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a  b  s  t  r  a  c  t

The  catalytic  and  non-catalytic  fast pyrolysis  process  for converting  Kraft  pulp  paper  waste  into  bio-
oil  and biochar  was  studied.  Catalysis  free  pyrolysis  of  untreated  Kraft  pulp  resulted  on good  yields  of
bio-oil  (39%  at  400 ◦C),  showing  a relative  high  concentration  of  levoglucosan,  while  phosphoric  acid-
pretreated  pulp  produced  lower  yields  of  bio-oil  (max. value  14%  at 350 ◦C)  being  levoglucosenone  the
main  component.  The  catalytic  pyrolysis  of pretreated  pulp  employing  silica  led to  a  high  yield  of  the
liquid  fraction  (57%  at 400 ◦C)  with a high  selectivity  to levoglucosan.  The  biochar  produced  from  as
eywords:
raft pulp
yrolysis
nhydrosugars
iochar

received  pulp  could  be envisaged  for soil  amendment.  It displayed  a  relatively  high  specific  surface  area,
showing  micro  and  mesoporosity.  Besides,  no  phytotoxic  effect  of the  biochar  obtained  at  350 ◦C was
recorded.

©  2016  Elsevier  B.V.  All  rights  reserved.
hytotoxicity

. Introduction

Pyrolysis of biomass is a viable route for producing gases, liquids
nd solids that can employed for different purposes. The process is
specially complex and consists of both simultaneous and succes-
ive reactions in which organic material is heated in a non-reactive
tmosphere.

Cellulose is the dominant component of lignocellulosic biomass
nd an excellent raw material for pyrolysis since it does not com-
ete with food production [1]. A large number of studies have
ocused on the pyrolysis of cellulose for producing valuable chem-
cals [2,3]. The acid treatment of starting cellulose, as well as the
se of catalysts, strongly influence on the course of thermal degra-
ation and consequently on the product distribution and on the
omposition of bio-oils. Acid-pretreatment promotes dehydration
f the biopolymer and led to a liquid with a high concentration of
uran derivatives and valuable anhydrosugars such as levoglucosan
LG) and levoglucosenone (LGO) [4,5]. LG is an interesting precur-

or for the synthesis of chiral natural products [6,7]. Besides it is
ften used as a highly specific tracer for biomass burning aerosols

∗ Corresponding author.
E-mail address: lauramoy@fcq.unc.edu.ar (E.L. Moyano).
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165-2370/© 2016 Elsevier B.V. All rights reserved.
[8]. On the other hand, LGO is used as a versatile chiral building
block owing to its high functionality [9].

The Kraft pulp paper (KP from now on) has not been extensively
studied as raw material for pyrolysis. In Kraft pulping, wood is pre-
viously debarked and subsequently a chemical treatment removes
lignin, breaking down the wood into fibers. KP is an interesting
material for pyrolysis, since the content of lignin is negligible. How-
ever, to our knowledge, there are no investigations on the pyrolysis
of KP as a procedure to obtain valuable chemicals; studies have only
been limited to analytical determinations [10,11]. Thus, it can be
speculated that bio-liquid from KP would contain valuable chemi-
cals, as in the case of cellulose.

Biochar is a solid by-product that is produced in biomass pyrol-
ysis. There has been a growing interest on the efficient conversion
to this product [12], which can be used for many purposes. Due to
micropores developed during pyrolysis, biochar has large surface
area and can be used for filtration and adsorption of pollutants.
Most recently, the use of biochar as a sustainable soil amendment
to improve soil productivity, carbon sequestration, and overall soil
fertility has drawn greater attention [13,14]. The beneficial effects
of biochar on plant growth have been reported when this car-
bonaceous material is combined with fertilizers, both organic and

inorganic [15–17].

In the present work we report on the fast pyrolysis of KP
(non-pretreated and acid pretreated) with the aim of obtaining bio-

dx.doi.org/10.1016/j.jaap.2016.09.021
http://www.sciencedirect.com/science/journal/01652370
http://www.elsevier.com/locate/jaap
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Table  1
Some physicochemical Properties of Kraft pulp.

C (wt.%)a 46
N (wt.%) a 0.03
H (wt.%) a 5
O (wt.%)b 46
S  (wt.%) a 0.8
HHV (MJ  kg−1)c 17.1
Ash (wt.%) a 2.4
Al2O3 (wt.%)d 0.30
CaO (wt.%) d 6.30
Na2O (wt.%) d 1.48
Fe2O3 (wt.%) d 0.22
MgO  (wt.%) d 1.02
MnO  (wt.%) d 0.08
Mo  (wt.%) d 0.01
Cellulose (g kg−1)a 81
Hemicellulose (g kg−1)a 9
Lignin (g kg−1)a 5

a Determined on dry basis.
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b Calculated by difference.
c Calculated values.
d Ash composition.

iquids rich in valuable anhydrosugars. Pyrolysis reactions are also
erformed with KP in contact with SiO2, as a heterogeneous cata-

yst. The different bio-oils were analyzed in order to determine the
nfluence of the different conditions on pyrolysate composition.

In addition, we have focused on the biochar formed in KP pyrol-
sis, for finding a proper disposal for this waste. In this context, the
olid product obtained from KP pyrolysis was exhaustively char-
cterized and evaluated as a potential soil amendment through
ermination and growth bioassays.

. Materials and methods

.1. Raw material

The fibrous fraction of a recycled pulp obtained from unbleached
oftwood Kraft-liner paper was used for the study. For acid impreg-
ation, the pulp was treated with a phosphoric acid solution

Anedra, 85% w/w). Thus, 1.00 g of KP and 5 mL  of 1% (w/w)  phos-
horic acid aqueous solution were introduced in a round-bottom
ask and kept at 80 ◦C under magnetic stirring. Following 2 h, the
ixture was filtered under vacuum and the solid was dried at 40 ◦C

able 2
he product composition from catalytic and non-catalytic fast pyrolysis of KP and T-KP.

Sample Catalyst T (◦C) Yields of fractions (%)a

Liquid Solid 

KP none 300 27 ± 2 20 ± 1 

350  34 ± 2 9 ± 1 

400  39 ± 2 5 ± 0,4 

KP SiO2
g 300 45 ± 3 7 ± 0,5 

350  51 ± 3 2 ± 0,1 

400  42 ± 3 1 ± 0,1 

T-
KP

none 300  8 ± 0,5 37 ± 2 

350  14 ± 1 32 ± 2 

350h 36 ± 2 11 ± 1 

400  13 ± 1 25 ± 2 

T-
KP

SiO2
g 300 39 ± 2 11 ± 1 

350  43 ± 3 3 ± 0,2 

400  57 ± 4 1 ± 0,1 

a Values expressed as average of 3–4 measurements with their analytical errors.
b Percentages calculated based on the peak area in the GC/MS analysis.
c LG: levoglucosan.
d LGO: levoglucosenone.
e Other anhydrosugars.
f Mainly furans: 5-methyl-furan-2-one and 5-methyl-2-furancarboxaldehyde.
g 10% (w/w).
h For this experiment the treated pulp was  extensively washed with water until pH wa
d Applied Pyrolysis 122 (2016) 216–223 217

under vacuum overnight. This raw material is named as T-KP from
now on.

Characterization of fresh pulp was performed by using various
analysis methods (Table 1). Elemental analyses of pulp were per-
formed by a CHNS Elemental Analyzer 2400 Serie II Perkin Elmer.
Alkali metals and other inorganic components (Ca, Na, Fe, Mg,
Al, Mn  and Mo)  were determined by an ICP-MS Agilent 7500 CX
equipment. The analysis was carried out by using a quadrupole
inductive plasma mass spectrometer (Q-ICPMS) for all elements
except sodium. A Thermo-Elemental X7 series (Thermo Fisher Sci-
entific, Bremen, Germany), equipped with an ASX-100 autosampler
model (CETAC Technologies, Omaha, NE), was used. CCT mode mea-
surements were performed for Mg,  Na, Ca, Mn,  Fe and Mo.  The
element Al was  measured without operating the collision cell with
gas, and thus full sensitivity. All of the Q-ICPMS measurements
were performed using Sc, In, and Re as internal standards. Samples
were diluted 10-fold using a 1% HNO3 0.5% HCl mixture followed
by digestion for 24 h before Q-ICPMS measurements. Standards and
blanks were prepared using the same mixture (1% HNO3–0.5% HCl).
Instrumental and procedural blanks were determined together
with samples, and the means of five runs were obtained for each
sample. Full quantitative analysis was performed against calibra-
tion standards for each element. Precision (% CV) was below 5%
considering five measures on the same sample (Table 2).

The content of cellulose, hemicellulose and lignin were obtained
following the method described by Van Soest et al. [18].

Total ash content of the biomass material was  determined via
combustion of the biomass at 575 ◦C for 24 h.

The higher heating values (HHV) of feedstock and biochar,
expressed in MJ/kg, were calculated using the equations 1 and 2
described by Friedl et al. [19] and an average taken from these two
values:

HHV(OLSmodel) = 1.87C2 − 144C − 2820H + 63.8C

× H + 129N + 20147(1)

2
HHV(PLSmodel) = 5.22C − 319C

− 1647H + 38.6C × H + 133N + 21028(2)

Products of liquid fraction (%)b

Gas LGc LGOd ASe Othersf

53 ± 3 7 4 51 38
57 ± 4 51 3 24 22
56 ± 4 38 – 19 43
48 ± 3 83 15 2 –
47 ± 3 72 – 14 14
57 ± 4 80 – 11 9
55 ± 4 2 89 6 3
54 ± 4 3 90 5 2
53 ± 3 52 19 24 5
62 ± 4 – 98 – 2
50 ± 3 55 6 13 26
54 ± 3 84 9 6 1
42 ± 3 95 2 3 –

s  6.
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The moisture content of the untreated pulp samples (5.9–6.3%)
as determined using a Mettler Toledo halogen moisture analyzer.
bout 1.00 g of the sample was weighed into the moisture analyzer
nd the moisture content was determined at 105 ◦C.

KP and T-KP were characterized by X-ray diffraction in a Philips
W1710 BASED instrument operating at 45 KV and 30 mA,  fitted
ith a graphite monochromator in order to get Cu K�1 radiation

� = 1.5406 Å); the angle step and counting time were 0.02◦ (2�)  and
s, respectively. Besides, pulp materials were studied by Scanning
lectron Microscopy (SEM) on a Jeol 100 CX2 apparatus.

.2. Fast pyrolysis experiments

The pyrolysis was carried out in inert atmosphere in a quartz
ubular reactor with a length of 25.00 cm and a diameter of 2.50 cm.
he heating was  performed with an external furnace having a
emperature-controller device. The reactor was connected to a high
acuum pump with pressures in the 0.1–0.5 Torr range. KP or T-
P samples (1.00 g) were placed in a sliding ceramic boat, which
as put into the pyrolysis furnace once the reaction tempera-

ure (300–400 ◦C) was achieved and the vacuum conditions were
ttained. Oxygen-free dry nitrogen, with a flow rate of 0.1 mL  s−1,
as employed as an inert carrier gas to improve the transporta-

ion of products to the condensation region. Thus, the sample was
ubjected to pyrolysis temperature at very short residence times
<0.5 s) and the experiments last around 20 min  to get the pyrolysis
f full sample. The different bio-liquids were trapped at liquid-
ir temperature, immediately after they escaped the hot zone.
he pyrolysate formed by two phases (water and oil) was diluted
ith acetone and submitted to several analyses or separation tech-
iques. After evaporation of organic solvent and water, the liquid
hase consisting of oil was weighed. The pyrolytic water formed
uring the pyrolysis process was thus removed in the evaporation
f solvent. The amount of pyrolytic water was determined using
he Karl Fischer titration method (Mettler Toledo analyzer, KF V10S
ompact) and ranged from 6 to 10% wt. depending on pyrolysis
emperature. The biochar was removed from the ceramic boat and
lso weighed; the gas yield was then calculated by mass balance.
he yields are expressed as the average of at least three experiments
o confirm reproducibility of the results reported.

In the catalytic experiments, pulp blends with addition of 10%
w/w) SiO2 (commercial, Davisil Grade 923) were pressed and then
ranulated to 10–20 Mesh size particles. BET surface area, pore vol-
me  and size were calculated from N2 isotherms at 77 K in a Nova
uantachrome 1200e equipment. The acidity of the solid catalyst
as measured by titration with N-butylamine using an AT500N
utomatic Potentiometric Titrator provided with a Pt electrode.
he equivalents of the base employed for reaching the plateau of
he titration curve were taken as a measurement of the total acidity
f the solid. The strength of the acid sites of the silica was measured
onsidering that the potential (E0, mV)  developed by the suspen-
ion (catalyst plus acetonitrile), following the addition of a drop of
-butylamine solution, was proportional to such a strength [20,21].

.3. Gas chromatography/mass spectrometry (GC/MS) analyses

GC/MS analyses of the bio-liquids obtained in the experiments
ere performed in a Shimadzu GC–MS-QP 5050 spectrometer. The

njector temperature was kept at 300 ◦C and the separation was
erformed using a VF–5 ms  capillary column. Helium was used
s a carrier gas with a constant flow rate of 0,5–1,0 �L/min. The
ven temperature was programmed from 80 ◦C (3 min) to 280 ◦C

15 min) with a heating rate of 10 ◦C/min. The temperature of the
C/MS interface was held at 280 ◦C and mass spectrometer was
perated at 70 eV under electron ionization. The liquid fraction
as analyzed by GC/MS technique, where the peak area percent-
d Applied Pyrolysis 122 (2016) 216–223

age of the detected products depends on the response factor of the
mass spectrometer detector, turning difficult the accurate quan-
tification of products. Having that in mind, the peak area of an
individual compound was considered to be directly proportional
to the concentration of such compound in the liquid pyrolysate.
Thus, the peak area percentage of a compound was  used to com-
pare the change of its relative amount in the bio-oil at the different
conditions.

The identification of chromatographic peaks corresponding to
furan and aromatic compounds was  achieved according to NIST
MS library (match > 95%). The identification of LG and LGO was
established by comparison with authentic samples.

2.4. Physicochemical characterization of the biochar

Biochar generated in the pyrolysis of KP at 350 ◦C was  charac-
terized by elemental analysis in a CHNS Elemental Analyzer 2400
Serie II Perkin Elmer. The C/N and H/C atomic ratios were calculated
from these results and the content in oxygen was calculated by dif-
ference, taking into account the ash content in the calculus. Ash
content of biochars samples were determined by dry combustion
at 760 ◦C for 6 h according to ASTM standards [22]. The total organic
matter content was determined by ignition for 4 h at 550 ◦C. Heavy
metals (Cd, Cr, Zn, Cu, Pb, Ni), alkali metals (Ca, Mg), P and K were
determined by an ICP-MS Agilent 7500 CX equipment following the
methodology described in Subsection 2.1.

2.5. Phytotoxicity germination test

The growth of Lettuce sp. (Lactuca sativa)  seeds on the biochar
aqueous extract was used for evaluating the phytotoxicity of this
carbonaceous solid, because of their sensitivity to toxic substances
and speed of germination.

A water extract of the biochar, obtained in KP pyrolysis at 350 ◦C,
was prepared by shaking the fresh sample with distilled water at
1:10 w/w using a horizontal shaker for 30 min  at room temperature
followed by filtration. The water extract (10 mL)  was  then dropped
into a Petri dish with a filter paper.  Lactuca sativa seeds (25 in total)
were distributed onto the filter paper. Deionized water was  used
as a control and all experiments were run in triplicate. Petri dishes
were kept in a light camera at 20 ◦C. Following 7 days, the percent-
age of seed germination in the biochar water extract was  compared
with that of the water control. The number of seeds germinated
was computed and the lengths of the root radical were measured.
The germination index (GI) was  calculated according to the method
previously proposed [23]. The results were analyzed by ANOVA
and Tukeyı́s test (p < 0.05). The pH and the electrical conductivity
(EC) values of the biochar aqueous extract were determined using
an Orion Research 901 pHmeter equipped with a glass combined
electrode and a DIST4 Hanna conductivity meter respectively.

3. Results and discussion

3.1. Characterization of kraft pulp samples

Table 1 summarizes the properties of Kraft pulp. For this mate-
rial, carbon and oxygen content was  similar, concentration of
hydrogen and sulphur was  low and nitrogen was  detected in traces.

The composition of biopolymers indicated that cellulose is the
main component although hemicellulose and lignin were also
present. Composition as well as calorific values was similar to other

biomasses such as bagasse with high proportion of cellulose poly-
mer [24].

The chemical composition of ash obtained from KP is also shown
in Table 1. Major constituents were the alkali metals calcium,
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Fig. 1. XRD patterns of Kraft 

odium and magnesium. Aluminium and iron were present in sim-
lar proportions while manganese and molybdenum were minority
omponents.

The majority of the alkali and alkaline earth metals present in
he structure of biomass are reported to be in the form of water
oluble salts such as chlorides, nitrates, carbonates and phosphates
25]. The contents of major and minor elements were close to the

inimum values found for other cellulosic biomasses [26]. Other
etals (mainly Al) were also detected, which could be originated

n the process of KP production.
Fig. 1 shows KP and T-KP XRD diffraction patterns. The diffrac-

ion peaks of cellulose crystals were observed in both cases. The
idth of the peaks corresponding to KP is narrower than those of

-KP. Thus, the acid treatment was effective for reducing the num-
er of ordered micro-regions of the macromolecule, increasing the
elative content of amorphous regions, in agreement with previous
tudies [11,27].

The morphologic modification of KP upon acid treatment was
lso examined by SEM analysis (Fig. 2). Cellulose ribbons were
learly observed for KP together with a minimum amount of amor-
hous regions. On the other hand, T-KP showed a very irregular
urface of the ribbons. Additionally, ribbons were shortened upon
cidic treatment. A closer look at the macrofibril surface showed
any terraces, steps and kinks on T-KP. This change would be

ttributed to the surface dehydration of the cellulose biopolymer
atalysed by the acid [28].

.2. Fast pyrolysis experiments
Catalytic and non-catalytic pyrolysis of KP and T-KP were carried
ut at different temperatures: 300, 350 and 400 ◦C. The yields of
he three fractions, liquid, solid and gas are reported in Table 1 as
eight percentages for the different pyrolysis experiments.
amples: (a) KP and (b) T-KP.

In the case of KP reactions, the liquid fraction increased with
temperature at the expense of the solid fraction, the gas fraction
being the predominant product at all temperatures.

The impregnation of KP with phosphoric acid diminished con-
siderably the formation of bio-oil. This is related to the fact that
the acid treatment leads to a dehydration of cellulosic material,
which in some way  protects the pulp against thermal attack during
pyrolysis [2,4]. On the other hand, the acid-pretreatment of pulp
strongly increased the production of biochar although the gases
still prevailed. Interestingly, when T-KP was  exhaustively washed
until pH of nearly 6, the amount and composition of the bio-oil
were similar to those produced in the reactions of non-treated
pulp, at the same temperature. It is demonstrated that phospho-
ric acid remained attached to the material to be pyrolysed when an
exhaustively washing was  not performed after the acid-treatment.

The presence of an acid catalyst impregnated in the pulp has
a significant impact on the yields and product composition during
pyrolysis. A similar behaviour has been observed for the presence of
acidic additives in the cellulose pyrolysis [2,3]. Based on literature,
acids in contact with cellulose particles, during pyrolysis, would
assist the ring-opening reactions (via �-elimination) at the expense
of the transglycosylation pathway, which generate anhydrosaccha-
rides [3,29]. We  also found that the presence of phosphoric acid
decreased the total amount of anhydrosugars in correlation with
the diminution of bio-oil formation and char increase. Also, acid is
promoting secondary dehydration reactions which convert LG into
LGO, which is in agreement with previous investigations concern-
ing pyrolysis of acid-treated cellulose [2,3,30].

Focusing the attention on the catalytic pyrolysis of KP and T-KP
with SiO2, yields to liquids were increased with a reduction of the

solid fraction. The beneficial effect of silica as catalytic material was
also observed in the pyrolysis of microcrystalline cellulose [5] and
lignocellulosic biomasses [31]. According to our findings, an effec-
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Fig. 2. SEM micrographs of Kraft pulp samples at

ive interaction between silica and cellulose probably favours the
reaking of glycosidic bonds to give condensable products. It can be
oted that silica inhibited the effect of phosphoric acid on the for-
ation of biochar at the expense of bio-oil. This could be attributed

o the interaction of silicon dioxide surface and phosphate groups at
igh temperature, as it has been described for functionalized silica
32] and other oxides [33]. Thus, the formation of silicon phosphate
pecies would avoid the catalytic effect of phosphoric acid on the
egradation of pulp to char.

To study the chemical composition of bio-oils, GC–MS analyses
ere conducted. Regardless of operating conditions, anhydrosug-

rs were the main products at all evaluated temperatures (Table 1).
mong these compounds, levoglucosan (LG) and levoglucosenone

LGO) were identified. In pyrolysis of fresh pulp furan derivatives
ere also detected to a lesser extent than anhydrosugars.

LG was predominant in the non-catalytic reactions at temper-
tures close to 300 ◦C. Below this temperature, high molecular
eight sugars as well as furans were formed in high proportion.
t 400 ◦C (and higher), the transformation of LG to other anhydro-
ugars was favored. The thermal behaviour of LG was  studied by
arrying out the verified when fast pyrolysis of pure LG was  carried
ut between 250 and 400 ◦C and 0.05 Torr in our reaction system
5]. Under these conditions, the composition of the pyrolysate from
G at 250 ◦C was  29% of LGO, 24% of aromatics, 36% of un-reacted
G and 12% of other products. At high temperatures (>280 ◦C) LG
as totally converted and a complex mixture of anhydrosugars and

romatic compounds was obtained.

Taking into account that in the fast pyrolysis of pure cellulose,

G was produced in high amounts (80–84% of the total products,
etween 350 and 500 ◦C), it can be seen that the nature of the cellu-
× and 2.29 k× magnifications: a) KP and b) T-KP.

losic material notably influences the chemical bio-oil composition
[5].

A greater impact on the formation of LG was observed when
silica was  used as catalyst in pyrolysis of KP. Thus, high proportions
of this compound were obtained at all temperatures (72–83% of the
total area of products determined by CG/MS).

The bio-oil composition corresponding to T-KP was notably
different from that observed for KP. LGO was produced almost
exclusively in pyrolysis of T-KP, while its formation was  rather
meagre from KP. It has been established that LG undergoes dehy-
dration and isomerization to form other anhydrosugars, including
LGO [5,28,31]. According to by Dobele et al. [2], the presence of
phosphoric acid alters the relative proportion of LG and LGO pro-
duced from cellulose pyrolysis. Thus, phosphoric acid, as well as
other acids, enhances the dehydration of LG into LGO [3]. In our
reactions, the acid-pretreatment of pulp leads to a liquid consist-
ing of practically only one product, LGO. This is a quite interesting
result, showing that the selectivity of products in the bio-liquids
obtained from Kraft pulp pyrolysis is achievable.

When silica was used as catalyst in the reactions of T-KP, the
composition of the bio-liquid was  different from that obtained in
the catalysis-free pyrolysis. In this case the main product was  LG
at all temperatures and the formation of LGO was  depleted. Thus,
the highest yield to LG was obtained for the catalytic pyrolysis of
the acid pretreated pulp, at 400 ◦C. The production was even higher
than that obtained when pure cellulose was employed [5] indicat-
ing that this pulp constitutes an ideal material for production of

LG.

Some of the physicochemical properties of silica are reported
in Table 3. The specific surface area is quite large, while acidity
is rather low and the strength of the acid sites is very weak, as
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Table  3
Physicochemical properties of SiO2.

Catalyst SBET (m2 g−1) Pore volume(cm3/g) Acidityc(mEq/g)

SiO2
a 310 0.51 0.11

Spent SiO2
b 309 0.49 0.10

a Commercial sample.
b Following a pyrolysis at 350 ◦C and a regeneration treatment.
c As measured by titration with N-butylamine.
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Table 4
Characteristics of biochar produced in pyrolysis of KP at 350 ◦C.

SBET (m2 g−1) 223
Pore volume (cm3 g −1) 1.2
Acidity (mEq/g)a 0.5
C  (wt.%)b 71
N  (wt.%) b 0.07
H  (wt.%) b 2
O  (wt.%)c 21
S  (wt.%) b 0.4
H/Cd 0.34
O/Cd 0.22
Organic matter content (g kg−1) 975
Ash (wt.%)e 5.2
HHV (MJ  kg−1)f 24.8
Ca  (mg/kg) 12156
Mg  (mg/kg) 1656
P (mg/kg) 1900
K (mg/kg) 11000
Cr  (mg/kg) 15.4
Cd  (mg/kg) 3.6
Zn (mg/kg) 74.1
Cu (mg/kg) 42.2
Pb  (mg/kg) 6.9
Ni  (mg/kg) 26.3
pH 5.18
EC (dSm−1, 25 ◦C) 0.8

a By titration with N-butylamine.
b On dry basis.
c Calculated by difference.
d Atomic ratios.
Fig. 3. Isotherms (77K, N2) of the KP biochar produced at 350 ◦C.

educed from the first point of the titration curve (E0). The rather
nert nature of the catalytic surface of silica would prevent LG
ecomposition, leading to a high yield of this product. This could
e explained suggesting the formation of hydrogen bonds between
ilanol groups of the silica and LG, preventing its transformation
nto LGO.

To test the possibility of reusing the silica catalyst, following
yrolysis of KP at 350 ◦C, the remaining solid (char plus catalyst)
as calcined at 500 ◦C for 2 h. Although the color of the silica turned

rom white (fresh sample) to grey (recovered and calcined cata-
yst), the specific surface area, the pores size and the surface acidity

ere practically unaltered. These findings would suggest that this
egenerated silica can be used again in the pyrolysis of fresh pulp.

.3. Biochar characterization and phytotoxicity evaluation

The experimental conditions for pyrolysis of the present work
ere selected in order to maximize the yield to liquids (relatively

ow temperatures, short residence times and catalyst selection).

hus, the amount of solid residue was relatively low (5–20%wt.).
ased on the high carbon content of biochar produced from pyrol-
sis of KP at 350 ◦C (nearly the same to obtained at 400 ◦C, Table S2
n SI), this material was  selected to determine its bulk properties

Fig. 4. SEM micrographs of biochar obtained fro
e On as received basis.
f Calculated values.

and performance in stimulating or inhibiting seed germination as
a potential soil amendment (Table 4).

One of the main roles of biochar in the soil is to provide an
increased retention of nutrients as well as to contribute with new
nutrients for improving the quality of the soil. Therefore, the poros-
ity of the biochar constitutes one of the fundamental properties,
which determines nutrients and water adsorption. The presence of
pores plays an important role, when applied to the soil providing
habitats for different microorganisms and other biota [34].

Here, the specific surface area as well as the pore volume of
the biochar obtained by pyrolysis of KP is quite good. Fig. 3 dis-
plays the corresponding isotherm; it shows a steep rise at low
relative pressures, indicating that the sample was  a microporous
solid. In addition, for relative pressures higher than 0.4, a hysteresis

loop was  observed, which is associated with the presence of meso-
pores. These results indicate that this material presents both types
of pores: micro- and mesopores. These features of biochar could

m KP at 500× and 20.00 k× magnification.
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ontribute to increase the capacity of the soil for holding water and
utrients, thereby reducing the need for fertilizers.

The micro-structural features of the biochar were also inves-
igated by SEM analysis (Fig. 4). Observations confirmed that the
hape of the cellulose macrofibrils was maintained after pyrolysis
rocess. Some macrofibrils remained separated presenting diame-
ers of 10–15 �m,  but other macrofibrils are agglomerated. The SEM
mages of an individual macrofibril at larger magnification showed
hat the biochar surface presented higher amount of terraces, steps
nd kinks than the pulp before pyrolysis.

After pyrolysis, the solid material became highly carbonaceous,
ith a high carbon content (71%) compared to that of the initial
ulp (46%), decreasing drastically the oxygen content. Besides, the
arbon content of the pulp-derived biochar was higher than biochar
btained in pyrolysis (at 350 ◦C) of microcrystalline cellulose (58%)
35]. The H:C and O:C ratios were similar to other biochars prepared
rom cellulosic and lignocellulosic biomasses [36]. These features
ere reflected in the calculated value of HHV, which was in the

ange of values obtained for other biomasses [37].
When the germination essay was evaluated using the biochar

ater extract, the seed germination of L. sativa was  not affected.
hus, the germination index (GI) calculated according to Zucconi
as 85.23%. Following these authors, a germination index above

0% indicates lack of phytotoxic effect [23]. Thus, the biochar from
P was not phytotoxic for seeds although any stimulating effect
as determined on root and shoot growth.

The EC value is a measurement of the presence of soluble ionic
ompounds in the biochar, and it should be low to allow the dis-
osal of the biochar into the soil without risking of salinization.

t is known that salinization of a soil promotes low germination
f seeds and there is a direct relationship between EC and GI. For
he biochar here studied, EC was equal to 0.08 dS m−1, this value
as quite lower than the maximum value recommended, about

,5 dS m−1 [38].
In addition, pH constitutes an important property of the soil,

hich influences the types of plants and microbes to grow, and
he availability of nutrients to be absorbed. In our studies, the pH
f biochar water extract was slightly acidic. While this value is
ather inappropriate to neutralize acidic soils, it is in the range of
raditional requirements to ensure compatibility with most plants
38].

Regarding other parameters of toxicity, the heavy metal content
or the biochar was very low, although the cadmium concentration
as in the upper limit value of class C for materials allowed in

oil as compost and amendments [39]. Since TN was low, this solid
hould not be considered a material for improving the nitrogen con-
ent in the soil. Considering that the recommended value for C/N is
5/1 [39], the biochar corresponding to the present study showed

 quite high C/N ratio. Additionally, the analysis of secondary nutri-
nt profile (Ca, Mg,  P and K) revealed meaningful content of these
omponents, which is desirable for soil amendment [40]. The con-
entration of these nutrients is similar to reported in literature for
ood-derived biochars [41].

. Conclusion

The fast pyrolysis of Kraft pulp paper waste produced high yields
f bio-liquids with a higher content of valuable anhydrosugars:
G and LGO. The relative concentration of the products strongly
epended on the pyrolysis temperature and the presence of silica
atalyst. LG formation was strongly favored when pyrolysis was

arried out over the pulp in contact with a cheap and reusable cat-
lyst as SiO2. Acid impregnation of pulp promoted the formation
f LGO; however the presence of silica inhibited the effect of acid
reatment, significantly improving the formation of LG at 400 ◦C.

[

[

d Applied Pyrolysis 122 (2016) 216–223

Biochar, produced from the pyrolysis of KP, presented a high
heating value that makes it a possible fuel candidate. Due to its high
concentration in C, relatively high specific surface area and porosity,
it is suitable for soil amendment. Also, a good germination index in
the growth of L. sativa seeds demonstrated that the disposal of this
material in soil would not present negative consequences.
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