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In-situ catalytic pyrolysis of peanut (Arachis hypogaea) shells was investigated employingmodified clinoptilolite.
Likewise, conventional pyrolysis of the shells was explored to quantify the deoxygenation degree of bio-oil. Two
solid catalysts obtained from natural clinoptilolite were used: one which retained most of the native cations and
another one subjected to ion exchange treatment to develop Brønsted acid sites. These catalysts were character-
ized using different techniques, such as scanning electron microscopy with X-ray microanalysis, Fourier trans-
form infrared spectroscopy by pyridine adsorption, and nitrogen sorptometry. Assays in a bench scale
installation based on a fixed bed reactor were conducted at 500 °C and the yields of the three kinds of pyrolysis
products (bio-oil, bio-char and gases) were determined. Likewise, the composition and other physical properties
of the bio-oil and gases were investigated. Both catalysts led to reduce the oxygen content of the bio-oil, improv-
ing its high heating value. On the other hand, catalytic pyrolysis promoted a slight reduction in bio-oil production
at expenses of an increase in gases generation. The catalyst subjected to ion exchange performed better than the
native form as less water was generated in the catalytic cracking.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Argentina is one of the largest producing countries of peanut
(Arachis hypogaea) with an estimated annual production of over 1 Mt
[1]. Industrial processing of peanut generates a large amount of shells,
accounting for approximately one fourth of the annual production of
the legume. This waste is normally burned, releasing into the atmo-
sphere toxic gases, such as dioxins [2–4]. Waste burial, which is also
employed to dispose the hulls, could lead to changes in soil pH and
may result in groundwater pollution. Bioenergy production from bio-
mass resources would minimize these practices, contributing at the
same time to generate green energy [5–8].

As the peanut shells are rich in lignin, biochemical processes, such as
anaerobic digestion or alcoholic fermentation, are not appealing be-
cause of their lower organic matter degradation capacity. On the other
hand, thermochemical processes such as gasification or pyrolysis,
could decompose lignin and also attain higher reaction rates [9]. Despite
being amoremature technology, gasification produces gaseswith a low
energy density and which are expensive to transport and storage. By
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).
contrast, biomass pyrolysis generates a high energy density liquid fuel,
known as bio-oil, which could be used as substitute of fuel-oil [10].
This biofuel has been tested in boilers and gas turbines, reaching a
high degree of combustion efficiency [11].

However, bio-oil shows some disadvantages mainly due to its high
oxygen content. The oxygenated compounds present in the liquid lead
to a high chemical polarity, which reduces its miscibility with conven-
tional hydrocarbon fuels. Furthermore, most of the oxygen is in the
form of reactive groups (hydroxyl and carboxyl groups) that might
react among them, lowering the bio-oil stability. In addition, the
high oxygen content brings about a low heating value of the bio-oils
[8,9,12,13].

Among the different alternatives to improve the bio-oil quality by
lowering its oxygen content, zeolite cracking is one of themost promis-
ing options [14,15]. By means of this process, bio-oil deoxygenation is
accomplished through dehydration, decarbonylation, decarboxylation,
and cracking. The acid nature of zeolites is themainmotive of their cat-
alytic activity as it seems to promote the rupture of C\\C and C\\O
bonds through the acid sites [16]. The zeolite based catalysts could be
used to improve the bio-oil in different ways. The bio-oil upgrading
might be carried out in a different reactor than the one used to carry
out the pyrolysis, allowing to make react the vapours or the bio-oil
with the catalysts. On the other hand, the same reactorwhere the pyrol-
ysis is performed could be employed to accomplish catalysis. This
scheme is known as in-situ catalytic pyrolysis [17].
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Synthetic zeolites, such as ZSM-5, mordenite and faujasite, are usu-
ally employed to develop the catalysts [15,18]. Nevertheless, the crack-
ing could also be performed employing natural zeolites, therefore,
reducing the cost of the process. Clinoptilolite, being themost abundant
zeolite in the earth crust, is an attractive option to develop cheap cata-
lysts [19]. However, only fewworks on the subject have explored zeolite
cracking with clinoptilolite as a way to improve pyrolysis products.
Pütun et al. [20] compared the catalytic pyrolysis of residues of olive
oil production using ZSM-5 and clinoptilolite. They concluded that, al-
though the synthetic zeolite was more effective to deoxygenate the
bio-oil than the clinoptilolite, less cokewas produced employing the lat-
ter as catalyst. Moreover, Rajić et al. [21] explored the synergy between
metal oxides and clinoptilolite in lignin pyrolysis for phenol production.
In later works, they compared the performance of phenol production
between the modified clinoptilolite and the modified ZSM-5 [22,23],
finding that phenol production depended mainly on the metal cations
in the zeolite and not on the type of acid sites. Nevertheless, the quantity
and type of acid sites (Lewis and Brønsted sites) has been reported to
exert a strong influence on the cracking process [24]. However, to the
best of our knowledge, there are no works in the literature devoted to
examine exhaustively the influence of the different acid sites of
clinoptilolite on the pyrolysis products.

Within this context, this work comparatively studies the conven-
tional pyrolysis of peanut shells and catalytic pyrolysis of this lignocellu-
losic biomass using two catalysts developed from clinoptilolite. One of
the catalysts retained most of the cations present in the natural
clinoptilolite while the other was subjected to an ion exchange treat-
ment in order to protonate it and increase Brønsted acid sites concentra-
tion. Pyrolysis of the shells was performed employing a fixed bed
reactor at pre-established conditions. Yields of the different pyrolysis
products were obtained. The gases and bio-oils generated were also
characterized.

2. Materials and methods

2.1. Peanut shells

Commercial peanut (Arachis hypogaea) shells, abbreviated as PS,
were cleaned, milled, and screen-sieved in order to obtain samples of
different particle diameters. The fraction ranging from 250 μm to
500 μm was selected for the fixed bed reactor experiments, while that
of particle diameter between 44 and 74 μm was used for thermogravi-
metric studies. The elemental composition of the biomass samples
was determined using an automatic elemental analyzer (Carlo Erba
model EA 1108) and the content of main biopolymers of the shells
was estimated by Van Soest analysis. The elemental content [wt%, dry
and ash-free basis] of the hulls was C: 49.6; H: 6.5; N: 1.8; O: 42.1.More-
over, the biopolymer composition [wt%, dry and ash-free basis] was the
following: lignin: 30.9; cellulose: 54.6; hemicellulose: 14.5.

2.2. Natural zeolite and catalyst development

Natural clinoptilolite, shortened CL, provided by Minera CMA was
employed. It was milled and sieved. The aforementioned particle sizes
(44–74 μm and 250–500 μm) were employed.

An alkaline catalyst (Z1) was obtained by calcinating the
clinoptilolite at 500 °C for 24 h. On the other hand, in order to obtain a
protonated catalyst (Z2), the zeolite was submitted to ion exchange
with NH4Cl. This treatment was accomplished using 20 mL of a 0.5 M
NH4Cl solution per gram of clinoptilolite. The ion exchange was carried
out in a beaker without agitation and at ambient temperature by 8 h.
Afterwards the material was filtered and washed until absence of Cl−,
whichwas verifiedwith a AgNO3 solution. Finally, thematerial was cal-
cinated for 24 h in order to decomposeNH4

+ intoH+ [25]. Before the cat-
alytic experiments, the catalysts were activated heating the samples at
400 °C for 1 h.
2.3. Zeolite and catalyst characterization

The clinoptilolite and the catalysts phases were identified by means
of X-ray diffraction (XRD) using a Siemens D5000 diffractometer with
Cu Kα radiation (λ = 1.54056 Å). The scanning angle was in the
range 5–60° of 2θ with a step size of 0.05° and a scanning speed of
2.0 s step−1.

In addition, both the native zeolite and the catalysts were analyzed
by scanning electronic microscopy (SEM) in a Zeiss Supra 40 coupled
with an Oxford-Instrument energy dispersive X-ray (EDS) spectropho-
tometer. Prior to the analysis, the sampleswere placed on an aluminum
holder, supported on conductive carbon tape, dried under vacuum, and
sputter coated with Au-Pd.

pH of the samples was measured suspending 1 g of each one in
20 mL of distillated water and letting boil for about an hour. Then, the
solution was cooled to room temperature and the pH value was
assessed using a portable Orion 290A pH-meter.

Concentrations of Brønsted and Lewis acid sites were quantified by
pyridine adsorption coupled to FT-IR spectroscopy. The concentration
(C) was calculated as:

C ¼ A � sdð Þ= ε �Wdð Þ ð1Þ

The integrated absorbance (A) of peaks corresponding to Brønsted
(1545 cm−1) and Lewis (1445 cm−1) sites was used. Wd and sd repre-
sent, respectively, theweight and the area of the sample diskwhichwas
mounted on the spectrophotometer. The molar extinction coefficients
(ε) measured by Emeis [26] were employed: 2.22 cm μmol−1 for
Lewis sites, and 1.67 cm μmol−1 for Brønsted sites. The strength of the
different acid sites was determined quantifying the adsorbed pyridine
after desorption at different temperatures (100 °C, 200 °C, 300 °C, and
400 °C).

Moreover, N2 adsorption isotherms of the materials at −196 °C
were determined using an automatic Micromeritics ASAP-2020 HV vol-
umetric sorption analyzer. Before the analysis, the samples were
outgassed at 120 °C for 2 h. Textural properties were assessed from
the isotherms, according to conventional procedures depicted in detail
in previous studies [27]. The Brunauer-Emmett-Teller (BET) surface
area (SBET) was determined by the standard BET procedure and total
pore volumes (Vt) were estimated from the amount of nitrogen
adsorbed at the relative pressure of 0.95 (p/p0= 0.95). Mean pore radi-
us (Rm) was calculated as

Rm ¼ 2 Vt=SBET ð2Þ

2.4. Thermogravimetric assays

Measurements of the pyrolysis behavior of the peanut shells, indi-
vidually and in the presence of each catalyst (biomass to catalyst ratio
of 2:1), were carried out in a simultaneous thermal analyzer (TG-DSC/
DTA TA Instruments SDT Q600). The samples were thermally treated
under a constantflow of N2 (100mLmin−1) from ambient temperature
up to 500 °C. Experiments were performed for samples' masses of
10 mg, fractions of 44–74 μm particle diameter, and heating rate of
10 °C min−1. For these conditions, negligible diffusional effects were
thoroughly verified from preliminary experiments.

2.5. Conventional and in-situ catalytic pyrolysis assays

In order to obtain the pyrolysis products and determine their yields,
pyrolysis experiments were carried out in a bench-scale fixed bed reac-
tor (2.5 cm I.D., 110 cm total length) made of AISI 316 stainless steel
(Fig. 1). Peanut shells, individually and mixed with each one of the cat-
alysts (biomass to catalyst ratio of 2:1), were first placed at room tem-
perature in a sample carrier located in a zone above the reactor, that



Fig. 1. Scheme of the equipment for pyrolysis assays 1) Reactor. 2) Electric furnace. 3)
Sample carrier. 4) Thermocouple. 5) Reactor temperature indicator. 6) Furnace
temperature controller/indicator. 7) Spherical valve. 8) Needle valve. 9) Rotameter. 10)
Condensation system.
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was separated from the latter by a valve. Nitrogen gas was supplied to
purge oxygen and prevent further combustion of the sample. In order
to start the pyrolysis process, the valve was opened and the sample car-
rier with an inserted chromel-alumel thermocouple was pushed and
positioned in the reaction zone, which was heated by an electrical fur-
nace. Thus, a heating rate of approximately 300 °Cmin−1 was achieved.
At the reactor outlet, gaseous and liquid products circulated by a con-
densation system at−10 °Cwhich enabled condensation and collection
of volatiles products. Furthermore, gaseous samples were collected at
regular intervals employing gas sampling bags for further analysis.
From preliminary experiments, the following pre-established operating
conditionswere chosen: T=500 °C, N2 flow rate=300mLmin−1, par-
ticle diameter = 250–500 μm; samples'masses = 10–15 g, holding
time = 30 min.

The residual solid (bio-char and spent catalyst) and the accumulated
liquid products contained in the flasks were weighed to determine
product yields. These products were then carefully stored in closed con-
tainers for further characterization. Percent yields were calculated as
weight of product per total weight of raw biomass sample (dry and cat-
alyst-free). Gas yields were obtained by difference from overall mass
balances.
Fig. 2. Diffractograms for the natural clinoptilolite (CL) and the two developed catalysts
(Z1 and Z2). Characteristic peaks of clinoptilolite are indicated.
2.6. Characterization of the pyrolysis products

Water content of the liquid samples was measured by volumetric
Karl-Fischer titration (MetrohmHerisau Karl Fisher Automat E 547) fol-
lowing ASTME 203. The samples' pHwas determinedwith the same in-
strument depicted above (Section 2.3). Additionally, total phenol and
sugar contents of the bio-oil were evaluated using the Folin-Ciocalteu
and the phenol-sulphuric assays, respectively [28,29]. Dichloromethane
Fig. 3. SEM micrographs (30,000×) corresponding to the natural clinoptilolite (a), the
alkaline catalyst Z1 (b) and the protonated catalyst Z2 (c).



Table 2
Total acid sites (pyridine adsorption temperature= 100 °C) for the clinoptilolite (CL) and
the developed catalysts (Z1 and Z2).

Sample CL Z1 Z2

Lewis [μmol g−1] 12.9 9.9 8.1
Brønsted [μmol g−1] 3.8 3.1 22.2

Table 1
Surface concentration of the main present elements of clinoptilolite (CL) and the two de-
veloped catalysts (Z1 and Z2).

Surface concentration [wt%] O Na Mg Al Si K Ca Fe

CL 56.1 2.6 0.4 6.7 31.1 1.0 1.9 0.3
Z1 55.6 2.7 0.6 6.9 30.8 0.9 1.9 0.4
Z2 55.6 0.5 0.5 7.4 34.6 0.5 0.5 0.4
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was used to extract the organic phase from the bio-oils (volume ratio
solvent/bio-oil: 2:1) in order to determine their elemental composition
by ultimate analyses, as depicted above. Furthermore, higher heating
value (HHV) was also determined using a Parr 1341 oxygen bomb
calorimeter.

Chemical compounds of bio-oils were identified using a Trace GC
Ultra chromatograph coupled with a Thermo Scientific EM/DSQ II
mass spectrometer (GC–MS). The employed capillary column was a
Rxi-5 ms (length: 30 m; ID: 0.25 mm) and helium was used as carrier
gas. Electron ionization (potential: 70 eV) was used and the measured
mass range varied from 30 to 500 m/z.

Non-condensable gases, after flowing through the condensation sys-
tem, were sampled periodically using Teflon gas bags, and further ana-
lyzed with a Shimadzu GC-8 gas chromatograph supplied with a
thermal conductivity detector and a concentric packed Altech CTR I col-
umn (6 ft. ×¼ in.). Argon as carrier gas and a temperature of 25 °Cwere
employed.

All the experiments were performed at least three times. Differences
between replicates were less than 5% in all cases. Average values are
reported.

3. Results and discussion

3.1. Characterization of the zeolite and the catalysts

Diffractograms of the clinoptilolite and the two derived catalysts are
presented in Fig. 2. It can be seen that no important changes on the pres-
ent phases arose from the treatments. Besides the clinoptilolite charac-
teristic peaks, some impurities were present, such as quartz (21.0° and
26.7°) and other aluminosilicates, such as kaolinite and feldespate [30,
31]. Fig. 3 shows the SEM micrographs of the clinoptilolite and the
two catalysts developed from it. As it can be observed, materials are
constituted by congregated plates of different dimensions. No notice-
ablemorphological changes are appreciated as consequence of the ther-
mal and/or ion exchange treatments.

Surface concentrations of the principal elements present in the sam-
ples, determined by SEM-EDS, are displayed in Table 1. Although most
of the clinoptilolites are characterized by a greater proportion of K
Fig. 4. FT-IR spectra for adsorbed pyridine at 100 °C for the clinoptilolite (CL) and the Z1
and Z2 catalysts.
than Na, the studied zeolite showed an opposite trend. This may be
due to a high Na content in the saline were the mineral was formed.
Other authors have also reported the same trend for an Argentinean
clinoptilolite [25]. On the other hand, the clinoptilolite presented an
Al/Si molar relation of 0.224. As the natural clinoptilolite has an Al/Si
molar relation of 0.2, the surface concentration analysis is in agreement
with the small quantities of impurities detected by the X ray diffraction
assays. It could be appreciated that the thermal treatment had no effect
on the elements present on the material. In contrast, the ion exchange
with NH4

+ led to a reduction in Na+, K+ and Ca2+ in Z2 catalyst. These
cationshave aminor affinitywith the zeolite frame thanNH4

+. Different-
ly, theMg2+ cation, which practically was not affected by ion exchange,
would have a higher affinity with the clinoptilolite than NH4

+ [32]. Like-
wise, the apparent increment on the surface concentrations of Al and Si
for the Z2 catalyst may be attributed to the fact that most part of the al-
kaline and alkaline earth cations were replaced by NH4

+, which was
Fig. 5.Brønsted (B) and Lewis (L) acid sites for the clinoptilolite (a), the alkaline catalyst Z1
(b) and the protonated catalyst Z2 (c) at different desorption temperatures.



Fig. 7. TGA curves for the pyrolysis of peanut shells (PS) and of the shells in the presence of
Z1 (PS + Z1) and Z2 (PS + Z2) catalysts. Biomass to catalyst ratio = 2:1.

Fig. 6. Nitrogen adsorption isotherms (−196 °C) for the natural clinoptilolite (CL), the
alkaline catalyst Z1, and the protonated catalyst Z2.
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subsequently decomposed to H+ that is not detected by the EDS tech-
nique. As the surface concentrations are normalized according to the de-
tected elements by themicroscope probe, the contents of Al and Si rose.
It has to be emphasized that no N was detected, suggesting that a com-
plete conversion of NH4

+ to H+ was achieved.
FT-IR spectra (absorbance) of adsorbed pyridine on the clinoptilolite

and the Z1 and Z2 catalysts are exhibited in Fig. 4. Three different peaks
at wavenumbers of 1545, 1490 and 1445 cm−1 may be identified. The
first onewould correspond to pyridinium ions (Brønsted sites),whereas
the last band is usually assigned tomolecular pyridine (Lewis sites). The
band whose wavenumber is 1490 cm−1 is due to both types of adsorp-
tion. The areas below the peaks at 1545 cm−1 and 1445 cm−1 were in-
tegrated and used to calculate acid site concentration according to Eq.
(1). These values are presented in Table 2. The total amount of acid
sites for the natural clinoptilolite is comparable to values informed in
the literature [21]. Clearly, the ion exchange treatment followed by cal-
cination generated a great amount of Brønsted acid sites on the Z2 cat-
alyst. However, the sole calcination of the zeolite had not an important
influence on the acid sites, as seen in the similar values for CL and Z1.
These results were consistentwith themeasured pH for the threemate-
rials. While the pH for CL and Z1 was of 6.0 and 8.0, respectively, the
value for Z2 was 4.3.

Likewise, the strength of the acid siteswas examined from the assays
of pyridine adsorption at different temperatures. The results are shown
in Fig. 5. It isworthmentioning that even though Z2 had a larger amount
of Brønsted acid sites, a significant proportion of them did not retain
pyridine at temperatures of 200 °C or higher. Despite the fact that the
temperature of the pyrolysis experiments (500 °C)wasmuch higher in-
dicating that the volatiles would preferentially react with the Lewis
sites, it should be noted that the characterizations of acid sites shown
in Fig. 5 were obtained after equilibriumwas established. In the pyroly-
sis assays, the short residence time did not allow the equilibrium to be
reached and as the Brønsted sites are more reactive than those of
Lewis, the pyrolysis vapours would preferentially react with the former
ones [26].

Nitrogen adsorption isotherms for the clinoptilolite and the two cat-
alysts are illustrated in Fig. 6. It could be seen that the shape of the
Table 3
Textural properties of the clinoptilolite (CL) and the catalysts (Z1 and Z2).

Sample CL Z1 Z2

SBET [m2 g−1] 6.3 10.3 19.7
Vt [cm3 g−1] 0.02 0.03 0.03
Rm [nm] 6.4 5.8 2.6
isotherms corresponding to the samples presented typical characteris-
tics of isotherms between type I and type II according to IUPAC classifi-
cation [33]. Textural properties evaluated from the isotherms are listed
in Table 3. The results indicate that both treatments applied increased
the BET area, particularly for Z2. Furthermore, Rm decreased notably
for this catalyst, implying that more micropores were created in the
treatment applied. The size and shape of the pores are very important
characteristics in connection with the accessibility of the vapours to
reach the acid sites, and the occurrence of the catalytic cracking [34].
3.2. Thermal behavior of the peanut shells

The effect of the presence of the catalysts on the pyrolysis behavior
of the peanut shells was examined. Fig. 7 illustrates variations of the
weight fractions (w) with the temperature. The weight fractions were
obtained asw=m/m0, wherem andm0 are the drymass of the sample
(catalyst-free) at time t and the initial dry mass, respectively. Thermal
degradation of PS exhibits a sigmoidal degradation pattern. Decrease
of w up to temperatures of 400 °C may be mainly attributed to
holocellulose degradation while the drop of w at higher temperatures
would be due to lignin decomposition [35]. As observed in Fig. 7, the
presence of the catalysts does not almost modify the thermal degrada-
tion of the biomass. This fact suggests that the catalystwould only affect
the secondary reactions that would occur after the primary volatiliza-
tion, leading to vapor reforming and subsequent bio-oil generation.
Small differences among the instantmass fractions have been attributed
to coke deposition on the catalyst surface [16].
Fig. 8. Product yields for the pyrolysis of the peanut shells (PS) and of the shells in the
presence of the alkaline (PS + Z1) and the protonated catalysts (PS + Z2). Biomass to
catalyst ratio = 2:1; temperature = 500 °C.



Table 6
Main compounds detected in bio-oils by GC/MS analysis.

RT [min] Compound

6.7 Phenol
8.1 2-Hydroxy-3-methyl-2-cyclopenten-1-one

Fig. 9. Total ion chromatograms of the bio-oils produced by the conventional pyrolysis of
the peanut shells (PS) and by the catalytic pyrolysis (PS + Z1 and PS + Z2).

Table 4
Elemental composition and high heating value of the bio-oils generated by the conven-
tional pyrolysis (PS) and the in-situ catalytic process (PS + Z1 and PS + Z2).

Bio-oil PS PS + Z1 PS + Z2

Ultimate Analysis [wt%]
Carbon 49.3 56.4 59.1
Hydrogen 8.1 7.5 7.0
Nitrogen 2.9 1.7 1.1
Oxygena 39.7 34.4 32.8
HHV [MJ kg–1] 22.5 24.9 25.5

a Estimated by difference.
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3.3. Yields of the pyrolysis products

Yields of the three kinds of pyrolysis products for the thermal degra-
dation of the lignocelullosic biomass individually and in the presence of
each catalyst at 500 °C are presented in Fig. 8. Almost no differences
were found for the solid yields for the three studied alternatives. Very
small differences could bedue to cokedeposition on the catalyst surface.
Since in the present experiments little coke (less than 4wt% of the spent
catalyst as determined by TGA analysis in an oxidizing atmosphere) as
deposited on the catalyst, it might be inferred that the cracking was
mild. These results are in accordancewith the trend observed for the in-
fluence of the catalysts on the residual weight fractions (w at T =
500 °C) of the TGA curves shown in Fig. 7.

The catalytic pyrolysis of PS with both catalysts led to a diminution
of the bio-oil production and an increase of the gas generation, particu-
larly for Z2 catalyst. This could be explained taking into account that ox-
ygen removal from the bio-oil by catalytic cracking generated more CO
and CO2 that are added to the ones produced by the primary degrada-
tion of the biomass. According to Corma et al. [36], deoxygenation of
bio-oil by catalytic cracking could be represented by the following gen-
eral chemical equation:

C6H12O6→aCxH2xþ2Oy þ bCO2 þ cCOþ dH2Oþ eC ð3Þ

Therefore, besides the improved bio-oil, CO, CO2, water and coke are
also generated.

3.4. Properties of the pyrolysis products

Since no differences were detected among the elemental composi-
tions of the bio-char generated by conventional pyrolysis and of those
produced by catalytic pyrolysis, in this subsection only the characteris-
tics of the bio-oils and gases are discussed. Table 4 lists the results of
the elemental analysis and HHV of the bio-oils produced by the conven-
tional and catalytic pyrolysis at 500 °C. The elemental composition of
the biomass (Section 2.1) and the bio-oil arising from the conventional
pyrolysis of the shells were very similar. By contrast, biomass pyrolysis
in presence of the two catalysts led to a bio-oil with less oxygen and
enriched in carbon. This also contributed to a higher HHVof thebiofuels,
particularly when Z2 catalyst was used.

Table 5 presents the contents of water, total phenol and sugars and
pH values of the different bio-oils. Both catalytic processes led to bio-
oils with a higher amount of water, particularly for Z1, than the conven-
tional process, as expected from Eq. (3). pH values of the bio-oils were
Table 5
Water content, total phenol and sugar contents, and pH for the bio-oils generated by the
conventional pyrolysis (PS) and the in-situ catalytic process (PS + Z1 and PS + Z2).

Bio-oil PS PS + Z1 PS + Z2

Water [wt%] 51.3 57.0 54.8
Phenols [g dm−3]a 16.4 18.2 21.9
Sugar [g dm−3]a 6.2 1.3 1.5
pH 3.1 3.0 3.2

a Aqueous phase.
low (around 3) mainly due to high concentrations of acetic and formic
acids [8]. Concerning phenols generation, both catalysts induced a
higher production of this type of compounds, in agreement with other
reported results [21]. Ma et al. [37] suggested that the phenolic
fragments arising from pyrolysis of lignin, in presence of mesoporous
materials, become more stable and do not repolymerize to form coke.
Thus, after condensation, they form part of the bio-oil. Moreover, the
in-situ catalytic pyrolysis considerably reduced the sugar content in
the bio-oils. Mihalcik et al. [15] reported an important reduction on
levoglucosan generation from pyrolysis of oak, maize husk and switch-
grass when several zeolites were utilized (HSMZ-5, H-Y, H-β and
H-mordenite).

Total ion chromatograms of the bio-oils produced by conventional
and in-situ catalytic pyrolysis using both catalysts are displayed in
Fig. 9. Retention times (RT) below 5 min are not shown as the
solvent front was found for these values. Main compounds are listed
in Table 6. They were identified by means of residence times and mass
spectra found in the literature [38–40]. Themain difference in the chro-
matograms was the reduction of the peak assigned to the levoglucosan
and its isomer, 1-6-anhydro-β-D-glucofuranose, for the bio-oils pro-
duced by the catalytic process. These results were in concordance with
the lower values of sugar concentration when the phenol-sulfuric
assay was carried out.

The yields of the main gases of pyrolysis, calculated on the basis of
moles of generated gas per kg of pyrolyzed sample are displayed in
Fig. 10. The results show that when pyrolyzed individually, PS led to a
greater COgeneration than that of CO2. On the other hand,when the py-
rolysis was performed in the presence of the catalysts the trend was re-
versed. The higher oxygen content in the gases was in agreement with
8.8 p-Cresol
9.7 2-Methoxyphenol (guaiacol)
10.9 5-Hydroxymethylfurfural
13.5 2-Methoxy-4-methylphenol (creosol)
15.0 Catechol
18.6 2,6-Dimethoxyphenol (syringol)
20.5 Vanillin
21.6 2-Methoxy-4-propenylphenol (eugenol)
24.4 2-Methoxy-4-propylphenol
35.0 2,6-Dimethoxy-4-propylphenol
35.6 Levoglucosan
40.1 1,6-β-D-Glucofuranose



Fig. 10. Generation of the main gases arising from conventional (PS) and catalytic
pyrolysis of the peanut shells (PS + Z1 and PS + Z2).
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the lower oxygen content of the bio-oils. In addition, the generation of
CH4 and H2 decreased if catalysts were present. Since the catalysts
would stabilize the phenolic fragments derived from the lignin of the
shells, and the thermal degradation of this biopolymer is the main re-
sponsible of CH4 and H2 generation, the catalytic pyrolysis of the shells
would result in a lower production of these two gases [37,41]. The
HHV of the gaseous products [MJ kg biomass−1] was calculated as the
sum of the product of themoles of each gas generated per kg of biomass
sample (Gi) and the heat of combustion of each gas [MJ mol−1]:

HHV ¼ 0:802GCH4 þ 0:286GH2 þ 0:283GCO ð4Þ

The HHV for the pyrolysis gases arising from PS was
1.9 MJ kg biomass−1, while when Z1 and Z2 catalysts were employed
values of 1.2 and 1.1 MJ kg biomass−1 were obtained, respectively.
Lower values were due to the lower concentrations of CO, CH4 and H2

generated in catalytic pyrolysis.

4. Conclusions

In-situ catalytic pyrolysis of peanut shells employing twodifferent cat-
alysts based on clinoptilolite led to a reduction in bio-oil oxygen content,
whichwould increase its stability andmiscibility with conventional fuels.
Regarding their efficiency, the protonated catalyst performed better as
not only gave rise to a more deoxygenated bio-oil but also generated
less water. Moreover, in comparison with the alkaline catalyst, it pro-
ducedmoreCO2 as by-product. This fact suggests that the selectivity of re-
actions which generate these undesirable by-products, water and CO2,
would be susceptible of the type of acid sites present on the catalyst. As
CO2 separation from the bio-oil is simpler than water elimination and
since CO2 does not contribute to lower bio-oil heating value, the employ-
ment of the protonated catalyst emerges as a better choice to produce a
higher quality bio-oil by in-situ catalytic pyrolysis of peanut shells.
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