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Abstract
Hierarchical zeolites have been identified as special catalytic materials with improved catalytic properties. In this study, 
hierarchical bifunctional ZSM5 based catalysts were prepared by desilication for controlled mesoporosity development and 
have been modified by Co doping. Their performance in the catalytic pyrolysis of oak in a lab scale reactor was evaluated. 
Desilicated counterparts were proven more active in deoxygenation of bio oil, while carbon deposition on the catalysts 
reduced compared to non-desilicated counterparts. Increased Lewis acidity favors decarboxylation reactions, while higher 
olefins as well as PAH content indicate easier diffusion within and from the porous network and interactions in the mesopores. 
The conversion of bulky lignin molecules (alkoxy phenols) is enhanced by the mesopores, while acidity is of secondary 
importance. Coke deposition inside the pores is more profound in the desilicated catalysts due to larger pore size. Carbon 
deposition on the catalysts is reduced in the following order: HZSM5 > Co/HZSM5 > Ds-HZSM5 > Co/Ds-HZSM5. GC–MS 
characterization of the  CH2Cl2 soluble coke indicated that for the desilicated counterparts the main coke precursors are the 
bulky lignin molecules which are partially deoxygenated.

Keywords Catalytic pyrolysis · Bio-oil upgrading · Catalytic cracking · Hierarchical zeolites

1 Introduction

The development of a sustainable society prioritises the use 
of renewable energy sources. Biomass is the main source of 
renewable carbon that can produce various valuable energy 
carriers providing one possible pathway for reshaping the 
present fossil based energy usage [1].

Biomass pyrolysis refers to its thermal decomposition in 
the absence of oxygen and is a process that could convert 
solid biomass mainly into liquid products. The process is 
reported for several years but it is only the last 20 years that 
has attracted considerable attention [2]. The derived liquid 
product of pyrolysis consists of several hundreds of com-
pounds which are reactive, thermally liable and have a low 
heating value [3]. High water and oxygen content are related 
to undesired properties such as corrosiveness, chemical and 
thermal instability, high viscosity and incompatibility with 
conventional fossil based fuels [4]. Hence, upgrading of 
derived liquids is necessary.

One of the most promising ways for upgrading the derived 
liquids is to use heterogeneous catalysts integrated into the 
fast pyrolysis process [2]. Development of such process will 
offer a liquid of adequate quality for use in existing infra-
structure. Highly selective catalysts for oxygen removal with 
maximum carbon preservation and minimum hydrogen scav-
enging is the key for successful development of the process.

Literature has indicated that microporous zeolites 
HZSM5 are the most promising materials for deoxygena-
tion of pyrolysis vapors/liquids. Their hydrothermal stability, 
acid strength and density offer better performance compared 
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to other types of zeolites (USY, beta etc.) [2]. However, their 
microporous structure affects the diffusion to and from the 
active sites and therefore the overall effectiveness of the 
catalyst.

The zeolite microenvironment plays an important role 
in defining the catalyst effectiveness, lifetime and product 
distribution [5]. Hierarchical zeolites have been identified 
as an important class of catalytic materials with improved 
catalytic properties and have been reported to outperform 
their microporous counterparts in a numerous of catalytic 
reactions [6]. Hierarchical zeolites offer an intrinsic acidity 
of microporous zeolites with reduced diffusional limitations, 
which is typical of mesoporous materials. The mesopores, 
due their size, provide improved access to the micropores 
thereby enhancing diffusion rate as well as the overall cata-
lytic performance [7].

There is a wide variety of approaches for introduction 
of mesopores into microporous systems, such as synthe-
sis of zeolites with larger pores, crystal size reduction, as 
well as introduction of a secondary porosity [8] and these 
methods can be categorized as “bottom-up” and “top-down” 
approaches [6, 8].

While “bottom-up” approaches include new synthetic 
routes with expensive templating compounds and harsh 
hydrothermal conditions, “top-down” approaches refer to 
post synthetic, cheaper and scalable modification techniques 
for introduction of mesoporosity [6, 8].

The effect of alkaline treatment has been demonstrated to 
increase the mesoporosity of the zeolite structure [9]. Desili-
cation of ZSM-5 in alkaline solutions is a simple, efficient, 
reproducible, and scalable posttreatment to obtain combined 
micro- and mesoporous zeolites. The framework Si/Al ratio 
of the MFI zeolite highly determines the proneness of the 
zeolite framework towards desilication, while NaOH has 
been found to be the most efficient medium to achieve sub-
stantial and controlled mesopore formation. The desilication 
treatment in NaOH is chemically controlled, allowing ease 
of scale-up. Several variables related to the material and the 
corresponding treatment conditions have been successfully 
identified and optimized [9, 10].

The hierarchical porosity could induce a more efficient 
usage of these materials in a variety of catalytic applica-
tions [10, 11]. The combined intrinsic acidity and developed 
mesoporosity offer unique advantages for cracking of bulky 
molecules as those found in biomass. The cracking of large 
and branched molecules requires not only a tuned acidity but 
also an enhanced accessibility of the sites [10].

However, introduction of mesoporosity affects the acidic 
properties of the zeolites and therefore there is an optimum 
ratio between the mesopores and the micropores (assuming 
that most of the Brønsted acid sites are located in the 
micropores). The hierarchy factor (HF) is a good measure to 
quantify the extent of the mesoporosity development at the 

expense of micropore volume fraction (and thus Brønsted 
acidity), which simply put means how much micropore vol-
ume (and therefore acidity) is advantageous to sacrifice in 
order to produce mesoporosity while still improving the 
catalytic performance. The HF, is defined as the product of 
volume fraction of micropores  (Vmicro/Vpore) and surface 
fract ion of  mesopores  (Smeso/SBET)  [12,  13]: 
HF =

(

Vmicro

Vpores

)(

Smeso

SBET

)

 . Desilication has been found to be the 

most versatile method of acidity-porosity alternation, show-
ing a large number of zeolites in the both extreme ranges of 
HF (< 0.1 as well as > 0.2) [13].

Studies on desilicated ZSM5 zeolites have been con-
ducted [14–16] providing insights of their activity yet vari-
ations in the desilication effects, bio oil quantity and quality 
are reported.

There is an enormous amount of studies in literature 
investigating Metal/HZSM-5 activity and selectivity of 
catalytic pyrolysis products. Studies on Co modified ZSM5 
indicate that Co alters the acidic properties of the catalyst 
and affects the product selectivity favoring the formation of 
hydrocarbons while at the same time reduces the amount of 
produced coke [17–21]. To the best of the authors knowl-
edge there is no work on Co modified hierarchical ZSM5 
and the present work demonstrates the applicability of the 
Co modified hierarchical ZSM5 catalysts to the catalytic 
pyrolysis of biomass.

2  Experimental Materials and Methods

2.1  Biomass Feedstock

The biomass material used in the studied was oak wood with 
a particle size of 150–500 μm. The proximate and ultimate 
analyses of the material are listed in Table 1. Prior to use the 
biomass was dried at 105 °C overnight.

2.2  Catalyst Preparation

The Si/Al ratio is of crucial importance in the mesoporosity 
development, as framework aluminium proves to be the pore 
directing agent. A Si/Al range of 25–50 for Si extraction was 
found optimal for well-controlled mesopore formation [22].

The parent zeolite was provided by Süd Chemie (TZP-
302) in NH+

4
 form ( NH+

4
- ZSM5 , molar Si/Al = 28). Proto-

nation of the untreated zeolite was carried out by calcination 
in air at 550 °C for 5 h at a heating rate of 2 °C/min. Incor-
poration of metal function (Co) was performed by means 
of incipient wetness impregnation; cobalt nitrate hexahy-
drate (Co(NO3)2·6H2O) was used as metal precursor. The 
derived catalysts are designated as: HZSM5, Co/HZSM5 
and respectively.
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Desilication of the zeolite was carried out by treatment of 
the calcined zeolite (HZSM5) in a NaOH solution (0.2 M, 
100 ml solution per 3 g of zeolite) at 65 °C for 30 min. After 
desilication, the zeolite was cooled in an ice bath, filtered, 
washed until neutral pH and dried overnight at 100 °C.

Next, a fourfold ion-exchange with 0.1 M  NH4NO3 (40 ml 
per gram of zeolite) was performed at 60 °C for 1 h. Finally, 
the zeolites were again filtered, washed and dried overnight. 
Calcination and metal incorporation were performed as pre-
viously described. The desilicated catalysts are designated 
as Ds-HZSM5, Co/Ds-HZSM5.

Prior to use the catalysts were pressed and crushed to a 
particle size of 90–180 μm. The metal content of the resulted 
catalysts determined by ICP/OES and is shown in Table 2.

2.3  Catalyst Characterization

All the catalysts were characterized by means of  N2 phys-
isorption using a Micromeritics ASAP 2000 physisorption 
analyzer. Prior to analysis, each sample was calcined and 
then degassed at 250 °C overnight under vacuum. Isotherms 
were recorded at 77 K, and the Brunauer–Emmett–Teller 
(BET) method was used to estimate surface area. The pore 
size distribution was determined using BJH method while 
the micropore volume was determined using the t-plot 
method.

X-ray powder diffraction (XRD) was used to deter-
mine the crystallinity and the metal phases present, using 
a Bruker D8 advance diffractometer using CuKa radiation 
(λ = 1.5408 Å). The samples were finely ground in a mortar 
prior to the analysis and they were then loaded in a stainless-
steel sample holder. The apparatus is operated in reflection 
mode without the use of internal standard. The samples were 
scanned at a 2θ range of 5°–75° at a scan rate of 1.5°/min 
and a step size of 0.02°.

Additionally, temperature programmed reduction (TPR) 
of Co modified catalysts using a Micromeritics AutoChem 
2910 was carried out in order to determine the Co state on 
the catalysts. Prior to reduction the samples were purged 
with helium at 110 °C for 1 h and subsequently were sub-
jected to TPR at a temperature ramp rate of 5 °C/min until 
a final temperature of 700 °C. 5%  H2 in Ar was used as 
reducing gas.

Acidity of the catalysts was determined by means of 
FTIR spectroscopy with pyridine adsorption. The IR spec-
tra were collected using a Nicolet 5700 FTIR spectrometer 
(resolution 4 cm−1) by means of OMNIC software. All the 
samples were finely ground in a mortar and pressed in self-
supporting wafers (~ 15 mg/cm2). The wafers were placed 
in a custom-made stainless steel, vacuum cell, with  CaF2 
windows. High vacuum is reached by the means of a turbo-
molecular pump and a diaphragm pump placed in line. The 
infrared cell was equipped with a sample holder surrounded 
by a heating wire and a thermocouple for the heating steps 
and connected to the vacuum line, which is also heated in 
order to avoid pyridine condensation or its adsorption on 
the walls. Before IR analysis, all samples were heated at 
450 °C under high vacuum  (10−6 mbar) for 1 h in order to 
desorb any possible physisorbed species (activation step). 
All spectra were collected at 150 °C in order to eliminate the 
possibility of pyridine condensation. Initially, the reference 
spectrum of the so-called activated sample is collected. Then 
adsorption of pyridine is realized at 1 mbar by equilibrating 
the catalyst wafer with the probe vapours, added in pulses 

Table 1  Proximate and ultimate analyses of biomass used

a Determined by difference

Proximate analysis (wt%)

Moisture 10.00
Volatile matter 82.00
Ash @ 550 °C < 0.30
HHV [MJ/kg] 22.00

Ultimate analysis (wt% db)

C 49.5
H 6.00
N 0.19
S 0.013
Cl < 0.02
Oa 44.10

Metals (mg/kg db)

Si 36.7
Al 13.1
Ca 325
Fe 12.3
K 507
Mg 40.2
Mn 20.4
Na 22.2
P 20.7
Ti 0.3
As < 0.1
Ba 9.86
Pb 0.164
B 3.37
Cd 0.0288
Co 0.0267
Cu 1.32
Cr 0.107
Hg < 0.02
Mo 0.00703
Ni 0.19
V < 0.01
Zn 0.502
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for 1 h. The desorption procedure of pyridine is stepwisely 
monitored by evacuating the sample for 30 min at 150, 250, 
350 and 450 °C and cooling down to 150 °C after each step 
to record the corresponding spectrum.

Moreover, the parent (HZSM5) and desilicated (Ds-
HZSM5) zeolites were characterized by means of TG-DSC, 
using a NETZCH Jupiter F3 TG/DSC analyzer, to assess 
the effect of alkaline treatment on the thermal stability of 
the zeolite.

2.4  Catalytic Pyrolysis Experiments

All the experiments were performed at CPERI-laboratory 
of Environmental Fuels and Hydrocarbons, Thessaloniki, 
Greece. Detailed description of the experimental facility and 
procedures can be found elsewhere [23, 24].

The experiments were performed at 500 °C, with the cata-
lyst bed temperature considered as the experiment tempera-
ture and was monitored by a thermocouple.

Prior to use, catalysts (or sand in the case of thermal run) 
were treated in static air for 2 h at 500 °C.

Initially, the reactor was filled with 0.5 g catalyst or 0.7 g 
silica sand for the catalytic and non-catalytic tests, respec-
tively, and the reactor was heated to reaction temperature. 
The biomass feeding piston was filled with 1.5 g of biomass. 
The experiment began (using a 100 cm3/min nitrogen flow) 
by introducing the biomass into the reactor that had previ-
ously reached the desired temperature. At the end of the 
experiment (15 min), two of the three reactor heating zones 
were switched off and the reactor purged with  N2 (50 cm3/
min) while 10 min later all heating sources were switched 
off. A typical residence time of the vapor phase in the cata-
lyst bed was 0.031 s.

The liquid products were collected and quantitatively 
measured in the pre-weighted glass receiver. The gas 
products were collected and measured by the water dis-
placement method and the amount of the solid residue was 
measured gravimetrically. The solid products consisted of 
char (biomass residue) and coke-on-catalyst formed by 
thermal and catalytic cracking, as well as a very small 

amount of unreacted biomass. Duplicates were performed 
to ensure repeatability and the corresponding average val-
ues as well as standard deviations are presented.

2.5  Product Analyses

As mentioned, the bio-oil was collected in a pre-weighted 
glass receiver. The pyrolytic vapors, upon their condensa-
tion in the receiver, formed multiple bio-oil phases; an 
aqueous phase, a liquid organic phase and viscous organic 
deposits on the receiver walls. After weighting the receiver 
to determine the bio-oil yield, a known quantity of ethyl 
lactate was introduced in the receiver and following 
manual mixing by shaking, the bio-oil was collected as 
a homogeneous solution. The water content of the bio-oil 
was determined by Karl Fisher titration, after accounting 
for the added ethyl lactate, while the elemental composi-
tion of the bio-oil’s organic components was determined 
by analysis in a LECO CHN-800 elemental analyzer, after 
accounting for the added ethyl lactate and the bio-oil’s 
water content.

After the determination of water content and elemental 
composition, dichloromethane was added to the bio-oil sam-
ple to separate the solution into an organic dichlorometh-
ane-soluble fraction and an aqueous fraction. The organic 
fraction was then analysed using an Agilent 7890A/5975C 
gas chromatograph-mass spectrometer system (Electron 
energy 70 eV; Emission 300 V; Helium flow rate: 0.7 cc/
min; Column: HP-5MS 30 m × 0.25 mm ID × 0.25 μm). 
Internal libraries (NIST 11) were used for the identification 
of the compounds found in the bio-oil. The amount of each 
product group was expressed as the percentage per gram of 
feed, calculated based on the product of the relative area (%) 
of each component determined by the GC–MS analysis, and 
the weight percentage of the organic fraction. By taking into 
account the amount of bio-oil fed, this approach enables the 
most accurate form of qualitative comparison [25, 26].

The gaseous products were analyzed in a HP 5890 
Series II gas chromatograph, equipped with four columns 

Table 2  Textural properties of 
catalysts

a SBET–Sexternal
b t-plot method
c Single point at p/p0 = 0.995

SBET  (m2/g) Sa
micro  (m2/g) Sb

external  (m2/g) Vb
micro 

 (cm3/g 
STP)

Vc
pores 

 (cm3/g 
STP)

Metal 
content 
(wt%)

HZSM5 384.8 293.5 91.3 0.117 0.237
Ds-HZSM5 405.7 285.2 120.5 0.115 0.253
Co/HZSM5 377.1 290.4 86.7 0.114 0.225 4.3
Co/Ds-HZSM5 397.2 295.5 101.7 0.116 0.243 4.1
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(Precolumn: OV-101; Columns: Porapak N, Molecular Sieve 
5A and Rt-Qplot (30 m × 0.53 mm ID) and two detectors 
(TCD and FID). The chromatograph was standardized with 
gases at known concentrations as standard mixtures. Gas 
products consisted of CO,  CO2,  CH4,  H2 and hydrocarbons 
with up to six carbon atoms.

Coke was analysed according to procedure described by 
Magnoux et al. [27]. 100 mg of catalyst were dissolved in 
10 ml of 40% HF solution in order to liberate the coke. Coke 
extracted using  CH2Cl2 (4 ml). The  CH2Cl2 soluble coke was 
subsequently analysed by GC/MS.

The total carbon deposited on the catalysts was deter-
mined by elemental analysis using a LECO CHN-800 ele-
mental analyzer.

3  Results and Discussion

3.1  Catalyst Characterization

The crystal structure of each material was confirmed by 
powder XRD. All the catalysts exhibit the characteristic 
MFI diffraction pattern (Fig. 1). The relative crystallinity of 
the Ds-HZSM5 was determined by integrating the intensity 
signal between the angles 2θ of 23°–25° [28] and equalled 
to 81.8%.

Co impregnation resulted in further reduction in the rela-
tive crystallinity in both zeolites. The relative crystallinities 
equalled to 66.1% and 69.4% for the Co/HZSM5 and Co/
Ds-HZSM5 respectively.

Crystallite size of  Co3O4 calculated using the Scherrer 
equation:L = K ×

�

B cos �
 , where L is average crystal size 

(approximation), K is a constant equal to 0.89 and B is the 

full width at half maximum of the selected peak at 2θ. The 
average Co crystallite sizes for the Co/HZSM5 and Co/Ds-
HZSM5 were evaluated at 2θ = 36.9° (characteristic peak for 
 Co3O4) were equal to 60.2 and 36.1 nm respectively. This 
indicates better dispersion of additional Co species.  H2-TPR 
(Fig. 2) revealed the main reduction peaks at temperatures 
lower than 400 °C which are ascribed to the reduction of 
 Co3O4 that proceeds via a multistep mechanism (reduction 
of  Co3O4 to CoO and then to metallic Co) [29, 30].

Alkaline treatment increased the total surface area by ~ 5% 
while the micropore area has been decreased. The total pore 
volume increased by ~ 7% contrary to the micropore volume 
which has been decreased (Table 2). The pore size distribu-
tion for the catalysts is shown in Fig. 3. The main effect of 
the treatment resulted in increase of the pores in the range 
of 5–20 nm. Metal deposition resulted in reduced surface 
area and pore volume in both cases (parent and desilicated 
zeolite). The micropore volume has been preserved after 
metal modification indicating that Co is mainly deposited 
in the mesopore cavities. The HF after desilication has been 
increased from 0.12 to 0.14 indicating the development of 
mesoporosity. The molar Si/Al ratio of the desilicated zeolite 
was equal to 24.7 which verifies the Si removal.

Figure  4 shows the –OH stretching region in the IR 
spectrum for parent and desilicated zeolites. The band 
at ~ 3740  cm−1, which corresponds to terminal silanol 
groups, is more intense for the desilicated zeolite and indi-
cates an increase of the ratio between the external/mesopore 
surface and the micropores’ surface that lacks silanol groups 
[10, 31–33]; The 3720 cm−1 band which corresponds to 
hydroxyl nests vanishes after alkaline treatment. The band 
at approximately 3610 cm−1 is characteristic of Brønsted 
acid sites (bridged Al(OH)Si groups-framework Al) and is 

Fig. 1  XRD patterns of fresh catalysts used in catalytic pyrolysis tests Fig. 2  H2-TPR profiles of Co modified catalysts
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preserved after treatment. The band at 3780 cm−1, which 
corresponds to hydroxyl groups connected to partially 
framework Al (not tetrahedral), is unchanged [34, 35].

Desilication resulted in decreased Brønsted acidity 
while slight increase in Lewis acid sites is observed with 
similar effects being reported elsewhere [36, 37]. It has 
been suggested that the transformation of some of the 

Brønsted sites into Lewis sites is possible. This obser-
vation is in agreement with the recent spectroscopic 
studies on desilicated ZSM-5 [12, 33] where extraction 
of some lattice Al to extra-framework positions during 
NaOH treatment was realized. As reported by Groen et al. 
[10], limited Al removal takes place during desilication 
however, the amount deposited as amorphous species is 

Fig. 3  Effect of desilication and Co impregnation on pore volume and pore area size distribution (BJH method)
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limited as shown by the small increase in the Al–OH band 
at ~ 3660 cm−1 resulting in Lewis acidity [37]. The crea-
tion of extra framework Al are also plausibly a result of air 
calcination at ambient pressure where desorption of water 
is slower and therefore, limited dealumination occurs [32]. 
The strength distribution of Brønsted sites is similar both 
for untreated and desilicated zeolite (Table 3).

Introduction of metal functions decreases the Brønsted 
sites, while it enhances remarkably the Lewis acid concen-
tration. The decrease of Brønsted acid sites upon Co impreg-
nation suggests that  Co+2 exchanges some of the protons 
in the zeolite [38]. Decreased Brønsted acidity (band at 
3607 cm−1 (Fig. 4; Table 3) of the Co/Ds-HZSM5 com-
pared to Co/HZSM5 and Ds-HZSM5 suggests that, that 
the  Co+2 ions are mainly located at the bridging oxygen of 
Si–OH–Al groups(assigned as [CoOH] + vibration) [39, 
40]. Moreover, the disappearance of the external silanol 
groups (~ 3720 cm−1) (Fig. 4) suggests that a small part of 
the impregnated Co species is located at the external zeolite 
surface. In contrast to the Brønsted acid sites, the number 
of Lewis acid sites was significantly increased, mainly due 
to the formation of the corresponding oxides, i.e.  Co3O4 
(Fig. 8) which could function as Lewis acidic centers [19].

Thermal stability as assessed by TG/DSC (Fig. 5) is not 
affected by the alkaline treatment. This is can be seen by 
the similarity in mass and DSC curves upon heating in oxi-
dative atmosphere. The observed differences in the actual 
mass loss of the two samples are due to physisorbed water, 
upon exposure to the atmosphere prior to measurement. The 
hydrothermal stability of the zeolite is of great importance 
when considering regeneration of the coked catalysts.

3.2  Catalytic Pyrolysis

3.2.1  Product Yields and Composition

As expected, the organic liquid yield is reduced by the use 
of catalysts (Fig. 6). The desilication and metal modifica-
tion did not affect the water yield indicating that none of 
the treatments (desilication, metal incorporation) affect 
the dehydration reaction rates. In fact, decarbonylation 
and decarboxylation rates are enhanced by zeolite desilica-
tion as also seen by the total carbon oxides yields (Fig. 7). 
Interestingly, the incorporation of Co on the zeolite matrix 
results in increased  CO2 production both for the untreated 
and the desilicated zeolite. This could partially be attributed 
to the  Co3O4 reduction; however, metal modified catalysts 
exhibit higher Lewis acidity which favors the decarboxyla-
tion [41] and therefore increased  CO2 production could also 

Fig. 4  FTIR spectra in the –OH stretching region of untreated, desili-
cated HZSM5 and corresponding Co modified counterparts

Table 3  Acidity of prepared 
catalysts determined by pyridine 
adsorption—FTIR

CB (μmol/g) Brønsted sites CL (μmol/g) Total acid-
ity (μmol/g)

%Strong %Medium %Weak %Very weak

HZSM5 421.98 75.9 13.6 6.15 4.36 83.77 505.75
Ds-HZSM5 311.21 75.84 7.43 12.54 5.08 94.7 405.91
Co/HZSM5 255.83 67.64 15.63 9.6 7.14 247.58 503.11
Co/Ds-HZSM5 121.18 57.5 16.96 14.29 11.16 452.76 573.94

Fig. 5  Effect of desilication on the thermal stability of zeolite. 
HZSM5 (line) and Ds-HZSM5 (dashed line)
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be associated with the altered acidic character of the metal 
modified zeolites. Examination of the XRD patterns of the 
coked zeolites and fresh Co containing zeolites do not show 
clear results on the state of Co (Fig. 8). The characteristic 
peaks of  Co3O4 at (2θ = 36.9°, 65.4° and 59.5°) are not pre-
sent in the coked catalysts suggesting that partial or com-
plete reduction has taken place. Reduction to metallic Co 
has been reported in previous studies [20]. It has also been 
found that the  Co2+ cations in ZSM-5 cannot be altered in 
oxidation states upon oxygen and hydrogen treatment below 
450 °C [42] and thus, given the relatively low temperature 
and short time on stream, cobalt ions inside the zeolite 
framework are difficult to be altered. In this case the frame-
work of zeolites can function as a huge ligand to coordinate 
and stabilize its cations, preventing the latter from oxidation 
or reduction [29, 42].

The effect of Co incorporation on liquid composition 
can also be seen in Table 4 and in Fig. 9 that depicts the 
van Krevelen diagram of the resulted organic liquids on 
dry basis. The straight lines in Fig. 9 represent the differ-
ent pathways of oxygen rejection. As shown, oxygen rejec-
tion as carbon oxides are the prevailing mechanisms. The 
deoxygenation activity of the catalysts tested decreases with 
the following order: Co/Ds-HZSM5 > Ds-HZSM5 > Co-
HZSM5 > HZSM5 achieving 22.58, 20.63, 12.11 and 
10.83% reduction in O content compared to the thermal 
run (39.8 wt% O) respectively. As shown, the increase in 
mesoporosity results in higher catalyst effectiveness towards 
deoxygenation. The O rejection in form of carbon oxides is 
preferred because of H preservation in the liquid products. 
This can be expressed in terms of the effective hydrogen 

Fig. 6  Product distribution of catalytic pyrolysis of oak using differ-
ent catalysts

Fig. 7  Gas yields and composition of catalytic pyrolysis of oak

Fig. 8  XRD patters of fresh and spent cobalt modified HZSM5 cata-
lysts
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index (E.H.I.) which is defined as the net hydrogen to carbon 
ration after debiting the hydrogen content of the feed for 
complete removal of the heteroatoms present [43]. The cal-
culated EHI values for HZSM5 Ds-HZSM5, Co/HZSM5 and 
Co-Ds/HZSM5 are 0.54, 0.62, 0.59 and 0.71 respectively 
(EHI of the thermal run equalled to 0.25). The above results 
indicate that both Co modification and desilication promote 
the O rejection from the liquids in the form of carbon oxides.

H2 production is promoted using catalysts with Co modi-
fied catalysts resulting in a three and fourfold increase in 
the  H2 content compared to parent and desilicated zeolites 

respectively. This indicates that dehydrogenation is favored 
(Fig. 7; Table 5). The desilicated catalysts showed higher 
selectivity to lighter olefins (ethylene and propylene) com-
pared to non-desilicated counterparts. This could also be 
attributed to the faster diffusion for the desilicated materials 
due to the shorter path through the microporous channels 
and also to lower Brønsted acidity limiting in that way the 
aromatization reactions of the produced olefins. The faster 
diffusion of olefins from the micropore structure has also 
been identified as the reason for increased olefins selectivity 
during conversion of linear hydrocarbons (n-heptane) over 
hierarchical zeolites [44]. The introduction of Co seems 
to further promote olefins production due to low Brønsted 
acidity with the olefins production achieving an 80% (mass 
basis) increase compared to HZSM5.

GC/MS analysis of the organic liquid can also shed light 
of the underlying conversion mechanisms. As shown in 
Fig. 10 the aromatic hydrocarbon content increases with the 
increased mesoporosity. Cobalt modification and desilica-
tion results in reduction of aldehydes and ketones, which 
are considered as problematic compounds with regards to 
oil stability. The transformation of ketones involves direct 
decarbonylation in the first step with subsequent olefins oli-
gomerization and aromatization. Carboxylic acids have been 
reduced by the use of all the catalysts without significant 
effects of metal incorporation and desilication.

The development of mesoporosity not only helps for 
faster diffusion from and to the micropores but also allows 
for the interaction of bigger aromatic molecules in the 
mesopore cavities and conversion to polyaromatic hydro-
carbons (PAHs) in the presence of surface acid sites in 
the mesopores. This could explain the increased PAHs 
formation. However, Co modification (mainly deposited 
in the mesopores) seems to reduce these interactions. The 
increased PAHs yields along with increased olefins pro-
duction indicates that the main source of aromatics is from 
lignin derivatives rather than Diels–Alder reactions of pro-
duced olefins. This finding indicates that controlled mesopo-
rosity is necessary since increased mesopores would result 
in formation of heavier PAHs reducing the quality of the 
derived liquids.

Table 4  Average CHO composition (dry basis) of liquid derived from 
catalytic pyrolysis using different catalysts

C (wt% db) H (wt% db) O (wt% db)

Thermal (non-catalytic) 54.04 6.17 39.79
HZSM5 57.39 7.13 35.48
Ds-HZSM5 58.81 7.04 31.58
Co/HZSM5 57.76 7.27 34.97
Co/Ds-HZSM5 61.63 7.56 30.80

Fig. 9  Van Krevelen diagram of the organic liquids produced (dry 
basis) during catalytic pyrolysis using different catalysts

Table 5  Gaseous hydrocarbons 
and carbon oxides selectivity

CO

CO+CO
2

Hydrocarbon selectivity Total gaseous hydro-
carbons (wt % of dry 
biomass)C1 (%) C2 (%) C

=
2
(%) C3 C

=
3
(%) C

+
4
(%)

Thermal 0.49 73.12 5.34 10.39 1.02 4.50 5.63 1.20
HZSM5 0.61 43.51 4.24 31.52 2.95 10.66 7.11 2.65
Ds-HZSM5 0.63 40.39 3.90 33.25 3.16 12.13 7.17 3.11
Co/HZSM5 0.59 48.03 3.47 29.62 1.97 11.21 5.69 3.27
Co/Ds-HZSM5 0.58 49.24 3.01 27.89 0.97 13.98 4.91 4.33



782 Topics in Catalysis (2019) 62:773–785

1 3

The milder acidic function of the Brønsted sites in the 
zeolite along with the increased Lewis acidity due to cobalt 
incorporation and mesoporous nature of the Co/Ds-HZSM5 
promote the formation of phenols. Similar, results have been 
reported elsewhere [20].

As shown in Fig. 10, the conversion of alkoxy-phenols 
(main lignin derivatives) seem to be enhanced by the 
increased mesoporosity due to their bulk size at relatively 
increased Brønsted acidities. Reduction of Brønsted acidity 
and occupation of mesopores by Co reduce this effect. Co 
modification and desilication favor also furans formation due 
to minimization of secondary transformations [45].

3.2.2  Coking Characteristics

Carbon deposition on the catalysts after pyrolysis test 
(Fig. 11) shows that the coking tendency is reduced for the 
desilicated catalysts due to less diffusion limitations within 
or from the porous network. The coking tendency of the 

investigated catalysts increases with the following order: Co/
Ds-HZSM5 < Ds-HZSM5 < Co/HZSM5 < HZSM5.

Figure 12 shows the diffraction patterns of fresh and 
coked zeolites. Alternations can be seen in the 2θ region 
of 23°–25° both for HZSM5 and Ds-HZSM5. The fresh 
HZSM5 (Fig. 12(top)) exhibits a doublet at 2θ = 23.08° and 
2θ = 23.26° which is also present at the coked HZSM5 pat-
tern (at 2θ = 23.36° and 23.4°). However, the doublet of the 
fresh desilicated counterpart (Ds-HZSM5, Fig. 12 (bottom)) 
which is observed at 2θ = 23.1° and 2θ = 23.28°, appears 
after coking as a single peak at 2θ = 23.34°. Similar obser-
vation reported by Alvarez et al. [46]. when coking ZSM5 
with  C4 hydrocarbons. Differences in diffraction patterns are 
strongly related to the location of coke. It has been reported 
that the preservation of the doublet at 2θ = ~ 23° is because 
of the coke deposition on the outer surface of the catalyst, 
while the absence of the doublet and collapse to one peak 
corresponds to cell distortion due to coke deposition within 
the pores [47]. The diffraction peaks are slightly shifted to 
higher angles probably because of higher internal stresses 
in the material due to coke presence.

Hence, the small pore size of the parent HZSM5 resulted 
in steric hindrances and therefore more deposition of coke 
on the outer surface, while easier access to the pore network 
in the Ds-HZSM5 resulted in coke deposition within the 
pore structure indicating that the volume of the catalysts is 
utilized more effectively.

GC–MS analysis of the soft  (CH2Cl2 soluble) coke could 
also provide some insights about the coking mechanisms 
and coke precursors in the different catalysts. As shown in 
Fig. 13, the main compounds responsible for coke forma-
tion inside the pores of the microporous HZSM5 are esters. 
Esterification reactions take place at strong Brønsted sites 

Fig. 10  Major (a) and minor (b) compounds in organic liquids 
obtained from catalytic pyrolysis of oak over HZSM5 catalysts

Fig. 11  Carbon deposition on the catalysts
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[48] and given their availability in the parent HZSM5, they 
constitute the major fraction of the in pore coke precursors.

The aromatics content in the  CH2Cl2 soluble coke is 
rather low for all the catalysts however the PAHs content 

increases with the instruction of mesoporosity. The main 
source of coke precursor in the hierarchical zeolites comes 
from bulky lignin derived molecules such as oxygenated-
PAHs and aromatic ketones. Their high concentration in the 
coke comes from the easier accessibility to the pores [48] 
and results in their partial or complete deoxygenation.

4  Conclusions

The development of advanced catalytic materials could 
contribute to a more efficient catalytic pyrolysis process. 
In this work, the mesoporosity development by desilication 
of HZSM5 composite catalyst and metal incorporation of 
Co during catalytic pyrolysis of biomass was investigated. 
Characterization of the catalytic materials showed that 
desilication resulted in increased mesopores formation and 
slightly reduced Brønsted acidity while the incorporation of 
Co (mainly in the mesopores) resulted in increased Lewis 
acidity of the catalysts. The desilicated and cobalt modified 
showed to be 2.2 times more active towards deoxygenation 
reactions of the pyrolysis vapors while at the same time the 
carbon deposition was decreased by ~ 25% compared to con-
ventional microporous HZSM5 zeolite. XRD and GC/MS 
analyses of the coked catalysts verify the more efficient use 
of the desilicated catalysts. Most of the coke precursors in 
the catalysts are of oxy-aromatic and oxy-phenolic nature 
indicating the higher accessibility of bulky lignin derived 
molecules to the pores of the hierarchical catalysts. Conclud-
ing, tailoring the pore size together with metal modification 
is a promising route in catalytic biomass pyrolysis however 
the optimum operating conditions have to be determined 
under relevant industrial conditions.
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