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ABSTRACT: The present study examines the effect of both the pressure and peak temperature on the potential stability of the
biochar produced from the slow pyrolysis of two-phase olive mill waste. On the basis of the available studies in the literature, the
following properties were taken as rough indicators of the potential stability of biochars in soils: the fixed-carbon yield, the
fraction of aromatic C, and the molar H:C and O:C ratios. Pyrolysis experiments were performed in a laboratory-scale fixed-bed
device and planned following a central composite design. The product gas yield and composition values at the outlet of the
secondary cracking reactor (a fixed-bed of activated alumina particles at 700 °C) were also analyzed as a function of pressure and
peak temperature. The results from the statistical analyses indicate that both the analyzed factors have a strong influence on the
distribution of the pyrolysis products, as well as on the properties of the produced biochar. The most potentially stable biochars
were obtained at the highest values of pressure and peak temperature (1.1 MPa and 600 °C). A positive effect of the pressure on
the pyrolysis gas yield (at the expense of the total liquid fraction) was also observed.

1. INTRODUCTION

In recent years, biochar has received increasing attention as a
promising way to simultaneously sequester carbon and improve
soil fertility.' > Biochar is usually produced by conventional
carbonization or slow pyrolysis of biomass because of the ability
of this thermochemical process to increase the charcoal yield.*
Despite the fact that a growing number of research studies are
currently focused on the effects of biochar on soil properties
and functions, relatively little attention has been directed
toward the establishment of the appropriate process conditions

to obtain a charcoal with suitable properties for biochar
3,5

purposes.
Among the most important factors affecting the slow

pyrolysis process, the peak temperature and pressure can play
a crucial role in both the biochar yield and fixed-carbon
content. Peak temperature is defined as the highest temperature
reached during the pyrolysis process.® As a general trend, the
biochar yield decreases as the peak temperature rises.” "'
However, an increase in the peak temperature leads to a
progressive increase in the fixed-carbon content.**”™"* In
several recently published studies,''*'*'°™'% the effect of the
peak temperature on several properties of biochar that are
related to its potential application as a soil amendment and
carbon sequestration agent was examined. The results from
these studies, which were performed for several biomass
feedstocks, revealed that an increase in the peak temperature
(from 400 to 600 °C in the most of cases) resulted in an
increase in the proportion of aromatic C'*'®'7 and/or the
aromatic C cluster size.'® In addition to this, a decrease in both
H:C and O:C ratios with rising the peak temperature was also
reported.'>'®'? These findings suggest that increasing the peak
temperature may improve the chemical recalcitrance of the
biochar, that is, its ability to resist abiotic and biotic
degradation.

In regard to the effect of the pressure, previous studies
reported that both the charcoal yield and fixed-carbon content
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were higher when a moderate pressure (0.5—3.0 MPa) was
applied during the pyrolysis process.”*">* Antal and Gronli®
attributed this behavior to an increase in the vapor residence
time, within and in the vicinity of the particle, with pressure.
This situation results in an increase in the biochar yield because
of the major role of the secondary reactions (by means of which
additional charcoal is produced by repolymerization of the tarry
vapors). As can be expected, this improvement in the biochar
yield become more pronounced at lower gas flow rates
(through the particle bed). At this point, an interesting
question may arise: which of these two linked factors (pressure
or gas residence time) is the most responsible for differences in
biochar yield? This uncertainty could explain some apparently
contradictory results reported in different studies,">**™2% in
which a negligible (or even negative) effect of the pressure on
the biochar yield was reported. Whitty and co-workers®’
observed very little difference in char yields from a feedstock of
black liquor at temperatures below 800 °C and pressures of 1.0
and 2.0 MPa. From the work conducted by Mahinpey and co-
workers®® on the pressurized pyrolysis of wheat straw, no
difference in the yield of char was reported. In line with these
findings, Melligan and co-workers™® also observed a nearly
constant char yield as a function of pressure (in the range of
0.1-2.6 MPa) during pyrolysis of miscanthus at a peak
temperature of 550 °C. In the case of the study of Manya and
co-workers,"> who reported a statistically significant decrease in
the biochar yield with pressure, the authors suggested that the
configuration of the experimental device (a pressurized TGA
system), wherein the volatiles were quickly removed from the
reaction chamber, could explain their findings. In any case, the
intrinsic effect of pressure on the biochar yield needs to be
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clarified by performing, for instance, pyrolysis tests at a
constant gas-phase residence time.

In reference to the effect of the pressure on the potential
stability of the produced biochar, little information is available
in the literature. Melligan and co-workers** observed a
progressive decrease in both the H:C and O:C ratios and a
parallel increase in the proportion of aromatic C when the
pressure was varied from atmospheric to 2.6 MPa in steps of 0.5
MPa. In other words, increasing the pressure may also result in
improving the potential stability of the produced biochar.

In addition to the operating conditions, the physicochemical
properties of the biomass feedstock (such as particle size,
moisture content, ash content and composition, and extractives
and lignin contents) can also affect the behavior of the pyrolysis
process.”'#** This fact limits the generalization of the
conclusions resulting from the experimental studies focused
on a given biomass feedstock.

Two-phase olive mill waste (TPOMW) is an acidic wet solid
waste, the disposal of which is a major problem in the olive oil
industry.*>*' In order to clarify the results obtained in the
above-mentioned earlier study'® (especially those related to the
effect of pressure on the biochar yield) and investigate the effect
of both the pressure and peak temperature on the potential
stability biochar, the present study adopted a central composite
design of experiments. Experimental runs were conducted in a
pressurized fixed-bed reactor system under a nitrogen
atmosphere, the mass flow rate of which was continuously
adjusted in order to keep the gas residence time inside the
pyrolysis reactor constant and thus measure the intrinsic effect
of pressure.

2. EXPERIMENTAL SECTION

2.1. Biomass Feedstock. The TPOMW samples were supplied by
an extra-virgin olive oil factory located in the Spanish region of
Aragon. In that factory, two-phase olive mill wastes were sun-dried in
the field for several months. The as-received material was broken in a
jaw crusher and sieved to obtain a particle size in the range of 0.15—1.0
cm. The characterization results (proximate, elemental, and X-ray
fluorescence (XRF) analyses) are given in Table 1.

2.2. Fixed-Bed Pyrolysis System and Procedure. Figure 1
shows the schematic diagram of the experimental system that was
designed to operate at internal temperatures (in the pyrolysis reactor)
up to 800 °C and absolute pressures up to 1.5 MPa. The pyrolysis
reactor consists of a vertical tube (40.9 mm inner diameter; 500 mm
long) made of high temperature austenitic stainless steel (Outokumpu
253; EN 1.4835). This reactor was heated by a 1.5 kW electric
resistance with proportional integral derivative (PID) temperature
control. The evolved permanent gases and vapors from the pyrolysis
reactor were transferred to the cracking reactor (a vertical tube of 20.9
mm inner diameter and 250 mm long, made of ASTM 316L stainless
steel, and electrically heated with a 0.5 kW resistance), which consists
of a fixed-bed of alumina porous particles at an inlet temperature of
about 700 °C. The activated aluminum oxide used in this study was
Compalox AN/V-812 (particle size ranged from 1.0 to 2.5 mmy
Brunauer—Emmett—Teller (BET) specific surface area of 230—300 m?
g™') from Albemarle (Germany). The goal of the cracking reactor is to
minimize the amount of tar contained in the exit gas stream. To retain
any solid particle, a downstream filter consisting of an ASTM 316L
stainless steel tube that holds a glass fiber thimble was used. The
temperature inside the filter, as well as on the trace-heated connecting
tubes, was kept at 450 °C to avoid tar condensation. The liquid
product was condensed in a glass trap immersed in an ice—water bath.
The glass trap was carefully weighted before and after each
experimental run to estimate the total liquid (water + tar) yield.

A back pressure regulator was used to maintain the pressure of the
system at a desired value. The nitrogen mass flow rate (measured at
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Table 1. Proximate, Elemental, and XRF Analyses of the
TPOMW Samples

proximate (wt %)

moisture 16.85 £ 0.95
ash 2.27 £ 0.07
volatile matter 63.61 + 0.48
fixed carbon 17.27 £ 1.36
ultimate (wt % daf)
C 42.0 + 1.05
H 5.99 + 0.06
N 3.18 +£ 0.12
S <0.1
inorganic matter expressed as percentage of oxides (wt % of ash)
CaO 4.1
K0 264
Si0, 10.0
Fe,O, 6.90
Al O, 391
P,O; 3.90
MgO 1.69
TiO, 0476
PbO 0.256
$n0O, 0231
CuO 0.221
MnO 0.196
ZnO 0.137
SO, 295
Cl 0.251

normal conditions (NTP)) through the pyrolysis reactor was adjusted
as a function of the absolute pressure and bed temperature (measured
by means of a K-type thermocouple placed at the cylinder axis and S
cm from the bottom of the reactor) to maintain the superficial gas
velocity constant at a value of 0.015 m s™', which results in an average
space velocity (GHSV) of 216 h™" (assuming a void fraction of 0.5).
Under this flow condition, the GHSV values in the secondary reactor
were in the range of 1230—1595 h™".

For each experimental run, 75 g of TPOMW (which occupies
around 40% of the reactor volume with a bed height of around 200
mm) was charged to the fixed-bed pyrolysis reactor at room
conditions. After checking for absence of leaks, the system was
pressurized with nitrogen at the desired pressure. The N, flow rate was
continuously adjusted by means of a needle valve and monitored by a
mass flow meter. The inert gas was heated to 350 °C in a preheater
unit (a coiled tube with a resistive wire of 0.2 kW) and then fed to the
pyrolysis reactor through the distribution plate. The pyrolysis reactor
was heated to the desired peak temperature at a heating rate of about 5
K min~". Permanent gases were collected from the outlet of the
cleaning system by means of 1 L Tedlar gas bags. The first gas sample
was taken when the inlet temperature of the pyrolysis reactor reached
250 °C. The successive samples were collected every 50 °C increase in
the pyrolysis reactor temperature. The gaseous products were analyzed
using a micro gas chromatograph (u-GC Varian CP-4900) equipped
with two independent channels and thermal conductivity detectors.

Each experimental run was completed 1 h after the pyrolysis peak
temperature was reached. During the natural cooling of the device, the
N, flow was maintained to prevent charcoal oxidation. Once the
pyrolysis reactor reached room temperature, the gas flow was turned-
off and the system depressurized. The liquid fraction and biochar were
then weighted to determine the respective yields. The water content in
the liquid product was measured by Karl Fischer titration, whereas the
gas yield was estimated from the overall mass balance.

2.3. Biochar Characterization. All of the obtained biochars were
characterized by proximate and elemental analyses following the same
procedures as described for the TPOMW samples. The pH of the
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Figure 1. Schematic diagram of the experimental system: (1) preheater, (2) fixed-bed pyrolysis reactor, (3) cyclone, (4) cracking reactor, and (5) hot

filter.

biochars was measured in deionized water at 1:5 (w/w) ratio after
stirring for 1 h.** Solid-state '*C cross polarization and magic angle
spinning (CP-MAS) nuclear magnetic resonance (NMR) spectra were
obtained for all the biochar samples using a Bruker Avance 400
(Bruker Corp., Germany) spectrometer at a frequency of 100 MHz.
From the experimental NMR spectrum and according to McBeath and
co-workers,'® the proportion of aromatic C was estimated as the ratio
of the area under the aromatic peaks to the total area of the spectrum.
A preliminary deconvolution procedure, consisting in fitting the
experimental signal as the sum of multiple Gaussian peaks, was carried
out using the “Peak Analyzer” tool implemented in OriginPro version
8.5 (OriginLab, Northampton, MA). The fitted peaks were assigned as
aromatic ones in the case that the center of the peak was in the
chemical shift range of 110—165 ppm.

The proportion of aromatic C deduced from the NMR spectra
seems to be a good predictor of the potential stability of biochar in the
soil.® In this sense, Singh and co-workers™ recently reported that both
the proportion of biochar C mineralized and the estimated mean
residence time of biochar in the soil are positively and nonlinearly
correlated with the proportion of aromatic C and the degree of
aromatic C condensation.

2.4. Design of Experiments. A two-level face-centered central
composite design (FCCCD) was adopted in the present study to
statistically analyze the effects of the selected factors (absolute pressure
and peak temperature).>* This type of design is appropriate to build a
second-order response surface model. The RemdrPlugin.DoE pack-
age35 within the R environment (version 3.0.1) was used to create the
design of experiments and conduct the relevant statistical analyses.
The matrix of the applied design is shown in Table 2. As previously
mentioned in section 2.2, the rest of operating conditions in the
pyrolysis reactor were kept constant during all of the pyrolysis runs
(N, superficial gas velocity, heating rate, particle size, amount of
TPOMW initially loaded, and solid residence time at the peak
temperature). Taking into account that two batches of raw TPOMW
(obtained from the same facility but at different dates) were required
to complete the experimental work, the design of experiments was
blocked into two blocks in order to statistically analyze the effect of the
batch used (nuisance factor).

Six response variables related to biochar characteristics were
statistically analyzed: the mass yield in a dry basis (yg,), the fixed-
carbon yield (ygc) in a dry and ash-free basis, the molar H:C ratio, the
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Table 2. Matrix of the 2* Face-Centered Central Composite
Design Adopted in the Present Study

factors
X X
level pressure (MPa) peak temperature (°C)
low (=1) 0.1 400
middle (0) 0.6 500
high (+1) 11 600
factors
run X X, block
1 -1 -1 1
2 0 0 1
3 0 0 1
4 +1 -1 1
S 0 0 1
6 -1 +1 1
7 +1 +1 1
8 0 +1 2
9 +1 0 2
10 0 -1 2
11 -1 0 2
12 0 0 2

molar O:C ratio, the percentage of aromatic C, and the pH. The molar
H:C and O:C ratios were calculated from the elemental composition.
According to Antal and co-workers,"* the fixed-carbon yield was
calculated using eq 1.

) ( )( M

where %FC and %ash are the percentage of fixed-carbon present in the
biochar and the percentage of ash in the feedstock, respectively. The
ratio between m,,, (mass of produced biochar) and my;, (dry mass of
feedstock) corresponds to the biochar yield (y,,). The ygc value is an
indicator of the efficiency of the pyrolytic conversion of the ash-free
organic matter (initially present in the biomass feedstock) to a

Mehar

%EFC
Jrc

my;,, J\100 — %ash
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relatively pure, ash-free carbon. Moreover, the content of fixed-carbon
could be a measure of the potential stability of biochar. In this sense,
Zimmerman®® found a significant positive correlation between the
labile C fractions and the volatile matter content of biochar.

3. RESULTS AND DISCUSSION

The main experimental results are shown in Table 3. Each
response variable was analyzed by response surface method-

Table 3. Experimental Results Obtained from the Central
Composite Design

aromatic C  H:C molar O:C molar
run Yehar YeC (%) ratio ratio pH
1 0.8077 0.2332 22.46 1.44 0.54 7.14
2 0.5883 0.2729 36.35 0.95 0.34 7.92
3 0.6360 0.2771 33.58 0.92 0.33 7.83
4 0.6027 0.2506 30.43 0.81 0.38 7.55
S 0.6710 0.2901 34.08 0.94 0.32 7.84
6 0.6276 0.2461 43.68 0.84 0.30 7.19
7 0.4632 0.3180 55.08 0.55 0.18 8.78
8 0.5240 0.2860 47.65 0.73 0.24 8.14
9 0.5718 0.2884 37.26 0.87 0.30 8.09
10 0.6948 0.2435 29.94 0.99 0.36 7.64
11 0.6019 0.2435 37.74 0.96 0.39 7.47
12 0.5505 0.2992 34.90 0.85 0.32 8.01

ology (RSM)** in order to build a regression model that can be
able to reflect the quantitative influence of factors. Thus, from
the experimental data generated using the above-mentioned
FCCCD approach, functional relationships between the
response (y) and the coded independent variables (x; for
pressure and x, for peak temperature) can be quantified by
means of the estimated parameters of a second-order regression
model (eq 2).

k
y=p+ Zﬁ}x] + Z Zﬁil.x,-xj + Zﬂjjsz-i-é‘
j=1

i<j j=1 2)

where f, B, B and f3;; are the intercept, linear, interaction, and
quadratic coefficients; respectively. Depending on the results of
corresponding statistical tests applied to each model, three
different scenarios are possible: (a) the linear model is accurate
enough, (b) the second-order model is the most appropriate,
and (c) a higher order of the model is required. In the following
sections, the results of the statistical analysis for each response

variable (which are given in Table 4) are presented and
discussed. From the data reported in Table 4, it is concluded
that the block effects were not significant for any response
variable. This outcome suggests that the effect of the TPOMW
batch was negligible.

3.1. Biochar Yield. For this response, the results from the
analysis of variance (ANOVA) applied to the linear (with
interaction) model indicated that the lack-of-fit was not
significant (p-value = 0.512). In addition, the inclusion of the
quadratic terms led to a decrease in the adjusted coefficient of
determination (R’4) from 0.7461 to 0.6586 and an increase of
133% in the predicted residual sums of squares (PRESS). For
all of these reasons, the linear model described in Table 4 is the
most appropriate fit.

From examining the regression coefficients reported in Table
4 and the contour plot in Figure 2a, it can be concluded that
increasing both factors results in a decrease in the biochar yield.
The effect of the peak temperature is qualitatively in agreement
with a large number of earlier studies.”*"1*3773° However, the
negative influence of the absolute pressure (keeping the gas
residence time constant) on the biochar yield was not
previously reported in the literature. This finding, which is in
line with the previous results reported by Manya and co-
workers'® for pyrolysis experiments conducted for the same
biomass feedstock in a pressurized TGA system, suggests that
the higher charcoal yields reported in earlier studies'>*"*®
cannot be attributed with complete assurance to the effect of
pressure. In other words, the observed higher charcoal yields
could also be explained by an increase in the vapor-phase
residence time (and a linked decrease in both convective heat
and mass transfer rates) in the packed-bed and by additional
factors, such as the nature of the biomass feedstock.

As stated by Lédé,** the concentration and nature of
inorganic species have strong impacts on products properties
and yields, possibly as a consequence of their influence on the
formation of intermediate species (e.g, intermediate active
cellulose) and subsequent reactions. Predicting the behavior of
the numerous intermediate species involved is very difficult and
still unsolved.* It seems reasonable to assume that the
evaporation of intermediates to produce volatiles could be
inhibited by pressure, leading to the promotion of secondary
polymerization reactions. However, during the pressurized
experiments reported here, the increase of the N, mass flow
rate could guarantee a sufficient heat transfer rate’” to the
particles and a sufficient external diffusion rate of the volatiles

Table 4. Summary Statistics for the Most Appropriate Regression Models (Values in Brackets Correspond to the p-values

Obtained from the Hypothesis Tests)

reSpOnSe ﬂo ﬂl ﬂZ ﬂlZ
Vehar 0.608 —0.066 —0.082 0.010
(0.000) (0.008) (0.003) (0.662)
YEC 0.282 0.022 0.020 0.014
(0.000) (0.004) (0.006) (0.056)
molar H:C ratio 0.901 —0.168 -0.187 0.085
(0.000) (0.003) (0.002) (0.112)
molar O:C ratio 0.323 —0.062 —0.093 0.010
(0.000) (0.004) (0.001) (0.530)
aromatic C (%) 35.3 3.15 10.6 0.858
(0.000) (0.058) (0.000) (0.610)
pH 791 0.437 0.297 0.295
(0.000) (0.000) (0.001) (0.003)

B B block lack-of-fit (F) R PRESS

- - 0.020 1.20 0.7461 583
(0.172) (0.512)

—-0.011 —-0.012 0.001 1.84 0.8321 222
(0.165) (0.131) (0.820) (0.371)

- - 0.021 52.0 0.797S5 0.36
(0.474) (0.019)

0.032 -0.013 0.008 14.0 0.8841 0.06
(0.144) (0.501) (0.402) (0.067)

1.14 2.44 —-0.795 6.95 0.8656 679
(0.582) (0.266) (04438) (0. 128)

—0.162 —0.052 —0.042 8.05 0.9371 0.86
(0.067) (0.070) (0.272) (0. 1 12)
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Figure 2. Contour plots showing the effects of the pressure and peak
temperature on (a) the biochar yield, and (b) the fixed-carbon yield.

through the bed to maintain the progress of the devolatilization
pathway at the expense of volatile recondensation.

An additional explanation for the effect of pressure on the
biochar yield could be the fact that steam-char gasification plays
a non-negligible role during pressurized Eyrolysis experiments.
With this respect, several recent studies® ** have reported a
catalytic effect of the inherent alkali and alkaline earth metallic
(AAEM) species on the steam gasification of biochar. In fact,
Manyi and co-workers® recently reported a significant increase
in charcoal yield (in a simultaneous thermogravimetric analysis-
differential scanning calorimetry (TGA-DSC) device working at
atmospheric pressure) when the same TPOMW samples were
washed with hot water to partially remove the inorganic matter.
Taking into account that the moisture content of TPOMW
samples as well as the contents of K and Ca in the ash are
relatively high (see Table 1), it seems reasonable to think that
the conversion of carbon through steam gasification could
explain the lower biochar yields obtained under pressure. At
this point, it should be mentioned that Matsuoka and co-
workers*® observed, for a pressurized fluidized bed of low-rank
coal, a significant increase in the steam gasification reaction rate
when the partial pressure of the gasifying agent increased in a
range of 0.1—0.5 MPa.
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In summary, the results reported here might be explained by
a combination of multiple causes (specific operating conditions
and biomass feedstock nature) that should be fully explored in
future studies.

3.2. Fixed-Carbon Yield. For this case, the second-order
model was the most appropriate fit (the lack-of-fit was not
significant for this model). As can be deduced from the contour
plot in Figure 2b, the fixed-carbon yield is maximized when the
two factors are at the highest level. In fact, and as can be seen in
Table 4, all of the coefficients of the regression model are
statistically significant at a confidence level of 90%, except for
the quadratic terms (f3;; and 3,,). These results concerning the
fixed-carbon yield are thus consistent with those available in the
literature regarding the favorable effects of the peak temper-
ature'>'*'” and pressure.lz’15

Thus, increasing the absolute pressure leads to apparently
contradictory results: lower biochar yield but higher fixed-
carbon contents. Pressure can enhance the formation of coke
from the tarry vapors (yielding to higher fixed-carbon contents
in the produced biochar) and simultaneously favor both the
overall primary devolatilization and steam gasification processes
under the specific operating conditions applied in this study.
Further research must continue to prove this hypothesis.

It is interesting to emphasize that the selection of the
operating conditions required to maximize the fixed-carbon
yield (the highest peak temperature and pressure) also implies
the minimization of the biochar yield. This fact confirms the
ineffectiveness of the biochar yield as a good indicator of the
potential stability of biochar. From the experimental results
given in Table 3 and the elemental composition shown in Table
1, it should be noted that, for run #7 (x; = 1, x, = 1), 70.8% of
the carbon initially present in the biomass feedstock remains as
fixed-carbon in the produced biochar. However, for run #1 (x;
= —1, x, = —1), this percentage drops to 51.9%.

3.3. Molar H:C and O:C Ratios. For the molar H:C ratio,
the lack-of-fit was significant at 95% confidence level for both
linear and quadratic regression models (p-values of 0.019 and
0.012, respectively). This fact means that a higher order (e.g,
cubic) regression model should be more appropriate. Table 4
reports the regression coeflicients corresponding to the linear
model, which provides a slightly better fit than the second-
order model (higher Rade and lower PRESS). In the case of the
molar O:C ratio, the second-order model was the most
appropriate fit at 95% confidence level. For both response
variables, pressure and peak temperature have significant
detrimental effects. The observed decrease in the both molar
ratios as the peak temperature increases is in agreement with
previous studies.'”'”*” Figure 3a,b shows the contour plots for
the molar H:C and O:C ratios, respectively.

It should be noted that the H:C and O:C ratios obtained for
the best treatment (x; = 1, x, = 1; run #7) are relatively high in
comparison to the values reported in earlier studies for biochars
produced through slow pyrolysis under atmospheric pressure.
For example, Ghani and co-workers'® measured molar H:C and
O:C ratios of 0.33 and 0.06, respectively; for biochars obtained
at 550 °C from rubber-wood sawdust. Very similar values were
reported by Wu and co-workers'” (from rice straw at 600 °C),
Kim and co-workers*” (from pitch pine chips at 500 °C), and
Keiluweit and co-workers** (from pine shavings at 600 °C).
However, Enders and co-workers'® measured molar H:C and
O:C ratios of 0.45 and 0.10, respectively; for biochars produced
from corn stover at 600 °C. Similar results have recently been
reported by Crombie and co-workers* for biochars obtained
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Figure 3. Contour plots showing the effects of the pressure and peak
temperature on (a) the molar H:C ratio and (b) the molar O:C ratio.

from rice husks and wheat straw at a peak temperature of 550
°C. This variability in results could be due to the intrinsic
properties of the biomass feedstock (i.e., chemical composi-
tion), and probably also due to differences in process
conditions during the slow pyrolysis. In this respect, parameters
such as the holding time at the peak temperature, the heating
rate, and the particle size can play a critical role in the
carbonization efficiency, especially in the cases where there are
non-negligible heat transfer limitations. This suggestion is
supported by the findings reported by Wu and co-workers,'”
who observed a decrease in both the molar H:C and O:C ratios
as the holding time increased from 1 to S h. A similar trend was
also observed by Ronsse and co-workers>® for various biomass
feedstocks pyrolyzed at 600 °C and at two different holding
times (10 and 60 min).

3.4. Aromatic C. From the regression coefficients given in
Table 4 for the most appropriate fit (second-order model), it
can be concluded that an increase in the peak temperature
significantly raises the percentage of aromatic C. Pressure also
have a positive effect on this response, but at a lower level of
confidence (i.e, 94% instead of 99%). In other words, and as
can be observed from the contour plot in Figure 4a, the
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Figure 4. Contour plots showing the effects of the pressure and peak
temperature on (a) the percentage of aromatic C and (b) the pH.

percentage of aromatic C is maximized when the two factors
are at the highest level. Figure 5 compares the NMR spectra of
the biochars obtained in runs #1 (x; = —1, x, = —1), #5 (x; = 0,
x,=0),and #7 (x; = 1, x, = 1).

As observed for the molar H:C and O:C ratios, the
proportion of aromatic C obtained for the best operating
conditions (55.08% in run #7) is clearly lower than the values
reported in the literature for other biomass feed-
stocks. 1173151753 R instance, McBeath and co-workers'®
reported a 96% of aromatic C for biochars produced from
chestnut wood at a peak temperature of 600 °C with a solid
residence time at this temperature of S h. However, a recent
study'* revealed a wide range of variability in the percentage of
aromatic C for biochars produced from several biomass
feedstocks at a peak temperature of 500 °C with a holding
time of 4 h. This range varied from 47.8% for pig manure-
derived biochar to over 80% for wheat straw-derived one. This
finding could confirm that the C stability of biochar strongly
depends on the nature of the feedstock. In addition, and in light
of the results reported here concerning the elemental
composition and the proportion of aromatic C, it should be
noted that the solid residence time at the peak temperature
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Figure 5. Solid state *C CP NMR spectra of the biochars obtained in
runs #1, #5, and #7.

used in the present study (1 h) was probably too short. In other
words, heat transfer limitations at all scales (inter- and
intraparticle) were not negligible in practice.

3.5. pH. As can be deduced from Table 4 and Figure 4b, the
pH was also maximized for the same values of analyzed factors
at which the aromatic C, the molar H:C and O:C ratios, and
the fixed-carbon yield were optimized. This fact suggests that
these multiple response variables might be correlated with each
other. To check this, Table 5 shows the Pearson’s correlation

Table 5. Pearson’s Correlation Matrix for the Response
Variables”

aromatic ~ H:C molar O:C molar
Yehar YEC C (%) ratio ratio
Y —0.735
(0.006)
aromatic C —0.841 0.617
(%)
(0.001) (0.032)
H:C molar 0.921 —0.672 —0.840
ratio
(0.000)  (0.017)  (0.001)
0O:C molar 0.867 —-0.779 —0.894 0.935
ratio
(0.000) (0.003) (0.000) (0.000)
pH —0.794 0919 0.674 —0.724 -0.799
(0.002) (0.000) (0.016) (0.008) (0.002)

“Values in brackets correspond to
hypothesis tests.

the p-values obtained from the

matrix among the response variables. As expected, a strong
linear correlation was found between the molar H:C ratio and
the molar O:C ratio and between the charcoal yield and the
fixed-carbon yield. However, the most interesting outcome was
the significant correlation between the aromatic C and the rest
of variables, including the pH.

According to Lee and co-workers,>* the alkalinity of biochars
depends on three factors: (i) organic functional groups, (ii)
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carbonates, and (iii) inor%anic alkalis. In agreement with
previous studies,'”'¥'*'73>5% the pH values significantly
increased with the peak temperature. Zhao and co-workers"*
observed that the pH was predominately controlled by peak
temperature and to lesser extent by the biomass feedstock.
Enders and co-workers,"®> who measured the pH of 94 biochars
obtained from several biomass feedstocks at different peak
temperatures, attributed the increase in the pH (to values in the
range 7—9) mainly to a decrease in acid functional groups for
the low-ash biochars (such as the TPOMW-derived biochars
with ash contents below 8%). To support this argument, no
correlation has been found between the pH and the ash content
for the biochars used here (p = —0.187; p-value = 0.647).
Nevertheless, a decrease in acid functional groups (e.g,
carboxylic and phenolic functional groups) can lead to a
decrease in the cation exchange capacity (CEC), as reported in
earlier studies.'”*° In other words, the application of the most
stable biochar (which also has the maximum pH value) to soil
could not be the best choice in terms of optimizing the
retention of nutrients (such as NH*, K*, and Ca**). However,
further studies are required to investigate the evolution of both
the pH and CEC when biochar is added to a given type of soil.
Among other variables, the initial acidity of the soil will
probably be a key factor in determining the most appropriate
biochar from an agronomic point of view.

3.6. Gas Yield and Composition. As an additional aim of
the present study, the behavior of several variables related to
the liquid and gaseous fractions was analyzed as a function of
both the pressure and peak temperature. For this purpose, the
responses obtained for the 2* factorial design (i.e., corner and
center points) were statistically analyzed. Table 6 reports the
coefficients of the regression models for the following
responses: the mass yields of producer gas and water in a dry
basis (ygas and y, e Tespectively), the concentration of tar in
the producer gas (C,,), and the average contents (in vol %) of
the major components in the producer gas (in a dry and N,-
free basis).

As can be seen from the regression coefficients reported in
Table 6 and the effects graph shown in Figure 6a, the gas yield
significantly increases with both the peak temperature and
pressure. The increase in the gas yield with the pyrolysis
temperature was fully expected because of the thermodynami-
cally and kinetically favored devolatilization process.” In regard
to the positive effect of the pressure on the gas yield, it could be
explained by two facts. First, increasing the pressure can result
in a decrease in the liquid fraction at the benefit of permanent
gases, as recently reported by Ragucci and co-workers®” in a
study of cellulose pyrolysis in presence of steam. These authors
suggest that pressure can enhance the primary degradation of
cellulose at low temperatures and also the secondary
degradation of condensable species (into permanent gases
and secondary charcoal) at higher temperatures. These
arguments can also explain the opposite effects of pressure
on the biochar and fixed-carbon yields. In addition, the effect of
the pressure on the behavior of the secondary cracking reactor
should also be considered. In this context, Seshadri and
Shamsi*® reported that an increase in the pressure from 0.1 to
1.7 MPa improved the tar conversion to gaseous products in a
fixed-bed of calcined dolomite. Pressure probably improves the
adsorption performance of condensable molecules on the
activated alumina, increasing their residence time inside the
heated reactor. However, and as can be seen from Table 6, the
tar content in the exit gas did not significantly decrease with
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Table 6. Summary Statistics for the Linear Regression Models Used to Analyze the Liquid and Gas Yields®

response o P P Pz curvature Radjz
Yges (kg kg™ dry biomass) 0.369 0.0959 0.0816 —0.0121 —0.0277 0.9537
(0.001) (0.014) (0.019) (0.397) (0.250)
Cor (mg m™ NTP o) 504 -21.0 -290 56.5 158 0.8191
(0.002) (0.441) (0.318) (0.124) (0.043)
Yuaer (8 kg™ dry biomass) 3324 —0.874 0.590 —0.359 ~0.575 09130
(0.002) (0.026) (0.054) (0.130) (0.120)
CO, (% vol) 26.95 1.631 0.499 ~0310 1.376 0.5302
(0.000) (0.111) (0.490) (0.654) (0.269)
CO (% vol) 30.67 —6.622 —2.086 1.359 —6.184 0.9962
(0.000) (0.001) (0.010) (0.022) (0.003)
H, (% vol) 22.26 0.364 2.839 —2.202 —0.025 0.9879
(0.000) (0.154) (0.003) (0.008) (0.930)
CH, (% vol) 20.12 4627 —1252 1153 4.833 0.9812
(0.000) (0.005) (0.063) (0.073) (0.011)
“Values in brackets correspond to the p-values obtained from the hypothesis tests.
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Figure 6. Interaction Effects Plots for (a) Vgas (b) Ciar (€) Yypaten (d) % CO,, (e) % CO, (f) % H,, and (h) % CH, against x, (peak temperature). The
solid and dashed lines correspond, respectively, to the high (x; = 1) and low (x; = —1) levels of pressure.

pressure. Moreover, the curvature term was significant,
indicating that the highest tar concentration could be obtained
at intermediate levels of the both analyzed factors. This
apparently contradictory result could be due to an effect of the
pressure on the coke deposition and consequent changes in the
pore size and structure. In any case, these preliminary results
point out the potential of the porous alumina as a low-cost
alternative for tar removal by thermal cracking. The results
reported here for the total tar composition at the outlet of the
cracking reactor (less than 800 mg m™> NTP) are promising,
although further research is needed to analyze the tar
components and determine how to decrease the tar content
below 100 mg m™ NTP (the recommended maximum value
for applying pyrolysis gas to internal combustion engines).*”
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Among the different ways proposed to improve the tar
conversion, increasing the bed temperature, adding an
oxidation agent and decreasing the space velocity should be
investigated.

A significant decrease in the water yield with pressure was
also observed in the present work. This finding can be related
to the above-discussed increase in the gas yield in the pyrolysis
reactor at higher pressure and, additionally, to the behavior of
the multiple reactions involved in the cracking reactor. In this
sense, an increase in pressure leads to a significant increase in
the yield of methane, as can be seen in Figure 6g, probably due
to the promotion of the methanation reaction (the reverse
reaction of steam methane reforming). Thus, the water
generated by methanation can increase the steam-to-CO ratio
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and promote the water—gas shift reaction. This interpretation
can also explain the results obtained for the CO contents (see
Figure 6e), which clearly decreased at high pressure. At a lesser
extent than CO, an increase in pressure also leads to a decrease
in the hydrogen content in the outlet gas at higher peak
temperature (as shown in Figure 6f), probably due to a higher
H, consumption during the methanation reaction.

4. CONCLUSIONS

With the help of a central composite design of experiments
approach, the effects of the pressure and peak temperature on
several response variables related to the potential stability of
biochar have been objectively evaluated. On the basis of the
results obtained from the associated statistical tests, the
following conclusions can be drawn: (1) the biochar yield
significantly decreases when the pressure increases, keeping the
gas residence time inside the pyrolysis reactor constant. Both
the pressure and peak temperature have favorable effects on the
fixed-carbon yield, that is, on the fraction of the carbon initially
contained in the biomass feedstock that remains in the biochar
as a potentially stable form. Hence, increasing both operating
parameters can result in an increase in the long term C
sequestration potential of biochar. (2) The fraction of aromatic
C in the biochar strongly increases with peak temperature and,
at a lesser extent, with pressure. Working at the highest levels of
pressure and peak temperature (1.1 MPa and 600 °C) leads to
the production of the most potentially stable biochars. (3) The
effects of the evaluated factors on all of the responses related to
the potential stability of the obtained biochars (i.e., fixed-carbon
yield, aromatic C, and H:C and O:C ratios) are statistically
consistent (i.e,, no contradictory findings are observed). This
fact could confirm the usefulness of the used responses as
indicators of the potential stability of biochar. (4) The relatively
lower values obtained for the fraction of aromatic C (and also
for both molar H:C and O:C ratios) suggest that the solid
residence time at the peak temperature was relatively short.
Thus, the effect of this variable needs to be carefully
investigated in further studies. (5) The biochar pH is linearly
correlated with the aromatic C fraction and the molar H:C and
O:C ratios; thus, the most potentially stable TPOMW-derived
biochars have the highest pH values. This increase in the pH
could be mainly due to a decrease in the acid functional groups,
which can result in a decline in the cation exchange capacity.
(6) Pressure has also a positive effect on the pyrolysis gas
production at the expense of the liquid fraction. The fraction of
methane in the producer gas significantly increases with
pressure due to the promotion of the methanation reactions.
Regarding the appropriateness of using a fixed-bed of activated
alumina for tar removal, further research is required to
determine the best operating conditions yielding to the highest
tar conversion.
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B NOMENCLATURE

C,.r = concentration of tar in the producer gas (mg m™ NTP
moisture and N, free basis)

F = ratio of the mean regression sum of squares divided by
the mean error sum of squares

GHSV = gas hourly space velocity (h™")

My, = dry mass of TPOMW sample (kg)

Mehar = mass of produced biochar (kg)

PRESS = predicted residual sums of squares

R,ddj2 = adjusted coeflicient of determination

x; = coded variable for pressure

x, = coded variable for peak temperature

Yehar = biochar yield (kg kg™ of biomass in a dry basis)
yrc = fixed-carbon yield (kg kg™ of biomass in a dry and ash-
free basis)

Ygas = yield of producer gas (kg kg™ of biomass in a dry and
N,-free basis)

Ywater = yield of water (kg kg™ of biomass in a dry basis)

Greek Symbols
By = regression coefficient for the intercept term
P, = regression coeflicient for the linear effect of pressure
B, = regression coefficient for the linear effect of peak
temperature
P, = regression coefficient for the interaction term

P11 = regression coefficient for the quadratic effect of
pressure

P11 = regression coefficient for the quadratic effect of peak
temperature

p = Pearson’s correlation coefficient

Acronyms
BET = Brunauer—Emmett—Teller
CEC = cation exchange capacity
CP-MAS = cross polarization and magic angle spinning
DSC = differential scanning calorimetry
FC = fixed carbon
FCCCD = face centered central composite design
GC = gas chromatography
NMR = nuclear magnetic resonance
NTP = normal conditions
PID = proportional integral derivative
RSM = response surface methodology
TGA = thermogravimetric analysis
TPOMW = two-phase olive mill waste
XRF = X-ray fluorescence
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