 

which are statistically similar but also due to the 

selectivity of fatty alcohols. As seen in the first reuse 

reaction, the conversion difference with the fresh catalyst 

reaction was minimal. The degree of selectivity decreased 

by approximately 11% compared to the reaction that used 

the fresh catalyst in the second reuse step, but the 

conversion reduced slightly. The decrease in the 

selectivity of fatty alcohols favored the formation of wax 

esters, which means that the catalyst was getting 

deactivated, causing a slower rate of conversion of wax 

esters to fatty alcohols,  

 

 
Figure 5: Ester conversion and product selectivity during 

Re-10%Nb/Al2O3 catalyst deactivation tests 

 

Several possible contaminants during the production of 

fatty alcohols through the hydrogenation of both fatty 

acids and fatty acid esters have already been studied [19, 

53, 58]. However, the existence of possible contaminants 
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(traces of glycerin, free fatty acids, phosphates, chlorides, 

etc.) was not analyzed. A possible catalyst contaminant 

may be the reaction intermediate itself (wax esters) and 

the possible existence of free fatty acids in the raw 

material. Water can interfere with the activity of the 

catalyst since when it is present in the liquid phase of the 

reaction; it can effectively block the active sites of the 

catalyst by occlusion. According to [59], the 

hydrogenation of methyl ester using Cu-Cr catalyst with 

different levels of water during feeding found that the 

greater the amount of water added in the process allowed 

effective blocking of the catalyst's active sites 

periodically. However, even though water does not 

obstruct the active sites of the catalysts, the results showed 

that it could inhibit the reduction of the catalysts to their 

active form of zero valences. Some catalysts in 

hydrogenolysis reactions can be considered temporary 

poisons to water like soaps, fatty acids, glycerin, and 

glycerides in the deactivation process. This can be 

attributed to some permanent poisons from these 

reactions, including halogens, sulfur, or phosphorus. 

Although this study was developed with a Cu-Cr catalyst, 

there is a likelihood that these poisons will affect other 

types of catalysts. 

 

3.4. Experimental modeling and statistical analysis of 

data 

 

3.4.1. Regression model equations 

 

The experimental data were analyzed using the analysis of 

variance  (Moreno, Ramirez-Reina, et al.) in all regression 

models (linear, interaction of 2FI factors, polynomial, 

quadratic and cubic). The quadratic model and factor 

interaction (2FI) were the most suitable models to 

calculate the significance and representation of the 

regression for each evaluated experimental response and 

its interactions. The model equations are based on the 

coded values  (A, B, and C, represented by temperature, 

pressure, and retention time). 

 

Final Equation in Terms of Coded Factors:  
 

Conversion =+68.59 +11.49*A +5.31*B +13.77*C -2.38 

*A* B -6.66 *A*C +0.25*B*C (1) 

 

Final Equation in Terms of Coded Factors:  
 

Fatty Alcohol = +46.96 +7.31*A +4.38*B +8.52*C +2.93 

*A*B +6.66*A*C +2.38*B*C (2) 

The two coded equations in the model confirm the fact 

previously interpreted that all factors (temperature, 

pressure, and retention time) are affluent in the reaction. 

Both in the conversion of the substrate and the formation 

of fatty alcohols, the influencing power of the factors and 

their interactions grows in the following logic: 

temperature (A)> pressure (B)> retention time (C)> AB> 

AC> BC. 

 

3.4.2. Analysis of Variance  

 

Table 8 shows the results of the analysis of variance. The 

P-value associated with the test-F statistic (P-value = 

0.0149) observed in the ANOVA table suggests that, at a 

significance level of 95% (α = 0.05), the hypothesis that 

the factors individually and jointly do not affect the 

conversion of palm esters, that is, the model is statistically 

significant. Although the model hypothesis tests and the 

factors temperature, pressure, retention time, and their 

interactions are statistically significant, the lack of fit test, 

which represents the lack of fit in the regression model, 

was not adequate; that is, it is not statistically significant. 

 

Table 8: Analysis of variance for the conversion of esters 

Response 1 Conversion 
   

ANOVA for selected factorial model 
   

Analysis of variance table [Partial sum of squares - Type III] 
 

 
Sum of 

 
Mean F p-value 

 
Source Squares df Square Value Prob > F 

 
Model 6396.058 6 1066.01 111.6591 < 0.0001 High significant 

A-Temperature 2113.241 1 2113.241 221.3512 < 0.0001 High significant 

B-Time 450.7129 1 450.7129 47.20988 < 0.0001 High significant 

C-Pressure 3032.154 1 3032.154 317.6027 < 0.0001 High significant 

AB 90.34503 1 90.34503 9.463182 0.0132 significant 

AC 708.6244 1 708.6244 74.2248 < 0.0001 High significant 

BC 0.9801 1 0.9801 0.10266 0.7560 Not significant 

Residual 85.92303 9 9.547003 
   

Lack of Fit 7.317025 1 7.317025 0.744679 0.4133 not significant 

Pure Error 78.606 8 9.82575 
   

Cor Total 6481.981 15 
    

Std. Dev. 3.089822 
 

R-Squared 0.986744 
  

Mean 68.59375 
 

Adj R-Squared 0.977907 
  

C.V. % 4.504525 
 

Pred R-Squared 0.958106 
  

PRESS 271.5592 
 

Adeq Precision 29.91229 
  

 

For the conversion of esters, the ANOVA table indicates 

that the model and the three factors (temperature, time, 

and pressure) are highly significant (all with values of p 

<0001). Certainly, this fact was evident in Table 6, where 

high temperatures (280
o
C) influenced the increase of 

esters conversion. Low temperatures, especially at low 

hydrogen pressures (40 bar). A similar effect was 

observed with the action of pressure and retention time 

factors, that is, the higher the pressure (70 bar) and the 

retention time (10h), but it was the conversion of palm 
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esters into products and by-products in comparison with 

low pressures (40 bar and 8 h) respectively. 

 

 

Table 9: Analysis of variance for the formation of fatty alcohols 

Response 2 Fatty alcohol 
   

ANOVA for selected factorial model 
   

Analysis of variance table [Partial sum of squares - Type III] 
 

 
Sum of 

 
Mean F p-value 

 
Source Squares Df Square Value Prob > F 

 
Model 3260.608 6 543.4347 42.36188 < 0.0001 High significant 

A-Temperature 856.0013 1 856.0013 66.72711 < 0.0001 High significant 

B-Time 307.5639 1 307.5639 23.97525 0.0009 Significant 

C-Pressure 1160.254 1 1160.254 90.44424 < 0.0001 High significant 

AB 137.1827 1 137.1827 10.69368 0.0097 Significant 

AC 709.0238 1 709.0238 55.2699 < 0.0001 High significant 

BC 90.58281 1 90.58281 7.061121 0.0262 Significant 

Residual 115.4555 9 12.82839 
   

Lack of Fit 85.14676 1 85.14676 22.4745 0.0015 Significant 

Pure Error 30.30875 8 3.788594 
   

Cor Total 3376.064 15 
    

Std. Dev. 3.581674 
 

R-Squared 0.965802 
  

Mean 46.95813 
 

Adj R-Squared 0.943003 
  

C.V. % 7.627379 
 

Pred R-Squared 0.891917 
  

PRESS 364.8964 
 

Adeq Precision 18.98225 
  

 

The coefficients of determination (R
2
), referring to both 

the conversion of palm esters and the selectivity of fatty 

alcohols (Tables 8 and 9), are explained by the variations 

of all factors (pressure, temperature, and retention time). 

The factors affect 98.40% of the conversion of palm esters 

and 96.6% of the selectivity of fatty alcohols, which 

means that the factors are adequate to explain the behavior 

of the results obtained. Furthermore, the coefficients of 

determination in the conversion and selectivity of alcohols 

show that the experimental values are close to the adjusted 

R
2
 and the predicted R

2
, which demonstrates good 

agreement between the experimental and predicted values, 

as shown in Figure 6. 

 

 
Figure 6: Predicted values versus actual values of the experimental responses, with a) conversion of palm esters and b) 

selectivity of fatty alcohols. 

 

As the predicted vs. Actual graphs illustrate, the model is 

statistically valid since the residual distribution or error 

term is normal. All points are along the axis of the 

centerline for the Predicted vs. Current graphs in Figure 6. 

 

 

 

 

 

 

3.4.3. Study of reaction parameters 

 

The model presents adequacy of the adjusted data between 

the predicted values VS current both in the conversion and 

in the selectivity of the fatty alcohols according to the 

three independent variables (temperature, pressure, and 

time), and the final adjusted models obtained considered 

for construction of Figures 7 and 8 of 3D response surface 

corresponding to the conversion of esters and selectivity 

of fatty alcohols respectively. 
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Figure 7: Effect of factors (A: temperature, B: Retention time, and C: H2 pressure) on the conversion of palm esters: (a) A 

plot of the surface response with a pressure of 70 bar, (b) A plot of the surface response with the pressure of 40 bar. 

 

Graphs a) and b) of Figure 7 shows the temperature 

variation as a function of time, considering the constant 

pressure (graph a) the constant pressure was 70 bar, while 

in graph a) the pressure constant reaction was 40 bar. 

From the Analysis in Figure 8, the influence of pressure 

becomes evident by looking at the two graphs that indicate 

that the best maximum conversion was achieved at the 

upper limits of the three factors under study. 

 

Figure 8: 

Effect of factors (A: temperature, B: Retention time, and C: H2 pressure) on fatty alcohol selectivity: (a) A plot of the surface 

response at a pressure of 70 bar, (b) A plot of the surface response with a pressure of 40 bar. 

 

In the conversion graphs in Figure 8, in the selectivity of 

fatty alcohols, the highest yield of molar selectivity of 

fatty alcohols was achieved at high temperatures (280
o
C) 

and pressures (70 bar), obviously with a reaction time of 

10h, that is, it was evident that the three factors have a 

positive influence on the selectivity of fatty alcohols. 

 

3.4.5. Optimization of the conversion and selectivity of 

fatty alcohols 

 

The Optimization of the process was fundamental for 

deciding which factors favor the conversion of esters and 

selectivity of fatty alcohols. For this, information on the 

influence of factors (temperature, pressure, and retention 

time) and their interactions was very fundamental. 

Therefore, based on the experimental results, the software 

considered optimal conditions to be the process of 280
o
C 

of temperature, 70 bar of pressure, and 10 hours of 

retention time. Under these conditions, the maximum 

expected conversion was 90.37% and 79.13% selectivity. 

Therefore, the experimental results show an excellent 

precision and repeatability of approximately 99.44%. 

 

 

4.Conclusion 
 

The results obtained through hydrogenolysis suggest a 

good performance of the catalysts. The catalyst Re-

10%Nb/Al2O3, in particular, obtained the best catalytic 

activity and highest yield of fatty alcohols. The higher 

activity obtained from the Re-10%Nb/Al2O3 catalyst 

corroborates the result of XPS, where the catalyst 

presented higher metallic dispersion compared with the 

other catalysts. From TPR profiles, there was a peak of 

reduction of rhenium in all catalysts, except for the Re-

10%Nb/Al2O3 catalyst, which had two peaks. These peaks 

were attributed to the reduction of Re
7+

 to Re
0
 species, a 

fact confirmed by XPS analysis. 

 

The results of TPD also showed that the acid strength was 

necessary for the catalytic performance of the catalysts. 

So, the highest observed acid strength of the 10%Nb 

catalyst exercised an essential role in the selectivity for 

fatty alcohols. Temperature, pressure, and reaction time 

were fundamental factors in the process since higher 

temperature (280ºC), pressure (70bar), and retention time 

(10h) resulted in a higher conversion of palm esters and 

selectivity towards fatty alcohols. Low temperature, 
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pressures, and retention time generally favored the 

formation of intermediate products (wax esters) with 

greater selectivity and low conversion. The catalyst 

deactivation tests showed specific stability of the 

catalysts, maintaining conversion and selectivity. 

However, the stability starts to drop, in terms of 

selectivity, in the third reuse of the catalyst. This 

deactivation was probably due to tractions of free fatty 

acids from the raw material and water resulting from the 

dehydration of fatty alcohols, blocking the catalyst's active 

sites by occlusion. Thermodynamic reasons account for 

the slow conversion rate of wax esters to fatty alcohols for 

most reactions. 
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