
Microporous and Mesoporous Materials 372 (2024) 113097

Available online 20 March 2024
1387-1811/© 2024 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Catalytic potential of green ordered mesoporous carbons, obtained from 
biomass-derived xylose, glucose, and lignin 
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A B S T R A C T   

Green high-surface area Ordered Mesoporous Carbons (OMCs) (576–948 m2/g) were successfully synthesized by 
the hard template method using xylose, glucose and lignin solutions obtained from almond shells, a local biomass 
waste, as carbon precursors, and SBA-15 as a template. The catalytic potential of OMCs, as catalytic supports or 
as catalysts, has been preliminarily tested for different reactions of interest. A dried sulfonic-acid treated OMC, 
obtained from xylose extract, led to full conversion and 92% selectivity to di- and tri-ethers of glycerol for the 
glycerol etherification with isobutene at 80 ◦C. A sulfonic-acid treated OMC, obtained from glucose, presented a 
higher turnover frequency (TOF) value and slightly lower selectivity to levulinic acid than commercial 
Amberlyst-15 for the conversion of 5-hydroxymethylfurfural at 180 ◦C. The use of an OMC obtained from lignin 
as catalytic support of a nickel catalyst combined with H-Beta led to 78% of selectivity to cyclohexane at total 
conversion for the hydrodeoxygenation of guaiacol at 180 ◦C.   

1. Introduction 

The development of technologies to produce energy and chemical 
products from renewable resources, as an alternative to petroleum 
products, has promoted the valorization of biomass. Lignocellulose, the 
most abundant renewable biomass, contains three polymers: cellulose 
(40–50%), hemicellulose (25–35%) and lignin (15–20%). Glucose and 
xylose can be obtained from cellulose and hemicellulose, respectively. 

One interesting way for valorizing lignocellulosic biomass wastes is 
the synthesis of carbons with controlled pore size using templates, the 
so-called Ordered Mesoporous Carbons (OMC) [1,2]. These materials 
are potential catalytic supports or, after acid-functionalization, catalysts 
due to their non-toxicity, degradability, and high surface area. 

There are two main methodologies for preparing OMCs: soft and 
hard templating. The soft template method requires the use of block 
copolymers, surfactants, or organic compounds as templates, which are 
confined with low interaction in the prepared framework. The hard 
template method consists of using an inorganic solid as a template filling 
its porous network with a carbon precursor solution followed by 
carbonization. The template is removed at the end of the synthesis, in 
both methods, to obtain the ordered pore system [2]. 

Ordered mesoporous silicas have become the most used hard tem
plates due to their ordered structure, high stability, and reproducibility 
[3–7] with special mention to SBA-15, widely applied due to its in
terconnections between the mesoporous channels that favor the for
mation of the replica structure [6,7]. The filling of the silica pores is the 
most critical stage for the replication success. The carbon precursor must 
have suitable dimensions and favorable interactions with the silica 
walls. Commercial sucrose, furfuryl alcohol, phenol resin, and acetoni
trile propylene, among others have been used as carbon precursors for 
the hard templating method [8]. However, there are few references 
about the use of carbon precursors obtained from biomass wastes, only 
some finger citron residues, wheat starch or Arabic gum [8]. The use of 
lignocellulosic biomass, as a raw material, for synthesizing OMCs 
instead of commercial carbon precursors, is an interesting way to add 
value to these wastes, thus making a significant contribution to the 
principles of circular bioeconomy. There are also few references about 
the use of OMCs in catalysis [9–13]. 

Catalytic etherification of glycerol with t-butanol or isobutene to 
obtain biofuel additives, di- and triethers of glycerol (h-GTBE), is an 
acid-catalyzed reaction of interest to revalorize glycerol, a surplus ob
tained in high amounts during biodiesel production (Scheme 1a). 
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Sulfonic acid-functionalized materials, such as ordered mesoporous sil
icas, zeolites, clays or aerogels have been tested for this reaction 
[14–17]. Sulfonated SBA-15 and sulfonated beta zeolite achieved total 
conversion and high selectivity (up to 91 %) towards h-GTBE at 75 ◦C 
[14]. The amount and strength of Brønsted acid sites affected conver
sion, the acidity strength influenced the formation of h-GTBE, and the 
accessibility of the reagents to the acid sites required an optimal reaction 
time for each material [15]. There are a few references of using carbons 
in this reaction [18–20]. Frusteri et al. achieved 89.9 % yield to h-GTBE 
using carbon microspheres treated with HNO3 at 70 ◦C after 6 h of re
action [19]. 

5-Hdroxymethylfurfural (5-HMF) is one of the most versatile plat
form molecules, obtained from lignocellulosic biomass, since it can be 
transformed into high-added value products such as levulinic acid (LeA), 
a bioplastic precursor, through an acid-catalyzed reaction (Scheme 1b). 
Montmorillonite, sulfonated solids, heteropolyacids, biochars and zeo
lites have been used as acid catalysts for the obtention of LeA from 
glucose, fructose or cellulose [21–23]. However, there are very few 
references about its obtention from 5-HMF. Song et al. obtained 74.1 % 
conversion and 82.2 % selectivity to LeA at 140 ◦C after 2 h from 5-HMF 
in water using a Brønsted acidic ionic liquid functionalized mesoporous 
organosilica nanospheres catalyst [24]. The formation of by-products, 
such as humins, due to the oligo-, polymerization of 5-HMF, or by 
esterification of 5-HMF with LeA, can deactivate the catalyst. 

Another interesting reaction to reduce the significant dependence on 
petroleum-derived transportation fuels is the hydrodeoxygenation 
(HDO) of lignin to produce hydrocarbons. This process involves decar
bonylation, decarboxylation, deoxygenation, hydrogenolysis, hydro
cracking and hydrogenation reactions. For this reason, this reaction is 
mainly studied using lignin model compounds, such as guaiacol 
[25–27]. M. López et al. tested an ordered mesoporous carbon, obtained 
from furfuryl alcohol, as support for dispersing Ni–ZrO2 active phases 
for HDO of guaiacol obtaining high conversion and high selectivity to
wards the hydrogenation product (methoxycyclohexanol) and the 
hydrogenated-deoxygenated products (cyclohexanol and cyclohexane) 

at 300 ◦C and 50 bars of H2 [27]. Interestingly, X. Wang et al. studied the 
hydrodeoxygenation of guaiacol to cyclohexane at lower temperatures 
(140 ◦C) over Ni/SiO2 catalyst combined with H-β zeolite [26]. This 
catalyst resulted in a 91.7% yield of cyclohexane. The main reaction 
products obtained at reaction temperatures below 200 ◦C are indicated 
in Scheme 1c. 

The main objective of this work is the preparation of green ordered 
mesoporous carbons (OMCs) by the hard template method, using 
different fractions of biomass (glucose, xylose and lignin) obtained from 
almond shells of the Tarragona region, as carbon precursors, and a 
mesoporous silica (SBA-15) as a template. This approach aims to add 
value to the whole lignocellulosic biomass waste, contributing to the 
development of the circular bioeconomy. Different parameters, such as 
the carbon precursor/template ratio, the use of ultrasound during 
impregnation of the template, the addition of acid medium, the 
carbonization temperature or the extract concentration were optimized 
for each biomass fraction. Additionally, to show the catalytic potential 
of these biobased materials, they have been preliminarily tested as 
catalysts or as catalytic supports for three reactions of interest: catalytic 
etherification of glycerol to di + triethers of glycerol (biofuel additives), 
catalytic conversion of 5-hydroxymethylfurfural to levulinic acid (bio
plastic precursor), and catalytic hydrodeoxygenation of guaiacol to 
obtain biofuel components. 

2. Experimental 

2.1. Preparation of biomass extract solutions from almond shells 

Almond shells were supplied by Cooperativa Unió Nuts (Reus). 
Xylose extract solutions were obtained from almond shells following the 
procedure described elsewhere [28]. 5 g of grounded almond shells were 
mixed in 50 mL of 1% (m/v) H2SO4 solution in a sealed Teflon reactor 
and heated at 120 ◦C for 1 h with microwaves under magnetic stirring. 
The microwave equipment used was a Milestone Ethos Touch control 
laboratory apparatus working at a frequency of 2.45 GHz and equipped 

Scheme 1. a) Catalytic etherification of glycerol with isobutene to obtain h-GTBE: glycerol diethers + glycerol triether. MTBG: mono-tert-butyl glycerol ethers; 
DTBG: di-tert-butyl glycerol ethers; TTBG: tri-tert-butyl glycerol ethers; b) Catalytic dehydration of 5-hydroxymethylfurfural to levulinic acid; c) Catalytic hydro
deoxygenation of guaiacol at low reaction temperatures. 
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with a temperature controller. The irradiation microwave was pro
grammed to work at a maximum of 400 W. The solid obtained was 
filtered and the liquid phase was stored as “xylose extract” in the fridge. 
The concentration of xylose in the extract solution was 12 g/L, as 
determined by HPLC chromatography with a RI detector using a 
RezexRHM-Monosaccharide H+(8%) column. The solid residue (R1) 
was washed with distilled water until pH > 5 and dried at 40 ◦C. 

The Organosolv method was used for extracting lignin. 2.6 g of the 
dry solid R1 were mixed with 50 mL of a 3:1 (v/v) ethanol:water solu
tion overnight at room temperature. Then, the mixture was heated with 
microwaves (400 W) in an autoclave under stirring at 180 ◦C for 20 min. 
The resulting liquid containing the solubilized lignin extract 1, was 
filtered off. The solid residue (R2) was washed with distilled water and 
dried at 40 ◦C. A lignin extract 2 was prepared following the same 
procedure as obtaining lignin extract 1 but starting from 7.8 g of dry 
solid R1. The concentrations of lignin extract 1 and lignin extract 2 were 
determined as 21 g/L and 49.5 g/L, respectively, by weighting the solid 
obtained by evaporation at 40 ◦C considering the known efficient sep
aration and high-purity of the lignin obtained by the Organosolv method 
[29]. 

Finally, to obtain the glucose extract, 2 g of dry solid R2 was mixed 
with 50 mL of a 0.4 % (m/v) H2SO4 solution in a stainless-steel stirred 
autoclave and heated at 220 ◦C for 15 min by conventional heating, 
following the method reported elsewhere [30]. The resulting liquid was 
filtered off and stored as “glucose extract” in the fridge. The concen
tration of glucose in the extract was 26 g/L, as quantified by using a 
fructose/glucose assay kit (Cygic Biocon SL) and measuring the absor
bance of glucose at 340 nm with a UV-VIS VWR 3100 PC spectropho
tometer equipment. 

2.2. Preparation of ordered mesoporous carbons 

Samples were prepared by impregnation of ordered mesoporous 
silica SBA-15, which was used as a template, with glucose, xylose or 
lignin solutions, obtained from almond shells, and with commercial D- 
(+)-glucose (≥99%, BDH Prolabo) and D-(+)-xylose (≥99%, Merck) for 
comparison. Different carbon precursor/SBA-15 wt ratios were required 
to obtain the ordered mesoporous structures depending on the biomass 
fraction used. Here, the optimized results are shown. 

2.2.1. Preparation of SBA-15 
SBA-15 was prepared by adding 4.0 g triblock copolymer poly 

(ethylene glycol)-block-poly (propylene glycol)-block-poly (ethylene 
glycol) (EO20PO20EO20) (Merck) to a solution of 25 g HCl (37 wt %, 
Thermo Fisher Scientific) and 125 g of water under stirring for 2 h. Then, 
8.6 g TEOS (98 %, Acros Organics Chemicals) was added, and the 
mixture was stirred at 40 ◦C for 20 h. Finally, this was transferred to a 
Teflon-lined autoclave and heated at 100 ◦C for 24 h. The resulting solid 
was filtered, washed repeatedly with distilled water, air dried at room 
temperature, and calcined in air at 500 ◦C for 6 h to remove the 
surfactant. 

2.2.2. Preparation of ordered mesoporous carbons from xylose 
Commercial xylose and SBA-15 were physically mixed in a weight 

ratio of 6:1, carbonized in a quartz reactor with a nitrogen flow of 100 
mL/min at 650 ◦C for 2 h, and ground to obtain a homogenous powder. 
The elimination of the SBA-15 template was performed by refluxing the 
carbonized material with 100 mL of 0.625 M NaOH at 90 ◦C for 24 h. 
The resulting solid was filtered, washed with distilled water, and dried 
(sample C-Xyl-C1). 

Another sample from commercial xylose was prepared by impreg
nation (sample C-Xyl-C2). First, 6 g of commercial xylose was dissolved 
in 5 mL of distilled water. Then, 0.2 g of concentrated sulfuric acid (98 
wt %, Scharlau) and 1 g of SBA-15 were added and stirred for 10 min 
with ultrasound (Selecta H3000838). The mixture was rota-evaporated 
under vacuum at 50 ◦C. The sample was completely dried in an oven. 

Carbonization, elimination of the SBA-15 template, and later washing- 
drying steps were made at the same conditions as those used for 
obtaining C-Xyl-C1. 

Three carbons were prepared using the xylose extract obtained from 
almond shells (C-Xyl-E1, C-Xyl-E2 and C-Xyl-E3). Sulfuric acid was not 
added since the xylose extract was already acid due to the 1 % H2SO4 
aqueous medium used to obtain it. Ultrasound were applied in some 
steps to favor the diffusion of the xylose into the pores of the SBA-15. 

For preparing sample C-Xyl-E1, the appropriate amount of xylose 
extract solution was evaporated in an oven at 60 ◦C until observation of 
a gelatinous aspect of the extract (2 days). Then, the sample was mixed 
with 1 g of SBA-15 applying ultrasound for 10 min. In order to promote 
xylose polymerization, the mixture was heated in a muffle at 100 ◦C for 
6 h and at 160 ◦C for 6 h, following a method previously reported for 
sucrose [3]. Carbonization, elimination of the SBA-15 and later 
washing-drying steps were performed at the same conditions as those 
used to obtain the carbons from commercial xylose. 

Sample C-Xyl-E2 was prepared by impregnation. The appropriate 
amount of xylose extract was mixed with 1 g of SBA-15 and stirred under 
ultrasound for 10 min. The mixture was rota-evaporated under vacuum 
at 50 ◦C. The sample was dried in an oven. Carbonization, elimination of 
the SBA-15 and later washing-drying steps were carried out at the same 
conditions as those used for obtaining the other carbons from xylose. 

Finally, sample C-Xyl-E3 was prepared following the double 
impregnation method with an intermediate heating step, as reported 
elsewhere for sucrose [3], but using ultrasound for mixing the xylose 
extract solution with the SBA-15 instead of conventional magnetic 
stirring. The appropriate amount of xylose extract solution (equivalent 
to half the total carbon/SBA-15 ratio) was mixed with 1 g of SBA-15 
under ultrasound for 10 min. The mixture was placed in a crucible 
and heated in a muffle at 100 ◦C for 6 h and at 160 ◦C for 6 h. After 
grinding the material, the impregnation process was repeated with the 
addition of the rest of the amount of the xylose extract, (equivalent to 
half the total carbon/SBA-15 ratio). Carbonization, template removal 
and subsequent washing-drying steps were carried out under the same 
conditions as the rest of the samples. Table 1 summarizes the prepara
tion conditions of the carbons. 

2.2.3. Preparation of ordered mesoporous carbons from glucose 
Three samples were prepared with commercial glucose and two with 

glucose extract obtained from almond shells (Table 1). 
For preparing sample C-Glu-C1, 6 g of commercial xylose was dis

solved in 5 mL of distilled water. Then, 0.2 g of concentrated sulfuric 
acid and 1 g of SBA-15 were added and stirred with ultrasound for 10 
min. The mixture was rota-evaporated under vacuum at 50 ◦C. The 
sample was completely dried in an oven. The solid obtained was 
carbonized in a quartz reactor with a nitrogen flow of 100 mL/min at 
900 ◦C for 4 h. The material was ground to obtain a homogenous 
powder. The elimination of the template SBA-15 was performed by 
refluxing the carbonized material with 100 mL of 0.625 M NaOH 
(≥98%, Merck) at 90 ◦C for 24 h. The resulting solid was filtered, 
washed with distilled water repeatedly until neutral pH, and finally 
dried in an oven. 

Two more samples were prepared following the double impregnation 
method with an intermediate heating step, as reported elsewhere for 
sucrose [3], without using or using ultrasounds for mixing the reagents 
(samples C-Glu-C2 and C-Glu-C3, respectively). For preparing C-Glu-C2, 
2 g of commercial glucose was dissolved in 5 mL of distilled water. Then, 
0.2 g of concentrated sulfuric acid (98 wt %, Scharlau) and 1 g of SBA-15 
were added and stirred for 2 h with magnetic stirring. The mixture was 
heated in a muffle at 100 ◦C for 6 h and at 160 ◦C for 6 h. After grinding 
the solid, the impregnation process was repeated with the addition of 2 
more g of glucose dissolved in 5 mL of distilled water. Carbonization, 
elimination of the template and later washing-drying procedures were 
carried out at the same conditions as for the sample C-Glu-C1. Sample 
C-Glu-C3 was prepared following the same procedure as C-Glu-C2 but 
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applying ultrasounds to the mixture of glucose, sulfuric acid, and SBA-15 
for 10 min for each impregnation to favor the diffusion of the carbon 
source into the pores of the SBA-15. 

Finally, two samples were prepared at similar conditions as those 
used for preparing samples C-Glu-C1 and C-Glu-C3 but using glucose 
extract solution in the appropriate amounts to have the same carbon 
precursor/SBA-15 ratio (samples C-Glu-E1 and C-Glu-E2, respectively), 
and without adding sulfuric acid since the glucose extract was already 
acid because of the methodology used to obtain it. Carbonization, 
template removal, and later washing-drying of these samples were car
ried out at the same conditions as that used for the rest of the samples 
prepared with glucose. 

2.2.4. Preparation of ordered mesoporous carbons from lignin 
Several samples were prepared using the lignin extract solution 1, 

obtained from almond shells, by changing the preparation conditions 
and one more was prepared with the lignin extract solution 2, which was 
also obtained from almond shells but with higher lignin concentration 
(Table 1). 

Samples C-Lig-E1 and C-Lig E2 were prepared by impregnation with 
a carbon precursor/template weight ratio of 3 and 2, respectively 
(Table 1). The appropriate amount of lignin extract 1 was mixed with 2 g 

of SBA-15 applying ultrasounds for 10 min to favor homogenization, and 
then, dried in an oven at 80 ◦C overnight. The solids obtained were 
carbonized in a quartz reactor with a nitrogen flow of 100 mL/min at 
650 ◦C for 2 h. The materials were ground to obtain a homogenous 
powder. The elimination of the template SBA-15 was performed by 
refluxing the carbonized material with 100 mL of 0.625 M NaOH at 
90 ◦C for 24 h. Samples were filtered, washed with distilled water until 
neutral pH, and finally dried in an oven. Sample C-Lig-E3 was prepared 
at the same conditions as those of sample C-Lig-E2 but the carbonization 
step was made in a quartz reactor with a nitrogen flow of 100 mL/min at 
900 ◦C for 4 h. 

Other two samples, C-Lig-E4 and C-Lig-E5 were synthesized by 
adding 0.4 g of concentrated sulfuric acid to the mixture at different 
points of the preparation step. For sample C-Lig-E4, sulfuric acid was 
added to the initial mixture of lignin extract and SBA-15 and dried at 
80 ◦C in an oven overnight. Then, the solid was ground, and 5 mL of 
deionized water was added while applying ultrasounds for 10 min until 
obtaining a thick paste. This paste was heated in a muffle at 100 ◦C for 6 
h and at 160 ◦C for 6 h. For C-Lig-E5, first, the lignin extract and the SBA- 
15 were mixed by applying ultrasounds for 10 min, and the mixture was 
dried in an oven at 80 ◦C overnight. Then, the dried solid was ground 
and transferred into a crucible where 0.4 g of sulfuric acid and 5 mL of 
water were added and mixed with ultrasounds for 5 min until forming a 
thick paste. This paste was heated in a muffle at 100 ◦C for 6 h and at 
160 ◦C for 6 h. Carbonization, template removal and later washing- 
drying procedures were carried out at the same conditions as those 
used for the samples C-Lig-E1 and C-Lig-E2 (Table 1). 

Finally, one sample was prepared at the same conditions as sample C- 
Lig-E2 but using lignin extract solution 2, which was more concentrated, 
instead of lignin extract solution 1. 

2.3. Preparation of the catalysts 

2.3.1. Preparation of sulfonic-acid functionalized OMC catalysts 
SO3H-OMC samples were prepared from OMCs obtained from xylose, 

glucose and lignin extracts. 0.7 g of OMC was treated with 25 mL of 
concentrated sulfuric acid under refluxing at 80 ◦C for 2 h (named as S2) 
or for 24 h (named as S24). Then, the mixture was filtered and washed 
with hot distilled water until neutral pH. To neutralize harmful gases, a 
gas wash bottle system with NaOH solution was used. The sulfonic acid- 
functionalized ordered mesoporous carbons were dried overnight at 
80 ◦C. Two SO3H-OMC were prepared from C-Xyl-E2 (S2–C-Xyl-E2 and 
S24–C-Xyl-E2), one from C-Glu-E2 (S24–C-Glu-E2) and two more from 
C-Lig-E2 (S2–C-Lig-E2 and S24–C-Lig-E2). 

2.3.2. Preparation of Ni/OMC catalysts 
Ordered mesoporous carbons C-Lig-E2 and C-Lig-E6, obtained from 

lignin extract 1 and 2, respectively, were mixed with 25 mL of an 
ethanolic solution containing the appropriate amount of Ni(NO3)2⋅6H2O 
(Extrapure, Scharlau) to have a 28 wt % of metallic Ni in the final 
catalyst. Then, the solvent was rotary-evaporated. The resulting solid 
was dried at 80 ◦C overnight and calcined under nitrogen atmosphere 
flow (100 mL/min) at 450 ◦C for 2.5 h (Ni/C-Lig-E2 and Ni/C-Lig-E6). 
Synthesized H-Beta was added to Ni–C-Lig-E2 and Ni–C-Lig-E6, and 
different amounts of the acid-functionalized ordered mesoporous car
bons S2–C-Lig-E2 and S24–C-Lig-E2 were added to Ni–C-Lig-E2 to pro
vide Brønsted acidity to the catalytic systems. H-Beta was prepared by 
treating commercial Na-Beta zeolite (Zeochem, Si/Al = 10, PB Lot No. 
6000186) with NH4NO3 1 M at 100 ◦C for 1 h. Then, the sample was 
washed several times with deionized water and calcined at 540 ◦C for 5 
h. 

2.4. Characterization techniques 

X-ray diffraction was used to identify and quantify the crystalline 
phases present in the samples. The experiments were carried out with a 

Table 1 
Preparation conditions of the ordered mesoporous carbon materials.  

Samples Carbon 
precursor 
(CP) 

CP/ 
SBA- 
15 wt 
ratio 

Preparation conditions Carbonization 
conditions 

C-Xyl- 
C1 

commercial 
xylose 

6:1 Solid state 650 ◦C/2 h 

C-Xyl- 
C2 

commercial 
xylose 

6:1 Impregnation/H2SO4/ 
US/ 

650 ◦C/2 h 

C-Xyl- 
E1 

xylose extract 6:1 Impregnation/US/ 
heating step at 100 ◦C 
& 160 ◦C 

650 ◦C/2 h 

C-Xyl- 
E2 

xylose extract 6:1 Impregnation/US 650 ◦C/2 h 

C-Xyl- 
E3 

xylose extract 6:1 Double Impregnation/ 
US/heating step at 
100 ◦C & 160 ◦C 

650 ◦C/2 h 

C-Glu- 
C1 

commercial 
glucose 

4:1 Impregnation/US 900 ◦C/4 h 

C-Glu- 
C2 

commercial 
glucose 

4:1 Double impregnation/ 
H2SO4/heating step at 
100 ◦C & 160 ◦C 

900 ◦C/4 h 

C-Glu- 
C3 

commercial 
glucose 

4:1 Double impregnation/ 
H2SO4/US/heating 
step at 100 ◦C & 
160 ◦C 

900 ◦C/4 h 

C-Glu- 
E1 

glucose 
extract 

4:1 Impregnation/US 900 ◦C/4 h 

C-Glu- 
E2 

glucose 
extract 

4:1 Double Impregnation/ 
US/heating step at 
100 ◦C & 160 ◦C 

900 ◦C/4 h 

C-Lig- 
E1 

lignin extract 
1 

3:1 Impregnation/US 650 ◦C/2 h 

C-Lig- 
E2 

lignin extract 
1 

2:1 Impregnation/US 650 ◦C/2 h 

C-Lig- 
E3 

lignin extract 
1 

2:1 Impregnation/US 900 ◦C/4 h 

C-Lig- 
E4 

lignin extract 
1 

2:1 H2SO4
a/US/heating 

step at 100 ◦C & 
160 ◦C 

650 ◦C/2 h 

C-Lig- 
E5 

lignin extract 
1 

2:1 H2SO4
b/US/heating 

step at 100 ◦C & 
160 ◦C 

650 ◦C/2 h 

C-Lig- 
E6 

lignin extract 
2 

2:1 Impregnation/US 650 ◦C/2 h  

a Sulfuric acid was added to the starting lignin/SBA-15 mixture. 
b Sulfuric acid was added to the lignin/SBA-15 mixture previously dried. US: 

ultrasounds. CP: carbon precursor. 
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Siemens D5000 diffractometer (Bragg–Brentano parafocusing geometry 
and vertical θ–θ goniometer) fitted with a curved graphite diffracted- 
beam monochromator and diffracted-beam Soller slits, a 0.06◦

receiving slit and scintillation counter as a detector. The angular 2θ 
diffraction range was between 0.5 and 5◦ for the SBA-15 and OMC 
samples and from 5 to 80◦ for the Ni/OMC catalysts. The sample was 
dusted onto a low background Si (510) sample holder. The data were 
collected with an angular step of 0.05◦ at 3 s per step and sample 
rotation. CuKα radiation was obtained from a copper X-ray tube oper
ated at 40 kV and 30 mA. The crystalline phases were identified by cross- 
comparison of the diffractogram of the sample with reference data from 
the International Center for Diffraction Data. The JCPDS files used for 
the identification of the crystalline phases in samples Ni/C-Lig-E2 and 
Ni/C-Lig-E6 were 01-077-9326 and 00-047-1049 for Ni and NiO (bun
senite), respectively. The relative quantitative phase analysis was ob
tained for these Ni/OMC catalysts by refining the Rietveld scale factor 
for each phase and applying the corresponding well-known equations 
[31]. The peak width of each phase was modelled with the Double-Voigt 
Approach by considering only the Lorentzian contribution of the crys
tallite size effect and discarding any contribution of the microstrain to 
the peak width [32]. The averaged integral breadth was obtained from 
the resulting fitted Voigt function to the whole diffractogram. 

BET surface areas were calculated from the nitrogen adsorption 
isotherms at − 196 ◦C using a Quantachrome Quadrasorb SI surface 
analyzer and a value of 0.164 nm2 for the cross-section of the nitrogen 
molecule. Pore size distribution was obtained from the desorption re
sults of the isotherm by applying the BJH method. 

Thermogravimetric analysis (TGA) was employed to determine the 
carbon content of the OMC materials. Experiments were performed by 
heating at 10 ◦C/min from 30 ◦C to 800 ◦C under an airflow rate of 50 
mL/min in Mettler Toledo TGA 2 equipment. Carbon content was 
calculated by the difference between the initial sample weight and the 
final residual weight. Thermogravimetric analysis technique was also 
used to confirm and quantify the introduction of the sulfonic acid groups 
(sulfur content) for the sulfonic acid-functionalized samples since the 
weight loss observed around 300 ◦C in the TGA has been related in the 
literature to the loss of these sulfonic acid groups [33]. Thermogravi
metric analysis was performed from 25 ◦C to 900 ◦C at 10 ◦C/min under 
nitrogen flow. To identify the exact interval due to the sulfonic groups, 
the TGA of the corresponding OMC without sulfonation was performed 
at the same conditions. 

TEM characterization of the samples was done using a JEOL 1011 
transmission electron microscope operating at an accelerating voltage of 
100 kV and magnification of 120–400 k. The sample powder (0.1 mg) 
was dispersed in ethanol (50 μL) by using ultrasounds. Then, the sus
pension was placed on a carbon-coated copper grid and air dried. 

SEM was used to observe the morphology and particle sizes of the 
samples. Experiments were performed on a scanning electron micro
scope, JEOL JSM6400, operating at accelerating voltage of 5 kV, work 
distances of 10 mm, and magnifications of 12,000–20000X. 

The Brønsted acid capacity of the acid functionalized samples was 
measured through the determination of cation exchange capacities using 
aqueous sodium chloride (2 M) solutions as a cationic exchange agent. 
The released protons were then titrated [34]. 

The Boehm method was applied to determine the content of acidic 
and basic functional groups on the surface of several representative 
OMC samples following the procedure reported elsewhere [35]. 50 mL 
of 0.01 N of the base solutions (Na2CO3, NaHCO3 and NaOH) were 
added to 120 mg of sample C-lig-E6, 150 mg of sample C-glu-E2 and 200 
mg of C-Xyl-E2. The mixtures were stirred for 48 h 50 mL of each so
lution was also transferred in similar beakers without carbon (Reference 
samples). Reference samples were treated exactly as the current sam
ples. After 48 h, the samples were vacuum filtered. A 10 mL aliquot was 
taken and transferred to another beaker, and 20 mL of HCl 0.01 N was 
added before titration with Na2CO3 0.01 N. 

2.5. Catalytic activity 

2.5.1. Catalytic etherification of glycerol with isobutene to di- and triethers 
of glycerol (h-GTBE) 

Etherification experiments were performed in a stainless-steel stirred 
autoclave (150 mL) at 80 ◦C for 24 h or 48 h. Stirring was fixed for all 
experiments at 1000 rpm to avoid external diffusion limitations. Typi
cally, the composition of the reaction mixture was: 10 g glycerol (≥99%, 
Honeywell Research Chemicals), glycerol/isobutene (≥99.5%, Linde 
Gas) ratio of 1:4 and 5 wt % of catalyst. 

The reaction products were analyzed by gas chromatography in a 
Shimadzu GC-2010 equipped with a SupraWax-280 column and a FID 
detector. 1-butanol (99 %, SDS) was used as an internal standard. 
Glycerol conversion and selectivity to glycerol monoethers (MTBG) 
were determined from calibration curves obtained from commercial 
products. For glycerol diethers (DTBG) and triether (TTBG), which were 
not available commercially, we isolated them from the reaction products 
by column chromatography and identified them by 13C and 1H NMR for 
proper quantification [36]. Turnover frequency values (TOF) were 
calculated as moles of glycerol converted per mole of active species (H+) 
per hour. Reproducibility of the catalytic results for the best OMC 
catalyst was studied by testing it thrice at the same reaction conditions. 

2.5.2. Catalytic obtention of levulinic acid from 5-hydroxymethyl furfural 
(5-HMF) 

Catalytic transformation of 5-hydroxymethyl furfural (≥99%, 
Merck) to levulinic acid was performed in a stainless-steel stirred 
autoclave (50 mL) at 160 or 180 ◦C for 1 h 15 min. Stirring was fixed for 
all experiments at 1000 rpm, and water or γ-valerolactone (99 %, 
Merck):water mixture (25:75) were used as solvents. For each experi
ment, 1 g of 5-HMF and 25 wt% of catalyst were used. The reaction 
products were identified by gas chromatography in a Shimadzu GC-2010 
instrument equipped with a column Suprawax-280 (60 m × 0.25 mm x 
0.50 μm) and a FID detector. 1-Butanol (99 %, SDS) was the internal 
standard. The quantification of the products to calculate conversion and 
selectivity was determined from calibration curves obtained from 
commercial products. Turnover frequency values (TOF) were calculated 
as moles of glycerol converted per mole of active species (H+) per hour. 
Reproducibility of the catalytic results for the best OMC catalysts was 
studied by testing them thrice at the same reaction conditions. 

2.5.3. Hydrodeoxygenation of guaiacol 
Hydrodeoxygenation of guaiacol (≥98%, Alfa Aesar Chemicals) was 

performed in a stainless-steel stirred autoclave (150 mL) at 180 ◦C, 30 
bars H2 for 1 h. Stirring was fixed for all experiments at 1000 rpm to 
avoid external diffusion limitations. Typically, the reactor was filled 
with 200 mg of guaiacol, 40 mL of n-dodecane (99%, Thermo Fisher 
Scientific) and 100 mg of catalyst Ni/C-Lig-E2. In some experiments, 
100 or 300 mg of H-Beta or S2–C-Lig-E2 or S24–C-Lig-E2 were combined 
by physical mixing with 100 mg of Ni/C-Lig-E2. In another catalytic 
experiment, 100 mg of catalyst Ni/C-Lig-E6 was mixed with 100 mg of 
H-Beta. 

The identification and quantification of the reaction products was 
performed by gas chromatography in a Shimadzu GC-2010 instrument 
equipped with a column TRB-PETROL (100 m × 0.25 mm x 0.50 μm) 
and a FID detector using calibration lines obtained from commercial 
products. Hexadecane (99 %, Alfa Aesar Chemicals) was the internal 
standard. Reproducibility of the catalytic results for the best OMC 
catalyst was studied by checking it thrice. 

3. Results and discussion 

3.1. Characterization of the SBA-15 

The low-angle XRD pattern of the SBA-15 sample, which was used as 
a template for the preparation of OMCs, showed three peaks 
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corresponding to the 100, 110 and 200 reflections of the ordered 2D 
hexagonal (P6mm) mesostructure (Fig. 1a), as confirmed by TEM in 
which the mesoporous channels in the hexagonal arrangement were 
perfectly observed (Fig. 1b). N2 adsorption-desorption isotherm of the 
SBA-15 was of type IV, which corresponded to mesoporous materials, 
according to the Brunauer, Emmett and Teller classification. (Fig. 1c). 
The sample showed a narrow unimodal pore size distribution with a 
maximum at around 70 Å. (Fig. 1c). The BET surface area for this sample 
was 868 m2/g. 

3.2. Characterization of the OMC samples 

3.2.1. Preparation of ordered mesoporous carbons from xylose 
All the XRD patterns of the carbons prepared from xylose showed the 

main peak corresponding to the 100 reflection with high intensity 
(Fig. 2a). Additionally, for the samples C-Xyl-C1, obtained from com
mercial xylose, and C-Xyl-E2, obtained from xylose extract, the peaks 
due to the 110 and 200 reflections were also clearly detected while for 
the rest of the samples (C-Xyl-C2, C-Xyl-E1 and C-Xyl-E3) they can be 
intuited but with much less resolution. This means that a higher ordering 
of the structure was achieved for the carbons C-Xyl-C1 and C-Xyl-E2. 
TEM micrographs of the carbons confirmed the successful replica of the 
hexagonal structure of SBA-15, as shown in Fig. 2, in which the channels 
characteristic of these ordered mesoporous materials were perfectly 
observed. 

The differences observed between the diffractograms of the carbons 
obtained from commercial xylose could be explained by the higher 
contact between the xylose and the SBA-15 template in solid state for C- 
Xyl-C1, which could favor a more uniform diffusion of the carbon pre
cursor into the pores of the SBA-15. For the samples prepared from 
xylose extract, better definition of the XRD peaks was obtained for C- 
Xyl-E2, prepared by impregnation with ultrasounds and later rota- 
evaporation. The double impregnation with the intermediate heating 
step did not improve the definition of the small peaks although it had 
also high crystallinity (C-Xyl-E3). Therefore, the incorporation of the 
xylose extract, obtained from almond shells, can lead to the formation of 
OMCs at low carbonization temperature (650 ◦C). 

Table 2 shows the BET surface area values, obtained from nitrogen 
physisorption, and the % C content, determined by thermogravimetry, 
for all samples. Carbons obtained from xylose exhibited isotherms type 
IV corresponding to mesoporous materials, high surface BET areas and 
high C content. On the whole, the carbons with higher crystallinity had 
slightly lower surface areas. 

3.2.2. Preparation of ordered mesoporous carbons from glucose 
Fig. 3 shows the XRD patterns of the carbons prepared from com

mercial and extracted glucose, and the TEM images of several samples. 
XRD of the carbons clearly exhibited a high-intense peak 

corresponding to the 100 reflection. Additionally, the peaks due to the 
110 and 200 reflections can be slightly appreciated for all of them 
(Fig. 3a). This confirms the hexagonal structure of the OMCs materials 
synthesized with the inverse structure of the SBA-15, as observed by 
TEM where the characteristic channels of these ordered mesoporous 
materials were perfectly visualized (Fig. 3b, c and d). The use of a higher 
carbonization temperature (900 ◦C) for preparing these samples resulted 
in carbons with higher ordering, as expected. 

By comparing the diffractograms of the samples obtained from 
commercial glucose, the use of double impregnation with an interme
diate heating step in the presence of ultrasounds (C-Glu-C3) led to the 
highest crystallinity although the definition of the small peaks was 
similar (Fig. 3). The addition of sulfuric acid during the impregnation of 

Fig. 1. a) X-ray diffraction pattern, b) Transmission electron micrography and c) Nitrogen adsorption-desorption isotherm of the template SBA-15 and pore size 
distribution graphic. 

Fig. 2. a) X-ray diffraction patterns of the ordered mesoporous carbons ob
tained from commercial and xylose extract; Transmission electron micrographs 
of b) C-Xyl-C1, c) C-Xyl-E1, d) C-Xyl-E2, and d) C-Xyl-E3. 

A. Casadó et al.                                                                                                                                                                                                                                 



Microporous and Mesoporous Materials 372 (2024) 113097

7

glucose favored the polymerization-carbonization reaction [3], and the 
ultrasounds favored the diffusion of the glucose inside the pores of the 
mesoporous silica. The carbons prepared from the glucose extract so
lution, obtained from biomass, showed slightly lower crystallinity than 
those prepared from commercial glucose (Fig. 3). 

All carbons exhibited isotherms type IV corresponding to meso
porous materials, high surface BET areas and high C content after tem
plate elimination (Table 2). 

3.2.3. Preparation of ordered mesoporous carbon from lignin 
Fig. 4 shows the XRD patterns and several TEM images for the car

bons prepared from lignin. Different parameters were modified using 
lignin extract 1 to optimize the conditions of preparation since, to our 
knowledge, there are no references in the literature about the obtention 
of OMCs from lignin by the hard template methodology. We only found 
OMCs prepared via soft-templating using Pluronic F127 as template and 

lignin sources such as walnut shell, macadamia nutshell, tobacco stem, 
hardwood or kraft [37–40]. 

The first idea was to use lower carbon precursor/SBA-15 ratios than 
for carbohydrates considering the polymeric structure of the lignin. 
Ultrasound were applied for all samples to favor the access of lignin to 
the template pores. 

XRD patterns of samples C-Lig-E1 and C-Lig-E2, prepared with 
lignin/template wt ratio of 3 and 2, respectively, were similar with the 
presence of the most intense peak due to the 100 reflection. Addition
ally, the peaks corresponding to the 110 and 200 reflections can be 
slightly appreciated. However, sample C-Lig-E2 showed a more well- 
defined and regular 100 reflection peak. XRD pattern of sample C-Lig- 
E3, synthesized at the same preparation conditions as C-Lig-E2 but 
carbonized at higher calcination temperature (900 ◦C), showed higher 
definition especially for the 100 reflection peak. This confirms the effect 
of the carbonization temperature on the crystallinity of the carbons. 

When sulfuric acid was added at different steps of the OMC prepa
ration (C-Lig-E3 and C-Lig-E4), as previously done for the OMCs ob
tained from xylose and glucose, the peak due to reflection 100 was 
observed but with much lower crystallinity than for the samples pre
pared without an acidic medium. This confirms that for carbohydrates 
(glucose and xylose), the presence of an acid medium favors their 
polymerization, and therefore, the formation of the OMCs while when 
using lignin, it is not necessary since lignin is already a polymer. 

Interestingly, by using lignin extract 2, with a higher concentration 
than lignin extract 1, at the same preparation conditions as C-Lig-E2, 
including carbonization at 650 ◦C for 2 h, the crystallinity of the 
resulting sample, C-Lig-E6, much higher with a higher resolution of the 
peaks (Fig. 4a). Therefore, the concentration of the lignin extract used 
for impregnation has been shown to be a key factor for obtaining highly- 
ordered mesoporous carbons. This effect was not observed for xylose 
and glucose. 

TEM micrographies of several C-Lig samples allowed us to observe 
the characteristic channels of these ordered mesoporous carbons (Fig. 4 
b, 4c and 4 d). All samples exhibited isotherms type IV corresponding to 

Table 2 
Characterization of the OMCs.  

Samples C contenta (%) BET surface areab (m2/g) 

C-Xyl-C1 94 576 
C-Xyl-C2 96 610 
C-Xyl-E1 90 680 
C-Xyl-E2 96 651 
C-Xyl-E3 91 672 
C-Glu-C1 90 719 
C-Glu-C2 98 749 
C-Glu-C3 96 735 
C-Glu-E1 95 806 
C-Glu-E2 95 786 
C-Lig-E1 92 902 
C-Lig-E2 98 785 
C-Lig-E3 90 725 
C-Lig-E4 98 813 
C-Lig-E5 96 948 
C-Lig-E6 93 711  

a Determined by thermogravimetry. 
b Determined by N2 physisorption. 

Fig. 3. a) X-ray diffraction patterns of the ordered mesoporous carbons ob
tained from commercial and glucose extract; Transmission electron micro
graphs of b) C-Glu-C2, c) C-Glu-E1 and d) C-Glu-E2. 

Fig. 4. a) X-ray diffraction patterns of the ordered mesoporous carbons ob
tained from lignin and SBA-15; Transmission electron micrographs of b) C-Lig- 
E2, c) C-Lig-E4, and d) C-Lig-E6. 
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mesoporous materials, high surface BET areas and high C content 
(Table 2). 

3.2.4. Comparison of the surface properties for three representative ordered 
mesoporous carbons, obtained from xylose, glucose and lignin extracts 

Pore size distribution graphic of three representative OMCs, obtained 
from xylose (C-Xyl-E2), glucose (G-Glu-E2), and lignin (C-Lig-E2) 
confirmed the presence of mesopores with a diameter smaller (around 
35 Å) (Fig. 5) than in the template (70 Å) (Fig. 1c), as expected. 

Scanning electron micrographies of the ordered mesoporous carbons 
mostly maintained the morphology and homogeneity of the rod shape 
particles of the SBA-15 template, with less definition, and with sizes 
around 1–3 μm (Fig. 6). 

The Boehm method was applied to study the surface content of acidic 
and basic functional groups for these representative OMCs (Table 3). 
According to the literature, carboxylic acids decompose as CO2 below 
400 ◦C, the presence of lactones can be observed above 600 ◦C and the 
phenol groups are decomposed in a middle temperature range 
(500–750 ◦C) [41]. The three OMCs had low surface oxygenated groups, 
as expected, since no oxidation treatment was performed prior to their 
determination. However, the OMC obtained from lignin (C-lig-E2) 
exhibited the highest contribution of phenolic groups. This means that, 
among the surface groups present in the starting lignin fraction, such as 
hydroxyl groups in alcohol and phenolic forms, carbonyl groups, 
carboxyl groups or methoxyl groups, some phenolic groups could persist 
under the preparation and carbonization conditions used to obtain this 
green OMC [41]. The slightly number of phenols detected for the 
C-Xyl-E2 sample, obtained from xylose, could be related to the presence 
of some lignin in the sample, considering the extraction process 
followed. 

3.3. Characterization of sulfonic acid-functionalized OMC catalysts 

After treatment with sulfuric acid, the ordered mesoporous carbons 
showed a significant decrease of the surface area (Table 4 vs Table 2) 
accompanied by a decrease in the crystallinity of the samples although 
the structure remained, as confirmed by XRD (Fig. 7a), TEM (Fig. 7b and 
c), and nitrogen physisorption results (Fig. 7d), in which the isotherms 
were of type IV in spite of the decrease of the adsorbed volume. 

Thermogravimetric analysis of the sulfonated samples showed a 
weight loss between 200 ◦C and 360 ◦C related to the incorporation of 
the sulfonic groups (Fig. 8), in agreement with the literature [34]. The 
sulfur content was calculated from TGA results and is indicated in 
Table 3. Higher amount of Brønsted acid sites were incorporated by 
treating the C-Xyl-E2 carbon with sulfuric acid at longer time, as 
deduced from titration results (Table 4). This confirms the results ob
tained by TGA. In contrast, longer time of sulfuric acid treatment of 
C-Lig-E2 practically did not improve the incorporation of the sulfonic 
groups (Table 4). These differences could be related to the presence of 
different chemical species on the surface of the OMC, depending on the 
biomass fraction precursor used, which favored or difficulties the 
incorporation of the sulfonic groups. 

3.4. Characterization of Ni/OMC catalysts 

Fig. 9a shows the XRD pattern of the Ni/C-Lig-E2 catalyst, obtained 
by calcination of the ordered mesoporous carbon C-Lig-E2 impregnated 

Fig. 5. Pore size distribution graphic of three representative ordered meso
porous carbons obtained from xylose, glucose and lignin. 

Fig. 6. Scanning electron micrographs of the samples: a) SBA-15, b) C-Xyl-E2, 
and c) C-Lig-E2. 

Table 3 
Characterization of the surface acidic and basic functional groups of three 
representative OMCs by the Boehm method.  

Samples Carboxyl groups (mmol/g) Lactones (mmol/g) Phenols (mmol/g) 

C-Xyl-E2 0.012 0.024 0.074 
C-Glu- 

E2 
0.032 0.016 0.000 

C-Lig-E2 0.061 0.019 0.220  

Table 4 
Characterization of the SO3H-OMC catalysts.  

Samples BET surface 
areaa (m2/g) 

Acid capacityb 

(meq H+/g) 
Sulfur contentc (mmol 
sulfonic acid group/g 
sample) 

S2–C-Xyl- 
E2 

304 0.64 0.73 

S24–C- 
Xyl-E2 

271 0.97 1.11 

S24–C- 
Glu-E2 

402 0.62 0.72 

S2–C-Lig- 
E2 

397 0.19 0.24 

S24–C- 
Lig-E2 

376 0.21 0.26  

a Determined by N2 physisorption. 
b Obtained by potentiometric titration. 
c Calculated from thermogravimetry. 
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with nickel nitrate, at 450 ◦C for 2.5 h under nitrogen flow. Interestingly, 
metallic Ni was identified as the main crystalline phase (83 %). Addi
tionally, NiO was observed in low amounts (17 %). This means that OMC 
played the role of reducing agent. This effect was confirmed when 
obtaining at the same calcination conditions catalyst Ni/C-Lig-E6, in 
which metallic Ni was again the major phase (93 %) in addition to the 
detection of small amounts of NiO (7 %). 

TEM micrographies of these catalysts exhibited a good dispersion of 
the Ni nanoparticles (10–25 nm) on the mesoporous carbons in which 
channels were still observed (E.g. Fig. 9b). Nitrogen physisorption 
showed an isotherm of type IV and unimodal pore size distribution with 

a maximum around 40 Å, corresponding to mesoporous materials (E.g. 
Fig. 9c). However, a decrease in the volume of adsorbed nitrogen, and 
consequently, lower surface areas were observed for Ni/C-Lig-E2 (458 
m2/g) and Ni/C-Lig-E6 (397 m2/g) with respect to their corresponding 
supports, C-Lig-E2 (785 m2/g) and C-Lig-E6 (711 m2/g), respectively. 
This can be explained by the partial blockage of the pores by the Ni 
particles. 

Table 5 depicts the BET surface area values and the amount of 
Brønsted acid sites of the two Ni/OMC catalysts and several physical 
mixtures prepared with acid materials. All mixtures maintained the type 
IV nitrogen isotherm shape and the unimodal pore size distribution (e.g. 
Fig. 9c). Ni/C-Lig-E2 and Ni/C-Lig-E6 showed very low acidity, as ex
pected, while the mixtures had surface areas and amount of Brønsted 
acid sites in values between those that the starting materials have. For 
example, Ni/C-Lig-E2 + H-Beta, obtained by physical mixture of 100 mg 
of each one, had surface area and acidity values between those of Ni/C- 
Lig-E2 and H-Beta (579 m2/g, 0.60 mmol H+/g). 

3.5. Catalytic activity 

3.5.1. Catalytic etherification of glycerol with isobutene to h-GTBE using 
sulfonated OMCs obtained from xylose extract 

Catalytic etherification of glycerol with isobutene to obtain h-GTBE 
is a consecutive reaction of transformation of glycerol to monoether, 
monoether to diethers, and, finally, diethers to triether (Scheme 1a). In 
previous works on this reaction, we concluded that the number and 
strength of Brønsted acid sites, the accessibility of the reactants to the 
active sites, which depends on the pore size rearrangement and the 
surface area, in addition to the reaction time affect the selectivity to the 
h-GTBE [14–17]. 

Fig. 10 shows the catalytic activity results obtained using the sulfonic 
acid-functionalized ordered mesoporous carbons obtained from xylose 
extract (S2–C-Xyl-E2 and S24–C-Xyl-E2) for the etherification of glyc
erol with isobutene. Commercial sulfonic macroporous resin Amberlyst- 
15 (A15) was also tested for comparison (surface area of 39 m2/g and 
4.70 mmol H+/g). TOF values are indicated in the Figure divided by 10 
to better observe the differences between catalysts. The reaction prod
ucts obtained were mono-tert-butyl glycerol ether (MTBG), di-tert-butyl 
glycerol ether (DTBG) and tri-tert-butyl glycerol ether (TTBG). Addi
tionally, diisobutylene (DIB), produced by dimerization of the remain
ing isobutylene, was detected in low amounts for the sulfonated OMC 
catalysts (1–5 wt %) in contrast to the higher amounts (35 wt %) 

Fig. 7. a) X-ray diffraction patterns and b) nitrogen adsorption-desorption 
isotherms of the sulfonated samples S2–C-Xyl-E2 and S24–C-Xyl-E2 compared 
to the starting carbon C-Xyl-E2; and transmission electron micrographs of the c) 
carbon C-Xyl-E2, and d) sulfonated carbon S24–C-Xyl-E2. 

Fig. 8. Thermogravimetry curves of sulfonated ordered mesoporous carbons S2–C-Xyl-E2 and S24–C-Xyl-E2.  
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obtained for Amberlyst-15. These non-desired byproducts can be prob
lematic when formulated with fuels. All sulfonated catalysts maintained 
the sulfur content after the reaction, as determined by TGA. This con
firms that there was no leaching of the sulfonic acid groups during the 
reaction. 

Catalysts S2–C-Xyl-E2 and S24–C-Xyl-E2, obtained after impregna
tion of C-Xyl-E2 with H2SO4 at 80 ◦C for 2 and 24 h, respectively, 
showed low conversion (6–24 %) and low selectivity to the desired 
products (h-GTBE) (8–17 %) with no detection of TTBG after 24 h of 
reaction. The slightly higher activity values observed for S24–C-Xyl-E2 
when compared to S2–C-Xyl-E2 can be explained by its higher amount of 
Brønsted acid sites (Table 4). Interestingly, S24–C-Xyl-E2 had 

comparable TOF value to Amberlyst-15 although leading much lower 
conversion (Fig. 10). This means that although S24–C-Xyl-E2 had less 
amount of Brønsted acid centers, they transform glycerol more effi
ciently. The higher surface area of the sulfonated OMC catalyst should 
favor a better distribution of the acid centers and, therefore, the acces
sibility of the reagents to the acid sites. 

In order to increase the conversion and selectivity to h-GTBE of 
catalyst S24–C-Xyl-E2, another catalytic test was carried out at a longer 
reaction time to favor the evolution of the consecutive reactions, and 
using the catalyst previously dried, since we observed by TGA high 
water content for sulfonated OMCs. If the acid sites are surrounded by a 
hydrated layer, they could lose their strength. Therefore, to avoid the 
presence of water during the reaction, catalyst S24–C-Xyl-E2 was 
transferred directly out of the drying furnace at 80 ◦C into the reaction 
vessel (marked as * on Fig. 10). This catalyst presented after 48 h of 
reaction with high conversion (72%), higher TOF value, and high 
selectivity to di- and tri-ethers (h-GTBE) (92%) with a selectivity to the 
tri-ether of 32 %. Additionally, a good reproducibility of the catalytic 
tests was observed for this catalyst (Fig. 10). This preliminary result is 
comparable to the best results published in the literature using sulfo
nated SBA-15 and sulfonated beta zeolite catalysts, which achieved total 
conversion and high selectivity (up to 91 %) towards h-GTBE at 75 ◦C 
[14]. This proves the potentiality of this OMC-based catalyst for 
Brønsted acid-catalyzed reactions. 

Fig. 11 shows the proposed mechanism for the etherification of 
glycerol with isobutene on sulfonated OMCs catalyst based on previous 
reported studies using other Brønsted acid catalysts [42]. Isobutene, in 

Fig. 9. a) X-ray diffraction pattern and b) transmission electron micrograph of the catalyst Ni/C-Lig-E2, and its Ni particle size distribution graphic, and c) Nitrogen 
adsorption-desorption isotherms and pore size distribution graphic of C-Lig-E2, Ni/C-Lig-E2 and Ni/C-Lig-E2 + H-Beta. * Ni phase; + NiO phase. 

Table 5 
Characterization of the Ni/OMC catalysts.  

Catalysts BET surface areaa 

(m2/g) 
Acid capacityb (meq 
H+/g) 

Ni/C-Lig-E2 458 0.06 
Ni/C-Lig-E2+S2–C-Lig-E2 357 0.09 
Ni/C-Lig-E2+S24–C-Lig-E2 342 0.10 
Ni/C-Lig-E2+S2–C-Lig-E2 

(300 mg) 
137 0.12 

Ni/C-Lig-E2+S-Beta 330 0.32 
Ni/C-Lig-E2+H-Beta 499 0.23 
Ni/C-Lig-E6 397 0.05 
Ni/C-Lig-E6 +H-Beta 436 0.20  

a Determined by N2 physisorption. 
b Obtained by potentiometric titration. 

Fig. 10. Catalytic Activity of acid-sulfonic ordered mesoporous carbons obtained from xylose extract for the glycerol etherification reaction. Reaction conditions: 
80 ◦C, reaction time 24 h or 48 h, Ratio Glycerol/Isobutene 1:4, 5 wt % of catalyst. MTBG: glycerol monoethers; DTBG: glycerol diethers; TTBG: glycerol triether; h- 
GTBE: glycerol diethers + glycerol triether. * catalyst dried. Error bars indicated for the best catalyst. 
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the presence of the Brønsted acid centers of the catalyst, led to the for
mation of a carbocation intermediate, which could react with either the 
primary or secondary hydroxyl group of glycerol to form 1-tert-butox
ypropane-2,3-diol or 2-tert-butoxypropane-1,3-diol, respectively 
(MTBG) [42]. The subsequent consecutive formation of diethers (DTBG) 
and triether (TTBG) follow a similar mechanism [42]. 

3.5.2. Catalytic obtention of levulinic acid from 5-HMF using sulfonated 
OMC obtained from glucose extract 

Levulinic acid (LeA) can be obtained by the catalytic transformation 
of 5-HMF using Brønsted acid centers [24]. Fig. 12 shows the catalytic 
activity results obtained using the sulfonated well-ordered carbon pre
pared from glucose extract (S24–C-Glu-E2) for the transformation of 
5-HMF to levulinic acid under different reaction conditions. Commercial 
sulfonic macroporous resin Amberlyst (A15) was also tested for com
parison. Different temperatures and the use of γ-valerolactone (GVL) as a 
co-solvent were studied. 

All catalysts were active for the obtention of levulinic acid. No other 
reaction products were detected by gas chromatography. The other re
action products should be oligomers formed by the etherification of two 
molecules of 5-HMF or by esterification of 5-HMF with LeA, as previ
ously described in the literature for this reaction [24]. 

Catalyst S24–C-Glu-E2, obtained after impregnation of C-Glu-E2 
with H2SO4 at 80 ◦C for 24 h, exhibited high conversion (75 %) and 
moderate selectivity to LeA (33 %) at 180 ◦C after 1.15 h using water as 
solvent. Interestingly, this sulfonated OMC catalyst had almost 6 times 
higher TOF value than the Amberlyst-15 catalyst tested at the same re
action conditions (Fig. 12), although having less amount of Brønsted 
acid centers (Table 4). This behavior was similar to that previously 
observed for the etherification of glycerol to obtain h-GTBE and can be 
related to the better distribution and accessibility of the Brønsted acid 
centers due to the higher surface area of the sulfonated OMC catalyst. 

A decrease in the reaction temperature and the use of GVL as a co- 
solvent led to a decrease in conversion and TOF values but resulted in 
an increase in the selectivity to LeA for both catalysts. Under these re
action conditions, catalyst S24–C-Glu-E2 achieved a selectivity to LeA 
up to 39 %. These results did not improve those previously published 
using ionic liquid functionalized mesoporous organosilica nanospheres 
for this reaction [24]. However, good reproducibility of the catalytic 
tests was observed for this catalyst (Fig. 12). This reaction requires 
higher control of acidity, as the strong Brønsted acid sulfonic groups 
present in the sulfonated OMC favor the undesired secondary poly
merization reactions. 

Fig. 13 shows the proposed mechanism for the conversion of 5- 
hydroxymethylfurfural to levulinic acid on acid-functionalized OMC 
catalysts considering those previously published using other Brønsted 
acid catalysts for this reaction [43,44]. Hydration of 5-HMF consists of 
the addition of a water molecule to the C2–C3 olefinic bond of the furan 
ring, leading to an unstable tricarbonyl intermediate, which quickly 
evolves to levulinic acid and formic acid (HCOOH) in the presence of 
Brønsted acid sites [43,44]. 

3.5.3. Catalytic hydrodeoxygenation of guaiacol using OMCs obtained 
from lignin extract as catalytic supports or bifunctional catalysts 

Hydrodeoxygenation of guaiacol is a very complex reaction in which 
hydrogenation, demethoxylation, deoxygenation and dehydration pro
cesses are involved (Scheme 1c). Ni catalyst supported on OMC obtained 
from lignin (Ni/C-Lig-E2) led to total conversion, 58 % of selectivity to 
methoxycyclohexanol, which was the main product, and 13 % of 
selectivity to cyclohexanol (Fig. 14). Cyclohexane was not detected for 
this catalyst. This result indicates that the catalyst had high hydroge
nating ability since the reaction products were fully hydrogenated 
molecules. However, deoxygenation was not totally achieved. This 
catalytic result agrees with the results obtained by other supported 
nickel catalysts for this reaction [25,27,45] especially at reaction tem
peratures below 200 ◦C [26,46]. 

Several authors reported that the guaiacol HDO activity of supported 
metal catalysts can be improved by incorporating additional Brønsted 
acid sites, usually H-zeolites, through a synergetic effect between 
metallic and acid sites [26,46–48]. Thus, several catalysts were prepared 
by mixing physically 100 mg of Ni/C-Lig-E2 and 100 mg of H-Beta (579 
m2/g, 0.60 mmol H+/g), 100 mg of S2–C-Lig-E2, 300 mg of S2–C-Lig-E2 
or 100 mg of S24–C-Lig-E2 to be tested for this reaction (Fig. 14). 

The addition of 100 mg of sulfonated OMCs obtained from lignin 
(S2–C-Lig-E2 and S24–C-Lig-E2) allowed us to detect cyclohexane in low 
amounts (1–3 %), the selectivity to cyclohexanol was maintained (13–14 
%), and the main product was again methoxycyclohexanol, which was 
obtained in higher amounts (65–77 %) at expenses of the other reaction 
products for a total conversion. The small differences between both 
catalysts can be related to the similar acidity of the sulfonated OMCs 
used (Table 4). 

When combining 100 mg of H-beta zeolite with 100 mg of Ni/C-Lig- 
E2, 78 % of selectivity for cyclohexane was obtained for a total con
version. This means that H-beta has the appropriate amount and 
strength of acid centers to favor the HDO of guaiacol. Additionally, these 
catalytic results were reproducible for this catalyst (Fig. 14). 

In order to increase the amount of acid centers and try to improve the 
selectivity to cyclohexane using sulfonic-acid OMCs, one more catalyst 
was prepared by combining 100 mg of C-Lig-E2 with 300 mg of S2–C- 
Lig-E2. Although the selectivity to cyclohexane increased up to 5 %, the 
formation of other reaction products increased spectacularly. Among 
these other products, we identified cyclohexene and cyclohexanone, 
which were not observed for the rest of the catalysts. The stronger 
Brønsted acid sites of sulfonated OMCs compared to H-Beta together 
with the possible covering of metallic sites by the acidic ones, could 
explain this catalytic behavior. 

Finally, 100 mg of Ni/C-Lig-E6, prepared using a more crystalline 
OMC and with 10 % more reduced metallic Ni with respect to Ni/C-Lig- 
E2, was combined with 100 mg of H-Beta to check its catalytic behavior. 
60 % of selectivity to cyclohexane was obtained for a 93 % conversion 
(Fig. 14), being therefore, similar to the catalytic behavior of the mixture 
prepared with Ni/C-Lig-E2. This can be explained by the low differences 
observed from the characterization of these two Ni/OMC catalysts. 

Fig. 15 shows the proposed mechanism for the hydrodeoxygenation 
of guaiacol to cyclohexane at low temperatures on Ni/OMC catalyst 
combined with H-Beta following the mechanism proposed by Wang 

Fig. 11. Proposed mechanism for the etherification of glycerol with isobutene on sulfonated ordered mesoporous carbons.  

A. Casadó et al.                                                                                                                                                                                                                                 



Microporous and Mesoporous Materials 372 (2024) 113097

12

et al. [26]. The first step consists of the hydrogenation of the aromatic 
ring on the Ni metallic centers to form 2-methoxycyclohexanol, which is 
then demethoxylated-dehydrated on the Brønsted acid sites of the 
H-beta zeolite forming cyclohexenol, which is readily hydrogenated by 
the Ni metallic centers to cyclohexanol. In the presence of Brønsted acid 
sites, cyclohexanol can be dehydrated to cyclohexene, which can be 
easily hydrogenated by the Ni metallic centers to cyclohexane. 

Anyway, using an OMC obtained from lignin combined with H-Beta, 
high selectivity to cyclohexane for a total conversion was obtained. This 
catalytic result is comparable to those previously published for this re
action using Ni/SiO2 + H-Beta mixtures [26] and shows the potential of 
using OMC derived from biomass as catalytic support of metal catalysts. 

4. Conclusions 

Well-ordered OMCs with high surface areas (576–948 m2/g) were 
successfully synthesized from xylose, glucose and lignin solutions ob
tained from almond shells. Acidic medium favored polymerization- 
carbonization reaction when using glucose or xylose. Ultrasounds 
facilitated the diffusion of the carbon precursors inside the mesopores of 

the template. The concentration of the lignin extract influenced the 
crystallinity of the OMC. The appropriate carbon precursor/template 
ratio and the optimized carbonization temperature were different for 
each biomass extract. The preliminary catalytic results obtained with 
these OMCs, used as catalysts or as catalytic supports for three reactions 
of interest, showed the high potentiality of these materials in the field of 
catalysis. 

Full conversion and 92% selectivity to di- and tri-ethers of glycerol 
were obtained using a dried sulfonic-acid treated OMC catalyst, ob
tained from xylose extract, for the glycerol etherification. A higher 
turnover frequency value and slightly lower selectivity to levulinic acid 
than commercial Amberlyst-15 were achieved using a sulfonic-acid 
treated OMC, obtained from glucose, for the conversion of 5-hydroxy
methylfurfural. Total conversion and 78 % of selectivity to cyclo
hexane were obtained using an OMC obtained from lignin as catalytic 
support of a nickel catalyst combined with H-Beta for the hydro
deoxygenation of guaiacol. 

Fig. 12. Catalytic activity of sulfonated ordered mesoporous carbon obtained from glucose extract, sulfonated SBA-15 and Amberlyst-15 for the conversion of 5- 
hydroxymethylfurfural to levulinic acid at different reaction conditions and solvents. GVL: γ-valerolactone. Error bars indicated for the best catalysts. 

Fig. 13. Proposed mechanism for the conversion of 5-hydroxymethylfurfural to 
levulinic acid on sulfonated ordered mesoporous carbons. 

Fig. 14. Catalytic activity of Ni/OMC catalysts for the hydrodeoxygenation of guaiacol. Reaction conditions: 200 mg of guaiacol, 180 ◦C, 30 bars H2, 1 h. Error bars 
indicated for the best catalyst. 

Fig. 15. Proposed mechanism for the hydrodeoxygenation of guaiacol to 
cyclohexane on Ni/OMC catalyst combined with H-Beta at low reaction 
temperatures. 
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A. Casadó et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.carbon.2016.06.108
https://doi.org/10.1016/j.carbon.2016.06.108
https://doi.org/10.1016/j.rser.2018.04.056
https://doi.org/10.1016/j.rser.2018.04.056
https://doi.org/10.1021/ja002261e
https://doi.org/10.1039/B9NR00207C
https://doi.org/10.1002/adma.201201715
https://doi.org/10.1002/anie.201710888
https://doi.org/10.1002/anie.201710888
https://doi.org/10.1016/j.micromeso.2018.08.020
https://doi.org/10.1016/j.carbon.2016.06.003
https://doi.org/10.1016/j.carbon.2008.07.016
https://doi.org/10.1016/j.carbon.2008.07.016
https://doi.org/10.1039/C5RA16864C
https://doi.org/10.1039/C5RA16864C
https://doi.org/10.1016/j.apcata.2018.05.021
https://doi.org/10.1002/chem.201802183
https://doi.org/10.1016/j.ijbiomac.2021.07.155
https://doi.org/10.1016/j.ijbiomac.2021.07.155
https://doi.org/10.1016/j.jcat.2012.03.019
https://doi.org/10.1016/j.jcat.2012.03.019
https://doi.org/10.1039/C3GC40683K
https://doi.org/10.1016/j.apcatb.2013.02.018
https://doi.org/10.1016/j.cattod.2013.10.029
https://doi.org/10.1016/j.fuproc.2015.07.010
https://doi.org/10.1016/j.cattod.2016.02.044
https://doi.org/10.1016/j.cattod.2016.02.044
https://doi.org/10.1016/j.mcat.2020.110921
https://doi.org/10.1016/j.mcat.2020.110921
https://doi.org/10.1016/j.indcrop.2018.12.082
https://doi.org/10.1016/j.indcrop.2018.12.082
https://doi.org/10.1021/acssuschemeng.0c00784
https://doi.org/10.1016/j.indcrop.2022.114523
https://doi.org/10.1039/D0CY01941K
https://doi.org/10.1039/C5RA22540J
https://doi.org/10.1039/C8RA09972C
https://doi.org/10.1039/C8RA09972C
https://doi.org/10.1016/j.micromeso.2019.109694
https://doi.org/10.1016/j.micromeso.2019.109694
https://doi.org/10.3390/catal9090706
https://doi.org/10.1016/j.trpro.2016.05.426
https://doi.org/10.1016/j.biombioe.2004.09.002
https://doi.org/10.1107/S0021889887086199
http://refhub.elsevier.com/S1387-1811(24)00119-7/sref32
http://refhub.elsevier.com/S1387-1811(24)00119-7/sref32
http://refhub.elsevier.com/S1387-1811(24)00119-7/sref32
http://refhub.elsevier.com/S1387-1811(24)00119-7/sref32
https://doi.org/10.1007/s10562-019-03001-4
https://doi.org/10.1039/B110598C


Microporous and Mesoporous Materials 372 (2024) 113097

14

Surface Groups on Carbon Materials 4 (2) (2018) 21, https://doi.org/10.3390/ 
c4020021. C. 

[36] M.E. Jamróz, M. Jarosz, J. Witowska-Jarosz, E. Bednarek, W. Teeza, M.H. Jamróz, 
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