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Abstract: The paper aimed at studying the slow pyrolysis of vine pruning waste in a fixed bed reactor
and characterizing the pyrolysis products. Pyrolysis experiments were conducted for 60 min, using
CO; as a carrier gas and oxidizing agent. The distribution of biochar and bio-oil was dependent on
variations in heat flux (4244-5777 W/m?), CO, superficial velocity (0.004-0.008 m/s), and mean size
of vegetal material (0.007-0.011 m). Relationships among these factors and process performances
in terms of yields of biochar (0.286-0.328) and bio-oil (0.260-0.350), expressed as ratio between the
final mass of pyrolysis product and initial mass of vegetal material, and final value of fixed bed
temperature (401.1-486.5 °C) were established using a 23 factorial design. Proximate and ultimate
analyses, FT-IR and SEM analyses, measurements of bulk density (0.112 & 0.001 g/ Cm3), electrical
conductivity (0.55 & 0.03 dS/m), pH (10.35 £ 0.06), and water holding capacity (58.99 + 14.51%) were
performed for biochar. Water content (33.2 + 1.27%), density (1.027 & 0.014 g/cm?), pH (3.34 + 0.02),
refractive index (1.3553 £ 0.0027), and iodine value (87.98 + 4.38 g I, /100 g bio-oil) were measured
for bio-oil. Moreover, chemical composition of bio-oil was evaluated using GC-MS analysis, with
27 organic compounds being identified.

Keywords: bio-oil; biochar; pyrolysis; vine prunings

1. Introduction

In the current context of the fossil fuel crisis and environmental pollution, clean
and renewable energy resources have become an increasingly studied alternative [1-5].
Due to its low cost, abundance, and carbon neutrality, residual lignocellulosic biomass
represents an attractive renewable resource for producing biofuels and chemicals [1,6].
Lignocellulosic biomass, which is mainly composed of polysaccharides [hemicellulose
(15-40%) and cellulose (25-50%)] and aromatic polymers [lignin (10-40%)], can be valorized
using different thermo-chemical technologies, e.g., combustion, pyrolysis, gasification,
hydrothermal liquefaction, or biochemical routes, including fermentation and anaerobic
digestion [3-12]. Among them, pyrolysis is a very promising technology which involves
lower energy consumption and costs than other conversion routes as well as high added-
value products [3,5,7,11].

Pyrolysis consists in thermal decomposition of an organic feedstock in an oxygen-
limited environment resulting in biochar and volatiles. Volatile compounds are further
condensed producing permanent gases and a pyrolytic liquid (bio-o0il) containing 15-35%
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water [13]. Pyrolysis is generally performed in the presence of an inert (Ar, N) or oxi-
dizing (CO;, steam) carrier gas [14-16]. Depending on heating rate (r3,), residence time of
volatiles (7,), and process final temperature (t), the pyrolysis can be slow (1, = 0.1-1 °C/s,
T, = 10-100 min, ¢ = 300-700 °C), rapid (r;, = 10-200 °C/s, t, = 0.5-5 s, t = 400-600 °C), or
flash (r;, > 1000 °C/s, T, < 0.5 s, t = 800-1000 °C) [1,8,9,17,18].

Pyrolysis products are obtained from primary decomposition reactions of organic
feedstock (mainly of hemicellulose, cellulose, and lignin) and secondary decomposition
reactions of primary products (e.g., gasification (reforming with CO,, H,, and steam) of
condensable organic volatiles and biochar carbon, cracking of condensable organic volatiles,
biochar aromatization) into low-molecular weight gases and biochar carbon [13-16,19].
Distribution, composition, and properties of biochar, bio-oil, and pyrolytic gases depend
on different factors, e.g., type of pyrolysis and related operating parameters (heating
rate, process final temperature, residence time of pyrolysis volatiles or flow rate of carrier
gas), type, size, and pretreatment of organic feedstock, type and flow rate of carrier gas,
reactor design [2-5,9-23]. Slow pyrolysis produces higher yields of biochar (30-60%),
whereas less biochar (10-25%) and more bio-oil (60-75%) are commonly obtained by fast
pyrolysis [7-9,17]. Lower biochar yields are produced at higher levels of heating rate and
process final temperature [4,9,21]. Moreover, higher levels of final temperature generally
lead to higher levels of ash and carbon content, pH, specific surface area, porosity, electrical
conductivity, aromaticity, and hydrophobicity of biochar as well as to a decrease in its
water-holding capacity and number of functional groups containing O and N [20,24]. A
lower flow rate of an oxidizing carrier gas (e.g., steam, CO;) leads to a longer residence
time of pyrolysis volatiles in the reaction medium, which can favor secondary reactions
of reforming and cracking, usually resulting in lower bio-oil yield and higher production
of non-condensable gases [13]. A higher lignin content in the feedstock generally leads to
higher biochar yield and biochar ash content [18].

Composition and properties of pyrolysis products determine their applications. Biochar
is useful as a renewable fuel or for other applications, e.g., soil amendment, sorption of
contaminants from soil, water, and air, production of activated carbon and catalysts, CO,
sequestration, Hy storage, composting [9,19,23-26]. Biochar used as a soil amendment
can contribute to enhanced soil C sequestration, reduced greenhouse gas emissions and
nutrient leaching, improved soil fertility and health [24,26]. An increase in soil fertility
determines a diminished fertilizer input as well as enhanced crop productivity and thus
supplementary CO, consumption, resulting in agronomic, environmental, and economic
benefits. Bio-oil and pyrolysis gases can be directly used for heat and electricity genera-
tion and they are also a valuable source of chemicals [4,17,27]. Bio-oil contains various
organic compounds, e.g., alcohols, aldehydes, ketones, carboxylic acids, carbohydrates,
esters, ethers, furans, nitrogen-containing compounds, mono- and polycyclic aromatic
hydrocarbons [13,17]. Pyrolysis bio-oil has a high oxygen content, which determines its
instability, low heating values, and high acidity [1]. After a suitable upgradation, pyrolysis
bio-oil can be blended with diesel or gasoline [7,28].

This paper focuses on the study of fixed bed pyrolysis of vine pruning waste under
CO; atmosphere and the characterization of biochar and bio-oil. We predict the effects of
process independent variables, i.e., heat flow rate, CO, superficial velocity, and vine waste
size, on the process performances in terms of final levels of mean bed temperature, biochar
and bio-oil yields.

2. Materials and Methods
2.1. Materials

Vegetal material consisted in vine prunings supplied by University of Agronomic
Sciences and Veterinary Medicine of Bucharest (USAMV), PIETROASA-ISTRITA Research
Station for Viticulture and Pomiculture, Dealu Mare Vineyard, Muntenia and Oltenia Hills
Region. Vine waste was cut with pruning shears resulting in cylindrical particles. Fine and
coarse particles, having diameter x height of about 3.5 mm x 20 mm and 7.0 mm x 20 mm,
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corresponding to volumes of 192 mm? and 770 mm? (volume equivalent diameter of 0.007 m
and 0.011 m), respectively, were selected for experimental study (Figure 1). CO, (purity
>99.9) was used both as a carrier gas and an oxidizing agent in the pyrolysis process.

Figure 1. Coarse and fine chopped vine prunings.

2.2. Equipment and Procedures

Slow pyrolysis of vine waste was conducted at University POLITEHNICA of Bucharest
(UPB), Chemical and Biochemical Department, in the laboratory setup shown in Figure 2.
The vegetal material was fed in a ceramic column (1), 0.030 m internal diameter (D) and
0.500 m height, which was set into an autoclaved cellular concrete (ACC) support (2). The
column wall (4 mm thickness), thermally isolated by a glass cylinder (3), was heated by an
electric resistance (4), which was powered by an autotransformer (5). The pyrolysis column
was placed on a melamine board (6) fixed inside a laboratory niche.
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Figure 2. Experimental setup: (1) pyrolysis column; (2) autoclaved cellular concrete (ACC) support;
(3) glass cylinder (jacket); (4) electric resistance; (5) autotransformer; (6) melamine board; (7) CO,
tank; (8) CO; feed pipe; (9) pipe collecting volatile products; (10) Liebig condenser; (11) laboratory
vacuum system; (12) oil collector; (13) pipe collecting non-condensable gases; (14) exhaust hood;
(15) flow-meter; (16) thermocouples; (17) electronic balances; (18) data acquisition system; (19) water
source; (20) cold water (thermal agent in condenser) feed pipe; (21) water outlet pipe.

CO; from a gas tank (7) was fed into the pyrolysis column through a pipe (8), up-
flowed through the fixed bed material, and was discharged through a collecting pipe (9)
along with the volatiles produced during the pyrolysis. The mixture of non-condensable
gases and vapour was cooled in a Liebig condenser (10), resulting in a pyrolytic liquid
and non-condensable gases. Evacuation and condensation of volatile compounds were
performed in the presence of a laboratory vacuum system (11). The pyrolysis liquid was
collected in a graduated cylinder (12), whereas the non-condensable gases were discharged
through a pipe (13) and an exhaust hood (14).

CO, volumetric flow rate, Gy (m?®/s), was measured by a flow-meter (15). The
temperatures in the centre of the material bed (t.) and at the wall (¢,,) were measured
by the thermocouples (16). The masses of solid (1) and liquid (1) were monitored and
recorded by the electronic balances (17). The values of temperature and mass were collected
continuously by a data acquisition system (18). Pyrolysis experiments were conducted for
Tr =60 min at 20 °C and 1 atm.

2.3. Independent and Dependent Process Variables

Heat flux, g (W/ m?2), CO, superficial velocity, w (m/s), defined by Equation (1), and
mean diameter of vegetal material particle, d (m), were selected as process independent
variables (factors). According to a 2% factorial design, eight experimental runs (1-8 in
Table 1) were conducted at two levels of process factors (4244 W/ m? and 5777 W/m?,
0.004 m/s and 0.008 m/s, 0.007 m and 0.011 m). Specific masses of vegetal material bed
and pyrolysis liquid (bio-oil), m/mq and my /mg, where m (g) represents the initial mass of
vine waste, and mean logarithmic temperature of vegetal material bed, t;, (°C), defined by
Equation (2), were process-dependent variables (responses).

4Gy
D2

)
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Table 1. Levels of process factors and performances.

w d tf

Exp. (W/qmz) (m/s) (m) x1 Xy X3 mglmy my¢lmy (o"é)
1 4244 0.004 0.007 -1 —1 —1 0.312 0.278 426.6
2 5777 0.004 0.007 1 -1 -1 0.306 0.328 473.6
3 4244 0.008 0.007 -1 1 -1 0.328 0.260 401.1
4 5777 0.008 0.007 1 1 —1 0.324 0.346 449.2
5 4244 0.004 0.011 -1 -1 1 0.298 0.296 406.9
6 5777 0.004 0.011 1 -1 1 0.286 0.350 486.5
7 4244 0.008 0.011 -1 1 1 0.314 0.328 406.3
8 5777 0.008 0.011 1 1 1 0.310 0.304 479.1
9 5010 0.006 0.009 0 0 0 0.312 0.306 438.8
10 5010 0.006 0.009 0 0 0 0.309 0.312 4427
11 5010 0.006 0.009 0 0 0 0.305 0.314 4442

2.4. Biochar Characterization

Biochar samples were sent to the Research Center for Studies of Food and Agricultural
Products Quality of USAMYV and SCIENT Research Center for Instrumental Analysis for
physicochemical characterization. Proximate and ultimate analyses and measurements of
bulk density (BD), electrical conductivity (EC), pH, and water-holding capacity (WHC) were
taken in triplicate. Biochar morphology and surface functional groups were analyzed using
scanning electron microscopy (SEM) and Fourier transform infrared (FI-IR) spectroscopy,
respectively.

Dry matter content, DM (%), was determined using a Memmert UN110 oven as
follows: the biochar sample was kept at 70 °C for 1 h and then at 105 °C until a constant
mass was achieved. Ash content, Ash (%), was determined by igniting a biochar sample (1 g)
at 650 °C for 6 h in a Nabertherm B150 oven. Volatile matter content, VM (%), was evaluated
using dried biochar samples (after oven drying at 105 °C). According to ASTM D5142 [29],
the biochar sample was put in a covered crucible, which was placed in the Nabertherm B150
oven. The oven was heated (50 °C/min) up to 950 = 20 °C and this maximum temperature
value was maintained for 7 min. VM was calculated using Equation (3), where m (g) is the
mass of the oven-dried sample and my), (g) is the mass of sample after completion of VM
test. Fixed carbon content, FC (%), was calculated by subtracting Ash and VM from DM
(Equation (4)). The results of proximate analysis were expressed on wet basis (wb).

VM =T ZMVM 1050 6)
mq
FC = DM — Ash — VM @)

For ultimate analysis, amounts of 1-3 mg of biochar were used to determine the
percentages of carbon (C), hydrogen (H), nitrogen (N), and sulfur (S). The analysis was per-
formed using a EuroVector EA3100 Elemental Analyzer and cystine as standard reference
material. Oxygen content (O) was calculated by difference (Equation (5)). The results of
ultimate analysis were expressed on dry, ash-free basis (dafb).

0=10-C-H-N-S§ ()

To evaluate bulk density (BD), an oven-dried biochar sample was placed in a glass
cylinder. BD (g/ cm?®) was calculated with Equation (6), where m, (g) is the mass of glass
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cylinder, m.,; (g) the total mass of glass cylinder and dried sample, and V, (cm®) the

volume of dried sample.

Mg — e
Vi

Electrical conductivity (EC) and pH of a suspension obtained by mixing 0.5 g of biochar
with 20 mL of distilled water for 1 h, using an IKA C-Mag HS7 magnetic homogenizer,
were measured with a Mettler Toledo SevenExcellence Multiparameter. To evaluate water
holding capacity (WHC), the following steps were performed [30]: (i) 20 g of biochar sample
was placed in a glass recipient with glass wire mesh at the bottom and the recipient was
immersed in a glass beaker with water; (ii) after 24 h, the recipient with wet sample was
fixed in a larger vessel to drain excess water; (iii) after 6 h, the recipient was weighed
and then dried in an oven at 105 °C until a constant mass was obtained. WHC (%) was
calculated using Equation (7), where m;, (g) is the mass of glass recipient, 1,.,, (g) the total
mass of glass recipient and wet sample after draining, and m,.4 (g) the total mass of glass
recipient and oven-dried sample.

BD = )

WHC = Prtw = Mrid o q09 @)
Myt — My
Morphology of biochar samples was examined with a Carl Zeiss EVO LS 15 scanning
electron microscope. SEM analysis was performed using an electron acceleration of 5 kV.
Images were obtained at a magnification of 250x. Surface functional groups of vine
waste biochar were analyzed with a Frontier MIR/NIR spectrometer (PerkinElmer) at
wavenumbers from 4000 to 380 cm ! using 32 scans/min at 4 cm~! spectral resolution.

2.5. Bio-Oil Characterization

Bio-o0il samples were analyzed at UPB (Analytical Chemistry and Environmental
Engineering Department) and SCIENT Research Center for Instrumental Analysis. The
water content (W) of the bio-oil obtained in exp. 6 was determined with a TitroLine alpha
plus Karl Fischer titrator (Schott Instruments), density (p) with an ISOLAB pycnometer
(25 mL), pH value with a SevenMulti pH meter (Mettler Toledo), and refractive index (RI)
with a DR-301-95 digital handheld refractometer (Kriiss). Iodine value (IV) was determined
as follows: a mixture of methanol and chloroform (1:1) was added to the oil sample and
then Hanus reagent was added; the mixture was left in the dark for 30 min, then KI was
added and titrated with 0.1 N sodium thiosulfate solution in the presence of starch. All
measurements were performed in triplicate.

The chemical composition of bio-o0il was evaluated via GC-MS (Perkin Elmer Clarus
680 coupled with Clarus SQ 8T), using an Elite-5MS capillary column (30 m length,
0.25 mm internal diameter, 0.25 pm film thickness, stationary phase of 5% diphenyl/95%
dimethylpolysiloxane). Helium (99.999% purity, 1.2 mL/min flow rate, 20:1 split ratio) was
used as a carrier gas. The oven temperature was programmed as follows: 50 °C (holding
time: 1 min), then increase by 8 °C/min to 315 °C (holding time: 5 min). The injector tem-
perature was set to 300 °C and the volume injected was 1 uL. The MS operating conditions
were: source temperature of 230 °C, transfer line temperature of 315 °C, electron impact
ionization EI+ at 70 eV, and a solvent delay of 3 min. The acquisition of mass spectrum
for bio-oil components was achieved in the full scan mode with scanned mass range of
30-620 m/z. The identification of compounds was performed using National Institute of
Standards and Technology (NIST) MS Search library (version 2.3) with a match criteria of
at least 600. The bio-oil sample was 10x diluted with methanol and then injected in the
GC-MS system.
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3. Results and Discussion
3.1. Experimental Performances of Slow Pyrolysis

Experimental dynamics of slow pyrolysis, i.e., m/my, mp/mg, and t,, vs. time (), are
shown in Figures 3-5. Process performances in terms of final values (at 7y = 60 min) of
dependent variables (mg/mg = 0.286-0.328, my/mg = 0.260-0.350, and t,,r = 401.1-486.5 °C)
are summarized in Table 1. Depicted and tabulated data indicate, in general, the following
issues: (i) values of mean temperature of vegetal material bed (t,;) and specific mass of
bio-oil () /myg) are higher and those of specific mass of vine waste (m/mg) are lower at
higher level of heat flux (g = 5777 W/m?); (ii) values of m; /m are higher and those of m/my
are lower at higher level of particle size (d = 0.011 m) and lower level of CO; superficial
velocity (w = 0.004 m/s); (iii) ¢, is not affected by d, regardless of the level of w, whereas
the effect of w on t,, is negligible for coarse particles (d = 0.011 m); (iv) final values of bed
temperature (f,,) are larger and those of solid specific mass (mf/mo) are lower at higher
levels of g and d as well as at lower level of w; (v) final values of bio-oil specific mass
(mys/my) are larger at higher levels of g and d.

7 (min) 7 (min)

Figure 3. Specific mass of fixed bed vine waste vs. time.

7 (min) 7 (min)

Figure 4. Specific mass of pyrolysis liquid (bio-oil) vs. time.
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Figure 5. Mean temperature of fixed bed vine waste vs. time.

Decomposition rate of vine waste, da/dt (min~1), where represents the conversion
of volatiles defined by Equation (8) and 7 (min) the time, is represented depending on
mean temperature of fixed bed waste, ¢, (°C), in Figure 6. Each curve in Figure 6 presents
two or three peaks. These peaks correspond to decomposition of hemicellulose, cellu-
lose, and lignin [31-39]. Hemicellulose and cellulose decompose at temperature ranges
of 150-360 °C and 240400 °C, respectively, whereas lignin decomposes within a broad
temperature range of 160-900 °C [32,37]. Decomposition temperature range, peak height
(i.e., maximum decomposition rate), and temperature corresponding to the maximum
decomposition rate, t; uqx, depend on the content of hemicellulose, cellulose, and lignin of
vegetal material. Vine prunings contain 31-34 wt% hemicellulose, 37-40 wt% cellulose, and
27-30 wt% lignin [40]. The first 2 peaks in Figure 6, corresponding to lower decomposition
temperatures of 123-312 °C (t,max = 182-245 °C) and 209-412 °C (¢, max = 298-338 °C),
respectively, could be associated with the decomposition of hemicellulose and a part of
lignin, whereas the last peak, corresponding to a decomposition temperature range of
225-487 °C (ty,max = 355-438 °C), could be associated with the decomposition of cellulose

and remaining lignin [32,34,35].
mo —m

N= ———- 8
o — m; 8)
030 0.30
—1 —a—>
i 025
0.25 —3 i
P 0.20 - P 0.20
E 15 4 % 0.15
s 3
3 0.10 S 0.10
e}
0.05 - 0.05
0.00 A 2.0
0 100 200 300 400 500

tu (C)

Figure 6. Decomposition rate of vine waste vs. mean temperature of fixed bed.

3.2. Predicted Performances of Slow Pyrolysis

Pyrolysis performances were predicted depending on dimensionless process factors
using multiple regression equations based on a 23 factorial design. Dimensionless factors
(xj, j = 1..3) are given by Equations (9)—(11), where g, = 5010 W/m?, wep = 0.006 m/s, and
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dep = 0.009 m are centre-points. In order to test the significance of regression coefficients,
three centre-point runs (9-12 in Table 2) were conducted. The effects of x; (j = 1..3) and
factor interactions (x1xp, X1x3, Xox3, and x1xpx3) on y; (i = 1..3) were quantified using sta-
tistical models described by Equations (12)—(14), where y; = (mf/mo)mlc, Yo = (mLf/mO)mlC,
and Y3 = tyyf,calc are process performances and fy; (k = 1..8, i = 1..3) regression coefficients.
Regression coefficients, which were determined based on experimental data summarized in
Table 1, are given in Supplementary Tables S1-53 along with values of standard errors (SEy;),
t statistics (t;), p-values (py;), multiple determination coefficient (R?), adjusted R? (Rzadj),
regression standard error (RSE), F statistic (F), and significance F (p-value for F). Statistically
significant coefficients (py; < a = 0.05, where « is the significance level) in Supplementary
Tables S1-53 are written in bold. Tabulated results indicate that Equations (12)—(14) fit the
data very well (R* > 0.979, R?,;; > 0.930, RSE < 23.62, F > 20.08, p < 0.016). According
to Equations (12)—(14), lower levels of CO, superficial velocity (x;) and higher levels of
particle size (x3) lead to higher values of mean bed temperature (y3) and bio-oil yield (y,) as
well as to lower values of biochar yield (y;). Moreover, data summarized in Supplementary
Tables 51-S3 indicate significant negative effects of x1xp, x1x3, and x1xx3 on v, and signif-
icant positive effects of x1x3 and xpx3 on y3. After removing statistically non-significant
terms in Equations (12)—(14), only Equation (15) fits the data very well, i.e., R? = 0.894,
Rzﬂdj = 0.868, RSE = 0.004, F = 33.83, p = 1.2E-04 (Supplementary Table S4). Accordingly,
Equations (13)—(15) can be used to predict the pyrolysis performances for values of process
factors within ranges considered in the experimental study.

g — 5010
_ , 9
X 766 )

w — 0.006
Y27 70002 (10)

d — 0.009
_ a0 1
3= 70,002 (11)
Y1 = 0.3095 + 0.0093x, — 0.0078x3 -+ 0.0013x; x5 — 0.0008x1x3 + 0.0008x2x3 + 0.0008x1 %23 (12)
Y2 = 0.3111 — 0.0018x + 0.0082x3 — 0.0052x1x2 — 0.0133x1 x5 — 0.0018%2x3 — 0.0143x1 X213 (13)
Y3 = 441.4 — 7.2218%, + 3.5258x3 — 0.7164x17 + 7.1628%1.3 + 5.2413x5x3 — 0.9845x1 X273 (14)
y1 = 03095 + 0.0093x, — 0.0078x3 (15)

Table 2. Physicochemical properties of biochar.

Proximate Analysis (% wb)

Dry Matter Content, DM 98.14 + 0.51
Volatile Matter Content, VM 32.29 +1.60
Ash Content, Ash 7.90 + 0.59
Fixed Carbon Content, FC 57.96 + 1.25
Ultimate Analysis (% dafb)
C 69.37 + 0.22
H 3.59 £+ 0.05
N 2.33 4+ 0.04
S 0
(0] 24.71 +1.43
Bulk Density, BD (g/cm3) 0.112 £ 0.001
Electrical Conductivity, EC (dS/m) 0.55 £ 0.03
pH 10.35 &+ 0.06

Water Holding Capacity, WHC (%) 58.99 + 14.51
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3.3. Biochar and Bio-Oil Characterization

Pyrolysis products resulting from exp. 6 (g = 5777 W/m?, w = 0.004 m/s, d = 0.011 m),
where the highest bio-oil yield (0.350) and the lowest biochar yield (0.286) were obtained,
were analyzed physicochemically.

3.3.1. Biochar Characterization

Pyrolysis biochar kept the form and dimensions of initial chopped vine waste (Figure 7).

Figure 7. Biochar obtained (exp. 1-8 in Table 1) from coarse and fine chopped vine prunings.

The results of physicochemical analyses of biochar obtained, which are summarized
in Table 2, are in accordance with those reported in the related literature [18,41-44]. Tab-
ulated data indicate high level of C (69.37 & 0.22%), low level of O (24.71 &+ 1.43%) as
well as very low values of H (3.59 =+ 0.05%) and N (2.33 £ 0.04%). Low values of BD
(0.112 4+ 0.001 g/cm3) and EC (0.55 £ 0.03 dS/m) as well as relatively high level of WHC
(58.99 + 14.51%) of biochar make it suitable to be used as soil amendment. Moreover, due
to its high pH (10.35 £ 0.06), it is recommended for acidic soils.

SEM micrographs of vine waste and its biochar (Figure 8) show significant morpho-
logical changes after pyrolysis. The void volume of the biochar is significantly higher than
that of its precursor. Accordingly, the thermo-chemical treatment improves the porous
structure of biochar due to the removal of a part of volatile matter from the starting veg-
etal material [41]. The loss of water and organic fragments during the pyrolysis led to a
decrease in the mass of vegetal material (by 71.4% for exp. 6) and an improvement in the
porous structure. The biochar with developed porosity can be applied as an adsorbent for
environmental remediation.
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Figure 8. Scanning electron microscope (SEM) images of: (a) vine waste; (b) vine waste biochar.

The FT-IR spectrum of vine waste biochar (Figure 9) shows four relevant peaks, i.e.,:
(i) a first peak at 3199 cm ! ascribed to O-H stretching vibration of hydroxyl groups
attached to aromatic rings [41,42]; (ii) a second peak at 1579 cm ™! corresponding to C=C
stretching in the aromatic ring [45]; (iii) a third peak at 1314 cm ™! assigned to aromatic
C-O stretching [45]; (iv) a last peak at 756 cm ™! attributed to aromatic C-H bending
vibrations (two adjacent H out-of-plane deformations) [41,44-46]. FI-IR spectrum suggests
the presence of various aromatic hydrocarbons and some functional groups containing

oxygen.
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Figure 9. Fourier transform infrared (FT-IR) spectrum of vine waste biochar.
3.3.2. Bio-Oil Characterization

The results of physicochemical analyses of bio-oil obtained in exp. 6 (Figure 10),
which are summarized in Table 3, are in a reasonable agreement with those reported in the
related literature [47-50]. Values of density (p) (1.027 + 0.014 g/cm?) are higher and of pH
(3.34 £ 0.02) are lower than those of diesel fuel (0.82-0.85 g/ cm? and 5.5-8, respectively).
Low pH values indicate a high acidity of pyrolytic bio-oil, which is the major reason that
limits its direct use as a transport fuel [49]. Moreover, values of water content (W) are high,
ie., 33.2 £ 1.27%. Higher levels of W decrease the pH and heating value of bio-oil and can
enhance phase separation, resulting in an organic phase and an aqueous one [51]. These
phases can be subsequently separated, e.g., by centrifugation [47].
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Figure 10. Pyrolysis liquid (bio-oil).

Table 3. Physicochemical properties of bio-oil.

Parameter (Units) Mean Value + SD
Water Content, W (%) 33.2+£1.27
Density, p (g/cm?) 1.027 £ 0.014
pH 3.34 £ 0.02
Refractive Index, RI 1.3553 + 0.0027
Iodine Value, IV (g I, /100 g Bio-Oil) 87.98 4+ 4.38

The results of GC-MS analysis, which are presented in Figure 11 and Table 4, highlight
that bio-oil produced from vine pruning waste is a mixture of various organic compounds,
including phenols, carboxylic acids, ketones, aldehydes, alcohols, esters, ethers, furans,
and nitrogen-containing heterocyclic compounds. Chemical compounds of the bio-oil were
similar to those reported by other researchers [50,52]. Depending on the peak area (A), the
most abundant compounds were 2,6-dimethoxyphenol (syringol) (A = 13.25%), phenol
(A =10.75%), 3-furaldehyde (A = 10.71%), 4-hydroxybutanoic acid (y-hydroxybutyric acid)
(A =7.90%), 2-methoxyphenol (guaiacol) (A = 6.74%), and 3-methyl-1,2- cyclopentanedione
(A = 5.49%). Phenol and its derivatives are widely used in the production of phenolic
resins, phenoxy herbicides, detergents, pharmaceuticals, medicinal preparations, nylon and
other synthetic fibers [52]. Syringol and guaiacol, compounds obtained by lignin pyrolysis,
are used in preparation of food by smoking [52]. Moreover, guaiacol is a precursor of
flavorants (e.g., eugenol, vanillin) as well as it is used as an antiseptic, local anesthetic,
and expectorant. 3-Furaldehyde (furan-3-carbaldehyde) is a solvent and a precursor of
thiosemicarbazones [53]. y-Hydroxybutyric acid (GHB) is effective for the treatment of
narcolepsy and alcohol dependence [54]. Antioxidant and anti-inflammatory effects of 3-
methyl-1,2-cyclopentanedione were reported in the related studies [55,56]. Accordingly, bio-
oil produced by slow pyrolysis of vine prunings is a valuable source of various chemicals.
Data summarized in Table 4 indicate a high oxygen content of pyrolysis bio-oil. It is possible
to upgrade the bio-oil for future use as a fossil fuel substitute.
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Figure 11. Gas chromatography mass spectrometry (GC-MS) total ion chromatogram of bio-oil.

Table 4. Chemical composition of bio-oil.

No. Chemical Compound Molecular CAS Retention Time Peak Area
Formula Number TR (min) A (%)
1 Cyclopentanone CsHgO 120-92-3 3.07 1.19
2 2-Methylpyridine CgHyN 109-06-8 3.43 1.26
3 3-Furaldehyde CsH40, 498-60-2 3.6 10.71
4 2-Furanmethanol CsHgO, 98-00-0 3.93 4.56
5 1-(Acetyloxy)-2-propanone CsHgO3 592-20-1 4.08 4.14
6 2-Methyl-2-cyclopenten-1-one CeHgO 1120-73-6 4.72 291
7 4-Hydroxybutanoic acid C4HgO3 591-81-1 4.82 7.90
8 1,2-Cyclopentanedione CsHgO, 3008-40-0 5.04 2.30
9 3-Methyl-2-cyclopenten-1-one CeHgO 2758-18-1 5.74 4.05
10 Phenol C¢HgO 108-95-2 6.03 10.75
11 Tetrahydrofuran-2-carbonyl chloride CsH,ClO, 52449-98-6 6.48 2.56
12 3-Methyl-1,2-cyclopentanedione Ce¢HgO, 765-70-8 6.85 5.49
13 2,3-Dimethyl-2-cyclopenten-1-one C7H;00O 1121-05-7 7.06 1.42
14 2-Methylphenol C;HgO 95-48-7 7.37 3.05
15 3-Methylphenol C;HgO 108-39-4 7.79 4.09
16 2-Methoxyphenol (guaiacol) CyHgO, 90-05-1 8.01 6.74
17 3-Ethyl-2-hydroxy-2-cyclopenten-1-one CyH1900; 21835-01-8 8.54 1.60
18 Creosol CgH100; 93-51-6 9.89 1.95
19 4-Ethyl-2-methoxyphenol Cy9H17,0, 2785-89-9 11.38 1.55
20 2,6-Dimethoxyphenol (syringol) CgH1903 91-10-1 12.58 13.25
21 3,5-Dimethoxy-4-hydroxytoluene CoH1,03 6638-05-7 14.1 2.85
22 1,2,3-Trimethoxy-5-methylbenzene C10H1403 6443-69-2 15.28 2.24

1-(4-Hydroxy-3,5-
23 dime thoxypyhenyf)’e e C10H1204 2478-38-8 18.22 0.54
24 Syringylacetone C11H1404 19037-58-2 18.68 2.09
25 1-(4-Hydroxy-3,5-dimethoxyphenyl)-1- Cy1Hy4O4 5650-43-1 19.44 0.18
propanone
5,10-Diethoxy-2,3,7,8-tetrahydro-1H,6H-
26 dipyrrolo C14Hyo N, Oy - 20.93 0.44
[1,2-a:1’,2'-d]pyrazine

27 Hexanedioic acid dioctyl ester CooHygr Oy 123-79-5 25.9 0.18
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4. Conclusions

Slow pyrolysis of vine pruning waste was performed for 60 min in a fixed bed reactor,
in the presence of CO, as a carrier gas and oxidizing agent. Biochar, bio-oil, and pyrolysis
gases were produced under different operating conditions, according to a 23 factorial
design.

Process factors were heat flux (4244-5777 W/m?), CO, superficial velocity (0.004—
0.008 m/s), and mean size of vegetal material (0.007-0.011 m). Specific masses of vine
waste and bio-oil, defined as product mass divided by initial mass of vegetal waste, and
mean bed temperature were selected as process responses. Final yields of biochar and
bio-oil were of 0.286-0.328 and 0.260-0.350, respectively, whereas final values of mean bed
temperature were of 401.1-486.5 °C. It was found that the pyrolysis process developed
intensely in two or three stages, corresponding to decomposition of cellulose, hemicellulose,
and lignin.

Final values of process responses were predicted depending on dimensionless factors
using multiple regression equations. Under conditions studied, the effects of heat flux (x),
carrier gas superficial velocity (xz), and vegetal material particle size (x3) on final process
performances were as follows: (i) xp had a significant positive effect and x3 a significant
negative effect on biochar yield; (ii) x3 had a significant positive effect, whereas x1x;, x1x3,
and x1x,x3 had significant negative effects on bio-oil yield; (iii) x, had a significant negative
effect, x3 a significant positive effect, whereas x1x3 and xpx3 had significant positive effects
on mean bed temperature.

The biochar and bio-oil were characterized using specific analytical methods. Due to its
low values of bulk density (0.112 £ 0.001 g/ cm?) and electrical conductivity (0.55 £ 0.03 dS/m)
as well as to high levels of pH (10.35 & 0.06) and water holding capacity (58.99 & 14.51%),
the biochar could be used as soil amendment for acidic soils. Moreover, its structure can
be modified by impregnation and/or activation, obtaining engineered biochar for specific
applications, e.g., environmental remediation. Twenty-seven possible organic compounds
(phenols, carboxylic acids, ketones, aldehydes, alcohols, esters, ethers, furans, and nitrogen-
containing heterocyclic compounds) were identified in bio-oil by GC-MS analysis, the most
abundant being syringol, phenol, 3-furaldehyde, 4-hydroxybutanoic acid, guaiacol, and
3-methyl-1,2-cyclopentanedione. The bio-oil represents a valuable source of chemicals and
it can also be mixed with diesel or gasoline after a previous upgrade.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/pr10010037/s1, Table S1: Results of multiple regression analysis for y; expressed by
Equation (12), Table S2: Results of multiple regression analysis for 1, expressed by Equation (13),
Table S3: Results of multiple regression analysis for y3 expressed by Equation (14), Table S4: Results
of multiple regression analysis for y; expressed by Equation (15).
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