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Abstract

The purpose of this work was to transform a regional biowaste into value-added chemicals and products through a
modest thermo-catalytic pyrolysis process. ZSM-11 (Zeolite Socony Mobile-11) zeolites modified by nickel (Ni)
incorporation (1–8 wt%) were synthesized and characterized by means of X-Ray Diffraction, Inductively Coupled
Plasma Atomic Emission Spectroscopy, Infrared Fourier Transform Spectroscopy, UV–Vis Diffuse Reflectance Spectra
and Temperature Programmed Reduction. Results demonstrated that Ni was mainly incorporated as oxide. These
porous materials were evaluated as heterogeneous catalysts to improve biooil composition. In this sense, higher
hydrocarbon yields, and quality chemicals were obtained and oxygenates were diminished. The deactivation of the
most active material was studied over six cycles of reaction. In order to achieve the circular bioeconomy postulates,
the obtained biochar (usually considered a residue) was further transformed through a physicochemical activation.
The obtained activated biochars were extensively characterized.
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1 Introduction
In its 17 Sustainable Development Goals, the United Na-
tions promotes the principle of optimum and respon-
sible usage of resources for purposes leading to a
convincing transition to a circular economy. The main
idea of the so-called circular economy consists in ad-
vanced redesigning and technological breakthroughs to
minimize waste [1]. From these ideas, the concept of
“circular bioeconomy” is proposed to be a more efficient
biobased renewable resource management. This term in-
tegrates the circular economy principles with the bioec-
onomy theory [2].
Biomass is a promising alternative to fossil resources

because of its carbon richness. But considering its im-
portance for food production, a competitive situation
should be avoided. In this sense, agricultural wastes are

ideal candidates for fuels and chemicals production. Pea-
nut is an important grain legume cultivated worldwide
with a growing trend of production of about 48 Mt [3].
Argentina is the 8th world peanut producer, with around
1.3 Mt produced in 2019/2020 campaign. In view of
these high quantities, it is important to consider the
wastes that peanut processing generates. A 25 wt% of
the production corresponds to the shell, a by-product
not properly used. Keeping in mind the concept of cir-
cular economy, peanut shell (PS) could be considered as
the feed of an integral process.
PS contains around 50% cellulose, 20% hemicellulose

and 30% lignin [4] that makes it difficult to digest and
unable as feedstock for animals. Furthermore, biodeg-
radation is extremely low, resulting in the need of severe
treatments to process this kind of material. Hence, fast
pyrolysis seems to be a good alternative in order to treat
and give value to this biowaste. In a previous paper [5]
we have shown the importance of this thermal process.
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As proposed by Dai et al. [6], the use of zeolites as cat-
alysts in pyrolysis reactions could improve hydrocarbons
and aromatics yields. Particularly, they have found that
nickel (Ni) modified zeolites promoted pyrolysis vapor
deoxygenation and selectivity to aromatic compounds.
The use of Ni promoted catalysts in biomass pyrolysis
has been studied by many researchers. Most studies fo-
cused on ZSM-5, Mobil Composition of Matter or dif-
ferent oxides [7], but the use of Ni modified ZSM-11
(Zeolite Socony Mobile-11) zeolite has hardly been
investigated.
As in any production system, biomass fast pyrolysis

also generates waste. The solid product of pyrolysis,
commonly known as biochar is usually disposed of and
not further utilized. Taking Olofsson and Borjesson [8]
ideas, and in order to minimize residues generation, we
propose a case of open-loop recycling by employing the
biochar in a subsequent system: synthesis of activated
biochar (AB). This porous material can be used in Li-ion
batteries, gas-phase adsorption or as heterogeneous ca-
talysis. AB has shown great attention from the scientific
community since its extraordinary properties, sustain-
ability and low cost of production, when biowastes are
employed as sources [9]. The unique physicochemical
characteristics of AB should be an ideal candidate for
environmental remediation purposes. Large surface area,
meso and macropores system and reactive surface chem-
istry are the required conditions for good adsorbent
performance.
The purpose of this study is to propose a two-step

process for PS, which is a regionally generated biowaste.
In the first step, PS is transformed into platform chemi-
cals. In the second step, residues are transformed into
AB (Fig. 1). This innovative approach is better than
existing approach since it promotes near-zero-waste
conditions by recycling an agricultural biowaste in two
subsequent product systems.

Considering the starting biomass composition, a
thermo-catalytic pyrolysis method is proposed. In order
to obtain higher hydrocarbons and aromatics yields in
the biooil, the effect of Ni-ZSM-11 catalyst is evaluated.

2 Experimental section
2.1 Biomass
PS was provided by the company Lorenzati, Ruetsch y
Cia., from Córdoba, Argentina. The following pre-
treatments were applied to PS: (1) washing to remove
soil particles, (2) drying at 105 °C until constant weight,
(3) grinding and (4) screening to obtain a PS particle size
< 3.35 mm (ASTM E 11/95). Detailed characterization of
biomass has been presented in a previous work [5].

2.2 Catalysts synthesis and characterization
The microporous Na-ZSM-11 zeolite (Si/Al = 23) was
prepared by hydrothermal synthesis [10]. Ni-zeolites
were prepared by the wet impregnation method. Three
concentrations of nickel aqueous solutions (NiCl2 ∙
6H2O, Cicarelli) were used to reach a Ni-content of 1, 5
and 8 wt%. The zeolite was dispersed in the Ni solution
at room temperature. Afterwards, the solvent (water)
was slowly removed by rotary vacuum evaporation at
80 °C until complete dryness. Finally, the samples were
dried at 110 °C overnight and subjected to a thermal
treatment consisting of desorption in N2 and calcination
in air at 500 °C for 8 h. The as-prepared catalysts were
named Ni (1) Z, Ni (5) Z and Ni (8) Z, according to
metal concentration.
Nickel content was determined by inductively coupled

plasma (ICP) atomic emission spectroscopy with an OP-
TIMA Perkin Elmer equipment. The crystalline struc-
ture of the catalysts was determined by means of X-ray
diffraction (XRD) employing an X’pert PANalytical dif-
fractometer with CuKα radiation (1.54 Å). The data were

Fig. 1 Schematic illustration of open-loop recycling between three systems. “Adapted from Journal of Cleaner Production, Vol 196, Johanna
Olofsson and Pal Borjesson, Residual biomass as resource – Life-cycle environmental impact of wastes in circular resource systems, 997-1006,
Copyright (2018), with permission from Elsevier”
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collected in 2θ range of 5–60° in steps of 0.026° with a
count time of 2 s at each point.
Surface area determinations (SBET) using Brunauer–

Emmett–Teller (BET) method were carried out with N2

absorption at 77 K in a Pulse Chemisorb equipment
Micromeritics 2700. The SBET was determined for fresh
and spent catalysts (after the reaction).
Temperature programmed reduction (TPR) studies

were done over Ni-zeolites in a Pulse Chemisorb 2720
equipment from Micromeritics. UV–Vis diffuse reflect-
ance spectra (UV–Vis DRS) in absorbance mode were
recorded using a Jasco V 650 spectrometer in the wave-
length range 200 to 900 nm.
Infrared Fourier Transform Spectroscopy (FTIR) stud-

ies were done to determine acidity of catalysts, employ-
ing a Thermo Nicolet iS10. Pyridine was first adsorbed
to the materials at room temperature under vacuum
conditions and was further desorbed at 250 °C and
0.133 Pa. Acids sites quantification was done from the
bands of 1545 cm− 1 (Brønsted) and 1450 cm− 1 (Lewis)
using the literature data of the integrated molar extinc-
tion coefficients [11].
The amount of coke deposited on the spent catalysts

was measured by thermogravimetric analysis (TGA)
using a Mettler Toledo thermobalance (TGA/
SDTA851e/SF/1100 °C). The sample was heated from 25
to 900 °C at a heating rate of 10 °Cmin− 1 under 75 mL
min− 1 of air flow. Equation (1) was used to calculate the
relative amount of coke [12].

Y coke wt%ð Þ ¼ m100°C−m900°C

m900°C
100 ð1Þ

where m100 °C and m900 ° C correspond to the catalyst
mass at 100 and 900 °C, respectively.
Functional structure of spent catalysts was character-

ized by XRD and FTIR using the equipment depicted
above. In the case of FTIR, the KBr technique was
employed.

2.3 Pyrolysis reactions
PS pyrolysis and biooil upgrade were simultaneously car-
ried out in a fixed bed glass reactor (23 mm i.d., 290 mm
length) under N2 flow (60 mLmin− 1). For a typical ex-
periment, PS (1 g) was loaded in a glass sample carrier
over a catalytic bed. The bed consisted of catalyst (1 g)
and milled quartz (7 g). The reactor was introduced in
an electric furnace once the pyrolysis temperature
(500 °C) was reached. Condensable vapors were collected
at the reactor output in a condenser (<− 10 °C). The re-
actions lasted 10min. Three repeats of every experimen-
tal run were done. Average values are reported.
Equations (2), (3) and (4) were used to calculate prod-

ucts yields.

Ybiochar wt%ð Þ ¼ Mbiochar

Mo
100 ð2Þ

Ybiooil wt%ð Þ ¼ Mbio−oil

Mo
100 ð3Þ

Y gas wt%ð Þ ¼ 100− Ybiooil þ Ybiochar þ Y coke½ � ð4Þ
where, Mo is the initial mass of the biomass sample (g),
Mbiochar is the mass of the solid product (g) after the re-
action and Mbiooil is the mass of the liquid product (g).
Catalyst stability was assessed by using one catalyst

sample for six consecutive reaction cycles. Every new re-
action was carried out employing the catalyst from the
preceding cycle (i.e., the partially deactivated catalyst)
maintaining the 1:1 biomass to catalyst mass ratio. Biooil
was collected and analyzed after each reaction cycle.

2.4 Products analysis and characterization
Chemical composition of biooil was assessed by the GC-
MS technique in a Perkin Elmer Claurus 600 GC
coupled with an ion trap MS in a full scale mode (m/z
40 to 550). An Elite 5MS capillary column (30 m length,
0.25 mm i.d.) was employed and He was used as carrier
gas. Chromatographic peaks were identified by means of
NIST MS library and the use of standards such as acetic
acid, methanol, toluene, xylenes, furfural, and 5-
hydroxymethyl furfural (5-HMF). Peak area calibration
was accomplished through specific response factors for
each chemical group. The selectivity to each compound
was calculated using Eq. (5):

Si wt%ð Þ ¼ Ai Ri

Xn

i¼1

Ai Ri

100 ð5Þ

where Ai is the absolute peak area of compound i and Ri

is the response factor of compound i.

2.5 Activated biochar synthesis and characterization
AB synthesis was carried out following the protocol pub-
lished by Fu et al. [13], due to its simplicity and effect-
iveness. A mechanical mixture of KOH (Strem
Chemicals, 85%) and biochar was made in the propor-
tions of 1:1 and 3:1 by weight. The mixture was placed
in a fixed bed reactor and submitted to thermal treat-
ment under N2 atmosphere (20 mLmin− 1). The heating
rate was 20 °Cmin− 1 until 750 °C, maintaining that
temperature for 3 h. The as-prepared materials, named
AB 1:1 and AB 3:1, were then neutralized and washed
with distilled water until pH = 7 and dried in an oven at
120 °C until constant weight.
AB yields were calculated employing Eq. (6), where

Mbiochar corresponds to the mass of the biochar (g) after
the pyrolysis reaction, MAB is the mass of the as-
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prepared activated biochar (g) after the synthesis
procedure.

YAB wt%ð Þ ¼ MAB

Mbiochar
100 ð6Þ

The crystalline structure, FTIR spectra and SBET of AB
were determined in the equipment depicted above. For
FTIR analysis, the samples were prepared by blending a
few milligrams of the AB sample with KBr.
Morphological analyses were done by Scanning Elec-

tron Microscopy (SEM) employing a microscope FE-
SEM Σigma. It was operated at an acceleration voltage
of 5 kV. Prior to analysis, the samples were coated with
gold. Proximate analysis of AB was also performed using
the thermobalance depicted above and following Saldar-
riaga et al. [14] protocol.
A LabRam spectrometer (Horiba-Jobin-Yvon) coupled

to an Olympus confocal microscope was used to obtain
the Raman spectra of AB samples. The spectrometer
was equipped with a CCD detector at ~ 200 K, the exci-
tation wavelength was 532 nm and the laser power was
set at 30 mW.

3 Results and discussion
3.1 Catalyst characterization
The physicochemical properties of the catalysts are
shown in Table 1. It can be seen that surface area of
fresh materials varied as a function of Ni content. In
general, when metal is loaded on porous supports, the
surface area decreases due to the pore blockage and
metal sintering during the calcination step [15]. SBET for
spent catalysts showed a 23–35% decrease, compared to
the fresh samples. It was observed that the reduction in
SBET was larger when the initial SBET was higher.
The ICP analysis of the materials confirmed the theor-

etical Ni quantities, which agreed with the experimental
results.
The FTIR spectra of the Ni-zeolites samples desorbed

at 250 °C are shown in Fig. 2A. Bands at ~ 1450, 1492
and 1545 cm− 1 can be observed. The band at 1545 cm− 1

corresponds to the Brønsted Acid Sites (BAS) formed by
the framework Al species through the Si–OH–Al bridge.
This band is ascribed to the interaction of pyridinium

ion binding on BAS. The band at ~ 1450 cm− 1 is related
to the Lewis Acid Sites (LAS) formed by the extra
framework Al species and electronic defaults in the
framework aluminum [16]. The band at 1492 cm− 1 cor-
responds to the vibration of pyridine adsorbed over both
LAS and BAS [17].
From Table 1 and Fig. 2A it can be seen that the total

amount of LAS increased dramatically when the Ni was
incorporated to the pristine zeolites. It is well known
that the addition of Ni to zeolites modifies the acidic
properties of the material [18]. The metal can create
new LAS associated with Ni2+ and NiO. The highest
LAS amount was observed in the sample Ni (5) Z, in ac-
cordance to the literature, for similar zeolites [19]. After
Ni incorporation, BAS slightly decreased in the case of
the Ni (1) Z sample, but were significantly augmented in
the case of the Ni (5) Z catalyst. On further increase of
the metal content to 8 wt%, a reduction in both LAS and
BAS quantification was observed. This phenomenon
could be a consequence of the inaccessibility of pyridine
to some of these sites as a result of the pore blockage
caused by the larger oxide particles. In any case, the total
amount of acid sites increased in all modified samples
compared with the parent zeolite.
The XRD patterns of the catalytic materials presented

in Fig. 2B confirmed the ZSM-11 structure for all the ze-
olites. In this way, it was possible to observe the charac-
teristic signals at 2θ of 7–9° and 23–24° [20]. The
diffraction pattern of NiO was also incorporated in this
figure and the presence of its characteristic signals was
emphasized (37 and 44°). The intensity of these peaks in-
creased when the amount of the metal incorporated
augmented.
Results of reducibility of Ni species are presented in

Fig. 2C. All samples presented similar profiles, consisting
mainly of a peak centered around 350–400 °C, while Ni
(8) Z exhibited another broad peak at around 550 °C.
The intensity and peak area of the Ni-zeolites spectra in-
creased with Ni contents. The peak centered at lower
temperatures corresponds to the highly dispersed Ni
species, which have weak interactions with the support
[21]. This peak can be attributed to the reduction of
NiO to metallic nickel. It is noticeable that at higher
metal content the signal became wider as consequence

Table 1 Physicochemical and textural characteristics of the catalysts

Catalyst Nia SBET (m
2 g−1) Lewis Brønsted Total acidity

(wt%) Fresh Spent (μmol Py mg−1) (μmol Py mg− 1) (μmol Py mg− 1)

HZ 0.00 378 249 8 69 77

Ni(1)Z 0.76 331 260 49 62 111

Ni(5)Z 5.40 321 221 98 124 222

Ni(8)Z 7.40 287 221 53 55 108
a Determined by ICP
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of diffusional limitations for bigger oxide particles. The
second peak, centered at higher temperatures, can be
assigned to Ni species with stronger interaction with the
zeolite surface [19]. It is possible to infer that these spe-
cies are also present in Ni (5) Z, but they are more
prominent at higher metal content.
Figure 2D presents DRS UV–Vis spectra of the

samples in order to verify the chemical environment
of Ni present on them. As observed, the HZ spectrum
presents a band at 200 nm that could be assigned to
Al–O charge-transfer transition of four–coordinated
framework Al, while the shoulder at 250 nm has been
assigned to highly ordered structures with octahedral
symmetry [22]. All Ni modified samples present the
characteristic band of NiO around 320 nm. In the
case of Ni (8) Z there is a shift in this band to higher
wavelength that may correspond to higher oxide par-
ticles [23], in accordance with XRD and TPR results.
This observation confirmed the previous analysis
made for the acid sites of the materials. Ni (8) Z, as
consequence of the higher metal content presents the
larger oxide particles that block some pores. Thus, in-
ternal acid sites became inaccessible. For this sample,
bands at 390, 429 and 725 nm, characteristic of NiO,
became more evident and their intensity increased as
Ni content was higher.
Even when NiO is predominant in all the Ni-samples,

there are also some absorption bands assigned to Ni2+

octahedrally coordinated (410, 650 and 740 nm) [24] in-
dicating the coexistence of both species.

3.2 Catalytic activity
In order to determine Ni loading effect in ZSM-11 cata-
lytic activity for biomass pyrolysis, a series of experi-
ments were performed. Table 2 presents the mass
balance of PS pyrolysis reactions catalyzed by the studied
materials. As can be observed, biooil yields were similar
in Ni (5) Z and Ni (8) Z catalyzed reactions. Neverthe-
less, a slight reduction in the biooil yield was verified
when HZ and Ni (1) Z zeolites were employed. This re-
sult is a consequence of the increased selectivity towards
permanent gases that occurs during the cracking of lon-
ger chain molecules.
With respect to biochar yield, it ranged around 29–30

wt%. These small variations were mainly caused by ex-
perimental error and the natural heterogeneity of PS.

Fig. 2 (A) FTIR spectra (L: Lewis; B: Brønsted) (B) XRD patterns, (C) TPR profiles and (D) UV-Vis DR spectra of Ni-zeolites

Table 2 Mass balance of PS pyrolysis reactions catalyzed with
Ni-zeolites

Biooil (wt%) Biochar (wt%) Gas (wt%) Coke (wt%)

Thermal 50.8 ± 2.5 28.6 ± 1.4 20.7 ± 1.0

HZ 47.8 ± 2.4 27.5 ± 1.4 17.4 ± 0.9 7.2 ± 0.4

Ni(1)Z 44.8 ± 2.2 29.3 ± 1.5 21.2 ± 1.1 4.7 ± 0.2

Ni(5)Z 50.0 ± 2.5 30.3 ± 1.5 15.3 ± 0.8 4.4 ± 0.2

Ni(8)Z 50.4 ± 2.5 28.9 ± 1.5 14.8 ± 0.7 5.9 ± 0.3
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Considering the experimental set up, only pyrolysis va-
pors pass through the catalytic bed, so this observation
could not be ascribed to a catalytic effect.
When analyzing coke yields, it was observed that the

parent zeolite registered the highest coke deposition
among the studied materials, suggesting that Ni incorp-
oration to ZSM-11 zeolites prevents the formation of
these carbonaceous products. This result is in agreement
with Stanton et al. [25] who found that Ni-modified
ZSM-5 zeolites generated lower coke deposits, compared
with the unmodified fresh ZSM-5 catalyst. It is well
known that coke deposits over catalysts can be generated
by (1) polymerization of phenolic compounds (called
thermal origin) and (2) transformation of oxygenated
compounds over catalyst acid sites (called catalytic ori-
gin). Catalysts properties like porosity, particle size and
surface area play an important role in coke formation
[26].

3.3 Biooil upgrade
The effects of the Ni modified zeolites on the product
distribution of PS pyrolysis are presented in Fig. 3. Com-
pounds found in the biooil were classified into oxygen-
ated compounds (acids, aldehydes, ketones, phenols,
alcohols, furans and esters) and hydrocarbons (aliphatics
and aromatics). As can be observed, O2-containing com-
pounds were the main products in the thermal pyrolysis
of PS. As expected, when Ni-zeolites were employed,
O2-containing compounds decreased while hydrocar-
bons selectivity increased. Considering the reactor dis-
posal, once the pyrolysis occurred, the vapors came in
contact with the solid catalyst. Active sites are present
on the surface and in the pores of the zeolites. When
pyrolysis products contact them, reactions such as crack-
ing, isomerization, aromatization and polymerization oc-
curred. Thus, selectivity towards hydrocarbons
increased. The main compounds identified were similar
to those reported in literature [6] and they are listed in
Table S1, in the Supporting Information file.
Biooils from all catalyzed reactions presented higher

concentration of hydrocarbons than the thermal run. Ni
(1) Z and Ni (8) Z catalysts presented lower hydrocar-
bons selectivity than the parent HZ zeolite. It was no-
ticeable the reduction on hydrocarbons selectivity in Ni
(8) Z catalyzed reactions. As previously described, the
presence of large oxide particles blocked the pores of the
zeolite making the internal acid sites inaccessible. As
consequence, lower hydrocarbons selectivity was
obtained.
Ni (5) Z showed considerable deoxygenation and the

highest hydrocarbons selectivity. This result can be ex-
plained partly by the physicochemical and textural char-
acteristics of the zeolites employed and partly by the
presence of the metal particles. As previously discussed,
Ni (5) Z presented the highest amount of LAS and BAS,
suggesting that there would be an optimal amount of
metal to incorporate on a determined zeolite matrix.
Kostyniuk et al. [19] found that zeolites with 5 wt% of Ni
were the most active catalysts in hydrogenation, hydro-
cracking and isomerization reactions of biomass tar
model compound mixture. On the other hand, it has
been proposed that the impregnation of the catalyst with
nickel significantly improved the selectivity towards hy-
drocarbons in the biooil from pyrolysis of lignocellulosic
biomass [27]. In this sense, the nickel particles strongly
promote the hydrogen-transfer reactions that favor the
formation of hydrocarbons during the catalytic improve-
ment of the pyrolysis vapors [28].
It should be noted that the hydrocarbon fraction was

mainly composed by aromatics (Fig. 3B). It is well
known that aromatization reactions require synergies of
Brønsted and Lewis acid sites. Although BAS are active
sites for aromatization reactions, dehydrogenation or

Fig. 3 Selectivity towards (A) oxygenated compounds, (B)
hydrocarbons and (C) C-atoms per molecule of hydrocarbon in
biooils from PS pyrolysis catalyzed by Ni-zeolites
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hydrogen atom transfer reaction occurs on the LAS [29].
As presented in Table 1, Ni (5) Z zeolite had the highest
LAS and BAS. Consequently, the lowest oxygenated
compounds and highest aromatic selectivities were ob-
tained over this material.
Figure 3C shows hydrocarbons distribution in the li-

quid products, according to the number of C-atoms per
molecule. As can be observed, selectivity towards C10–
C15 compounds was extremely low in the studied
reactions.
On the contrary, Ni (5) Z favored the cracking to yield

higher amounts of low molecular weight compounds,
with 7–9 carbon atoms per molecule. This group in-
cludes valuable products like xylenes (C8), cumene and
trimethylbenzene (TMB, C9). Less valuable toluene (C7)
was also present in the analyzed biooil. Nevertheless, the
petrochemical industry can convert toluene to those im-
portant products by aromatic hydrocarbons transforma-
tions reactions. Xylene, a high demand compound in the
chemical market, could also be produced through cata-
lytic transalkylation of toluene with TMB [30].
Among O2-containing compounds, two interesting

compounds for the fine chemical industry were ob-
served: furfural and 5-HMF. The former is mainly used
as a selective solvent for the refining of lubricating oils
and diesel fuels and as an intermediate chemical in the
manufacturing of many solvents, plastics and agrochemi-
cals. The latter can be converted to a variety of value-
added furan compounds and can be used for the synthe-
sis of polymers as it contains similar structure as aro-
matics. Synthesis of 5-HMF from biomass molecules,
involves hydrolysis of the polymeric carbohydrates,
isomerization of glucose into fructose and finally dehy-
dration to 5-HMF [31].

Figure 4 shows the selectivity towards furans, furfural
and 5-HMF. From the figure it is evident that 5-HMF
was promoted by all catalysts since a complete absence
of this compound was observed in the thermal reaction.
Approximately 50% of furans corresponded to furfural
and 5-HMF. Similarly to hydrocarbons, Ni (5) Z was the
most active catalyst in favoring the formation of 5-HMF.
In the chemical pathway for cellulose transformation to
5-HMF, Brønsted acidity is believed to promote the
depolymerization of oligosaccharides to monomeric
anhydro-sugars [32]. The isomerization to fructose
seems to occur in the presence of LAS and the dehydra-
tion is thought to be promoted by BAS [33].

3.4 Catalyst deactivation
Coke nature of spent catalysts was studied by FTIR spec-
troscopy (Fig. 5A). An intense band at 3434 cm− 1 could
be observed in all samples. That band is attributed to
bridging hydroxyl groups, while the smaller band at
3234 cm− 1 is attributed to H-bonding between acidic hy-
droxyl groups and adsorbed molecules. The bands be-
tween 2800 and 3000 cm− 1 are attributed to the CH
stretching modes (symmetric and asymmetric) of CH3

groups. The bands from 1300 to 1700 cm− 1 can be
assigned to the CH bending of paraffinic groups and the
CC stretching modes of unsaturated groups. The bands
around 1450–1700 cm− 1 are mainly attributed to aro-
matics structure vibration [34]. Figure 5B shows FTIR
spectroscopy of fresh HZ where a total absence of car-
bon signals was observed.
Catalyst stability was evaluated with six consecutive re-

action cycles. Since products yields (biooil, biochar and
gases) did not suffer significant variations, six main com-
pounds, including furans and aromatics, were chosen to
test the zeolite deactivation. The most active catalyst, Ni
(5) Z, was selected and its re-uses are presented in Fig. 6.
Results showed partially deactivation just in the second
cycle. This behavior can be explained by coke depos-
ition. From Table 1, it could be observed how SBET de-
creased in all spent catalysts. In the case of Ni (5) Z, an
area loss of about 100 m2 g− 1 was obtained after the first
use.
From Fig. 6 it is possible to confirm an increment on

furfural selectivity as reuses cycles advanced. However,
the other compounds analyzed were reduced (selectiv-
ities < 1 wt%). This behavior could be explained by the
surface area reduction as previously commented. When
zeolites pores were physically blocked by coke depos-
ition, pyrolysis products could not get in contact with
the catalyst active sites. Thus, reaction products were
quite similar to non-catalytic reactions. Besides, Renzini
et al. [20] found that coke deposition over ZMS-11 zeo-
lites caused a decrease of both BAS and LAS. This sig-
nificant reduction on active sites is the reason of the

Fig. 4 Selectivity towards furans, furfural and 5-HMF in biooils from
PS pyrolysis catalyzed by Ni-zeolites
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selectivity loss in the selected compounds (toluene, cu-
mene, TMB, xylene and 5-HMF). The furfural was
present in the biooil in higher proportions.
However, it is noteworthy that upon deactivation Ni

(5) Z could be easily regenerated by calcination. After
that, catalytic activity was completely recovered. Figure
S1 presents XRD pattern of the regenerated catalyst,
confirming ZSM-11 structure and crystallinity. Coke de-
position resulted in a temporarily catalyst poisoning and
acid sites blockage that could be thermally solved.

3.5 Activated biochar characterization
Table 3 presents physicochemical characteristics of the
synthetized AB samples. Biochar is presented for com-
parison reasons. As can be observed, SBET doubled when
the KOH:biochar ratio increased from 1:1 to 3:1. In gen-
eral, BET surface area increases when KOH content or
temperature increase [13, 35].

Proximate analysis revealed that fixed carbon in the
activated biochars was higher than in the starting bio-
mass, resulting from an effective carbonization process
[36]. As the temperature increases, it is expected that
the carbon content increases and that of the volatiles de-
creases, since devolatilization processes predominantly
occur [37]. From the analysis of activated materials, it
could be observed that the fixed carbon content de-
creased as the surface area increased, thus registering
AB 3:1 sample the lowest fixed carbon value. Moisture
content in this sample was almost 4 wt% higher, suggest-
ing that it is slightly more hygroscopic than AB 1:1.
XRD diffractograms and Raman spectra display the

crystallographic structures of the activated materials
(Fig. 7). All specimens presented a broad band located at
2θ = 20–30° which is characteristic of amorphous mate-
rials, suggesting the existence of amorphous carbon
caused by incomplete carbonization [38]. The peak at
2θ = 23.5° corresponds to the (002) graphite planes.
From Fig. 7A it can be observed that this broad peak is
stronger in biochar and weaker in the AB samples, prov-
ing an increase in the degree of graphitization. Figure 7B
presents Raman spectra of the as-prepared porous car-
bon materials. The D-bands (~ 1356 cm− 1) and G-bands
(~ 1604 cm− 1) correspond to the disordered carbon and
graphite carbon, respectively [39]. D and G bands ratio
(ID/IG) changed from 0.96 in pyrolysis biochar to 1.00 in
AB 3:1 sample, indicating a higher graphitization degree
at a higher temperature.

Fig. 5 FTIR spectra of (A) spent catalysts and (B) fresh HZ catalyst. Dash squares emphasize lack of carbon signals

Fig. 6 Compounds selectivity in consecutive cycles of PS pyrolysis
over Ni(5) Z

Table 3 Physicochemical characteristics of activated biochars

Proximate analysis (wt%)a SBET

Moisture Volatile matter Fix carbon Ash (m2 g−1)

Biochar 6.8 28.0 58.7 6.5 215

AB 1:1 20.1 11.0 64.5 4.5 832

AB 3:1 23.9 12.6 58.5 5.0 1645
a Determined by TGA
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The FTIR spectra of the AB samples are shown in
Fig. 8. The presence of surface functional groups is con-
sidered an important factor that determines the adsorp-
tion behavior of activated carbons. The vibrations of
some functional groups could be observed. The band at
400–750 cm− 1 was assigned to the stretching vibration
of C-C and the one at 750–900 cm− 1 was responsible for
the bending of C-H. The signals at 1050 and 1250 cm− 1

were attributed to the vibrations of C-O and C-O-C and
the peak at 1480 cm− 1 would indicate the stretching vi-
bration C=C [35]. The signal at ~ 1600 cm− 1 can be at-
tributed to C=C stretching (aromatic components) and
C=O stretching of conjugated ketones. The signal at
1700 cm− 1 was assigned to the C=O stretch and the one
at 1750 cm− 1 resulted from the presence of -COOH
groups. While the band at 2800–2900 cm− 1 was respon-
sible for the stretching of aliphatic CH, the broad band
at 3400 cm− 1 was assigned to the vibration of –OH, cor-
responding to adsorbed water molecules [35, 40].

SEM micrographs of the as-prepared materials are pre-
sented in Fig. 9. AB 1:1 sample presented a rib-like
structure (Fig. 9A) on which the presence of numerous
dispersed pores could be observed. As the KOH content
increased, the precursor (biochar) continued decompos-
ing, and the formation of many new macropores could
be observed in AB 3:1 sample (Fig. 9B). Thus it indicated
that the ribs observed in AB 1:1 were transformed into
channels in AB 3:1. Consequently, the opening of the
macropores possibly contributed to the formation of
new micro and mesopores on the internal surfaces.

4 Conclusions
With the aim of promoting the circular bioeconomy, the
recycling of PS in two subsequent product systems was
studied. The first system consisted of catalytic fast pyr-
olysis of the residual biomass where a group of Ni-ZSM-
11 matrices was tested. When varying Ni content, a sur-
face area reduction was obtained, but acid sites were im-
proved. From the evaluated materials, Ni (5) Z showed
the best results in terms of hydrocarbons and platform
molecules selectivities. This catalyst was further mea-
sured in terms of stability over several reaction cycles.
The temporary poisoning was easily solved by calcin-
ation, after which the material recovered its pristine
crystallinity and catalytic behavior. Thus, it is possible to
affirm that nickel ZSM-11 zeolites with a 5 wt% of load-
ing are ideal catalysts for the pyrolytic conversion of PS
to interesting platform molecules.
The second system consisted of synthetizing AB

employing the residual biochar from the previous pyr-
olysis as the precursor. The materials were produced by
a simple thermo-chemical procedure, employing KOH
as activation agent. Specific surface area could be signifi-
cantly increased upon activation, from 215 m2 g− 1 in
biochar to 1645 m2 g− 1 when KOH:biochar ratio was 3:
1. Considering the type and quantity of surface func-
tional groups found on these materials, they could be
used for a variety of sorption processes.

Fig. 7 (A) XRD patterns and (B) Raman spectra of activated biochars

Fig. 8 FTIR spectra of activated biochars
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These results proved to be an example of an efficient
biobased renewable resource management achieving
near-zero-waste conditions. Resources were recovered
and transformed by simple thermochemical methods.

5 Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s42834-021-00112-9.
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