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VINE RESIDUE-DERIVED ENGINEERED BIOCHAR FOR
ENVIRONMENTAL BENEFITS

Suzana loana CALCAI}IH Oana Cristina PARVULESCU?, Violeta Alexandra
ION?, Cristian Eugen RADUCANU*, Tinase DOBRE?, Gabriel VASILIEVICI®,
Andrei BURGHELEA’

Relevant aspects regarding the production and application of biochar (BC)
and chemically activated biochar (ABC) are presented in the paper. Vine pruning
residues, either non-impregnated or impregnated with phosphoric acid (H;POy), were
pyrolyzed under different operating conditions. Slow pyrolysis tests were conducted
in a fixed bed column, in the presence of CO: as a sweeping gas, for 60 min, obtaining
BC/ABC, bio-oil, and pyrolysis gases. Heat flux (q = 4.3-6.6 kW/m?) and
impregnation ratio (IR = 0-2.2 g/g) were selected as pyrolysis process factors. BC
and ABC obtained in 12 pyrolysis experimental runs were tested as adsorbents of 1,2-
dichloroethane (DCE) from air stream. Fixed bed adsorption experiments were
performed at 40 °C for 90 min. Final values (at 60 min for pyrolysis and 90 min for
adsorption) of specific mass of BC/ABC (0.310—-0.542 g/g), specific mass of bio-oil
(0.230-0.334 g/g), mean temperature of BC/ABC bed (345-422 °C), and BC/ABC
adsorption capacity for DCE (0.064—0.136 g/g) were chosen as dependent variables.
The effects of process factors on dependent variables were quantified using quadratic
polynomial models that fitted the experimental data well. These regression models
were used to determine the optimum levels of process factors, i.e., ¢ = 6.6 kW/m’ and
IR = 1.1 g/g, for which maximum predicted values of adsorption capacity (0.137 g/g),
specific mass of bio-oil (0.318 g/g), and mean temperature of BC/ABC bed (420 °C)
were obtained.
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1. Introduction

There is an obvious propensity lately towards the valorization of residues
from the agro-industrial sector, one of the largest producers of residual materials
[1-3]. The increasing amount of agro-industrial residues is a pressing global
problem that needs to be solved by converting them into sustainable products.
Biochar is a carbon-rich, renewable, cheap, and sustainable material that is obtained
from various organic residues and can have significant agronomic, environmental,
and economic benefits [3—7].

Biochar is usually produced by slow pyrolysis of organic materials, at
heating rates of 0.1-1 °C/s, temperatures of 300—700 °C, and in the presence of a
sweeping gas that can be inert (N2, Ar) or oxidizing (CO, steam) [1,2,7-9]. Its yield
and properties are mainly affected by the type and pretreatment of feedstock, type
and superficial velocity of sweeping gas, heating rate, operating temperature and
time [4,8,10,11]. Biochar properties, especially porosity, pore structure, specific
surface area (SSA), water hording capacity (WHC), pH, mineral composition,
surface charge, and surface functional groups (SFGs), determine its applications
[4,7,12—14]. It is useful as a soil amendment, contaminant adsorbent, renewable
fuel, activated carbon (AC) or AC precursor, supported catalyst (SC) or SC
precursor [4,7,10-17].

Pristine BC is obtained from unmodified feedstock without sweeping gas or
in the presence of an inert gas. Its efficiency can be improved by physical or
chemical activation (e.g., physical activation with CO> or steam, chemical
modification with acids, bases, metal salts or oxides), resulting in engineered
biochar with properties tailored for specific applications [4,10-14]. Engineered
biochar is widely used for removing pollutants from water and air [2,4,7,10-14,18—
20]. Compared to the removal of water pollutants, there are few studies in the
related literature on its application for the retention of air pollutants, e.g., acid gases
(CO2, SOz, H2S), nitrogen oxides (NOx), volatile organic compounds (VOCs)
[4,7,14,18-20]. Engineered biochar retains air pollutants mainly through adsorption
[7,13]. Its adsorption capacity depends on different factors, including biochar
properties (porosity, pore structure, SSA, SGFs), nature and initial concentration of
pollutant species, process temperature [10,18-20].

The properties of the engineered biochar and therefore its adsorption
capacity can be significantly affected by the activation process. Physical activation
with oxidizing gases (CO; or steam) introduces oxygen-containing SFGs and leads
to numerous pores in the material structure, especially micropores [7,12]. Oxygen-
containing SFGs facilitate the sorption of inorganic and polar organic contaminants
[4]. Chemical treatment with acids (HNOs;, HCI, H>SO4, H3POs4), bases (KOH,
NaOH), metal salts (MgCl,, ZnCl,, AICl3;, FeCls, KoCO3) or oxides (CaO, MgO,
MnO, ZnO, TiO;, Fe;03), which is performed either before or after pyrolysis,
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generally promotes the formation of micropores, increases SSA and SFGs, thereby
improving the sorption capacity of biochar [7,12—-14,21-24]. Acid-based activation
is often preferred in certain applications because acidic agents are effective in
removing surface impurities and modifying pore structure and surface chemistry.
An activating agent widely used to produce engineered biochar for environmental
applications is H3PO4 that has a lower corrosiveness than other acidic chemical
activators [22].

This paper aimed at recovering vine pruning residues by slow pyrolysis and
testing the engineered biochar obtained in the process as an adsorbent of VOC
species. The experimental study consisted of 3 stages: (i) chemical pretreatment of
vine residues with H3POj4 solutions; (i1) production of biochar (BC) and chemically
activated biochar (ABC) by slow pyrolysis of non-impregnated and impregnated
vine residues, respectively, in a fixed bed column, in the presence of CO»; (iii)
adsorption of 1,2-dichloroethane (DCE) from air stream onto BC and ABC in a
fixed bed column. Quadratic polynomial models were used to predict the
performances of pyrolysis and adsorption processes and determine the optimum
levels of process factors.

2. Materials and methods

Plant material
Plant material consisted in vine pruning residues supplied by USAMV
Bucharest [15,17,25].

Pretreatment of plant material

Vine pruning residues were pretreated according to the scheme of main
operations shown in Fig. 1. The residues were cut with scissors resulting in
cylindrical particles with mean dimensions (diameter % length) of 0.35 cm X 2.0
cm. About 90% of the amount of shredded residues was then impregnated with
H3POs solutions of different concentrations, i.e., 10%, 31%, 48%, and 52%,
corresponding to impregnation ratios (/R) of 0.3 g/g, 1.1 g/g, 1.9 g/g, and 2.2 g/g,
where IR is defined by Eq. (1) as mass of H3POs (macis) divided by mass of vine
residues (m.s). The impregnations were performed in perfect mixing reactors (Fig.
2) for 2 h, then the suspensions were filtered and the impregnated material was dried
in an oven for 12 h.
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Fig. 1. Scheme of main operations for the pretreatment of vine pruning residues.

.A

Fig. 2. Perfect mixing reactors used for impregnating shredded vine residues with H3PO4 solutions.

Production of BC and ABC by slow pyrolysis of non-impregnated and
impregnated plant material

BC and ABC were produced by slow pyrolysis of non-impregnated and
impregnated vine residues, using CO» as a sweeping gas and reactant in the process.
The experimental setup and working procedure were detailed in a previous paper
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[25]. A part of the pyrolysis setup is shown in Fig. 3. The shredded plant material
was placed in the column (1), 3 cm internal diameter (D) and 50 cm height, set into
the support (2). The column wall was heated by the electrical resistance (3) and
thermally insulated by the glass cylinder (4). CO; was introduced into the column
(1), upflowed through the fixed bed of plant material, and exited the column along
with the vapour (V) and non-condensable gases (NCGs) obtained during the
pyrolysis. The mixture of V and NCGs was cooled resulting in a liquid phase (bio-
oil), which was collected in a graduated cylinder, and pyrolysis gases.

Mass of solid phase (m), mass of liquid phase (m.), temperature in the center
of biomass bed (z:), and temperature at the column wall (#,) were continuously
measured. Mean logarithmic temperature of biomass bed (#,) was calculated using

Eq. ().

2

Fig. 3. Detail from the pyrolysis setup: (1) ceramic column; (2) support; (3) electrical resistance;
(4) glass cylinder.

by == @)

According to a central composite design (CCD) with 2 independent
variables (factors), 12 experiments (exp. 1-12 in Table 1) were performed for 60
min, at 1 atm, and at a level of CO; volumetric flow rate (Gr) of 10 L/h = 2.78
cm’/s, corresponding to a superficial velocity (w) defined by Eq. (3) of 0.4 cm/s.
Thermal flux (¢ = 4.3-6.6 kW/m?) and impregnation ratio (IR = 0.0-2.2 g/g) were
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chosen as process factors. Levels of dimensionless process factors (x1 and x2)
defined by Egs. (4) and (5) are also specified in Table 1. Final (f) values (at 7r= 60
min) of specific mass of solid phase (BC/ABC), my/mo, where mo (g) represents the
initial mass of non-impregnated/impregnated vine residues, specific mass of liquid
phase (bio-oil), mz/mo, and mean logarithmic temperature of biomass bed, #,, were
selected as dependent variables (responses) of pyrolysis process.

4G
W=EDZ (3)
qg—54
X, =— 4
=708 4)
IR-1.1
X, = — 5
2= 708 (5)
Table 1

Experimental values of pyrolysis and adsorption responses at different levels of dimensional
and dimensionless factors

q IR mymo | mgmo tmf Cifads

P awim) @ | M ] | e | @ | O (@)
1 4.6 0.3 -1 -1 0.410 [ 0.250 | 352 | 0.077

2 4.6 1.9 -1 1 0.522 [ 0.230 | 360 | 0.112
3 6.2 0.3 1 -1 0.354 | 0.300 | 404 ] 0.103
4 6.2 1.9 1 1 0.430 [ 0.280 | 417 | 0.134
5 5.4 1.1 0 0 0.530 [ 0.260 | 382 | 0.110
6 5.4 1.1 0 0 0.542 | 0.265 | 383 | 0.102
7 4.3 1.1 | -1.414 0 0.481 [ 0.237 | 345 ] 0.093
8 6.6 1.1 1.414 0 0.377 | 0.334 | 422 | 0.136
9 5.4 0.0 0 -1.414 [ 0.310 | 0.308 | 416 | 0.064
10 5.4 2.2 0 1.414 1 0.495 [ 0.260 | 370 | 0.110
11 5.4 1.1 0 0 0.528 [ 0.261 | 380 | 0.102
12 5.4 1.1 0 0 0.537 [ 0.272 | 381 | 0.108
Minimum value (MIN) 0.310 [ 0.230 | 345 | 0.064
Maximum value (MAX) 0.542 | 0.334 | 422 | 0.136
Mean value 0.460 | 0.271 384 | 0.104
Standad deviation (SD) 0.081 | 0.030 | 25.8 | 0.020

Testing BC and ABC as adsorbents of VOC from air stream

BC and ABC obtained by slow pyrolysis of non-impregnated and
impregnated vine residues (exp. 1-12 in Table 1) were tested as adsorbents of DCE
from air stream. DCE is a VOC with a boiling point of 83.5 °C at atmospheric
pressure and a vapour pressure of 7.7 kPa at 20 °C.

The experimental setup and adsorption procedure were detailed in previous
papers [26—28]. A part of the adsorption setup is shown in Fig. 4. BC/ABC was
packed into the glass column (1), 1.7 cm internal diameter and 29 cm height, which
was placed in the holder (2) and put on the digital balance (3) in an enclosure with
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insulating polystyrene walls (4). Air was fed by a compressor into the silica gel
column (5) to remove the humidity and further bubbled into the liquid VOC species
from a bubbler. The mixture of air and VOC vapour exiting the bubbler was
introduced into the adsorption column (1) and passed upward through the BC/ABC
fixed bed until it was saturated. The finned heater (6) increased the temperature
inside the insulating enclosure and maintained it at a constant value. The thermal
agent in the heater (6) was warm water from the thermostatic bath (7). The amount
of adsorbed VOC was estimated based on the increase in the mass of the adsorption
column, considering that the saturation state was attained when the column mass
did not vary for 10 min.

Twelve adsorption experimental runs were performed for 90 min at 40 °C,
1 atm, and a level of air superficial velocity of 0.7 cm/s. Final (f) values (at zzaas =
90 min) of BC/ABC adsorption capacity for i species of VOC (Cjzqds) defined by
Eq. (6), where miraas (g) represents the mass of i species (DCE) adsorbed at 77445
and mgcusco (g) the initial mass of BC/ABC, was selected as response of adsorption
process.

m.,
C _ if ,ads (6)

Mpciapco

if ,ads

Fig. 4. Adsorption setup: (1) glass adsorption column; (2) holder; (3) digital balance; (4) insulating
enclosure; (5) silica gel column; (6) finned heater; (7) water bath.

Statistical analysis
Statistical analysis was performed using STATISTICA version 10.0
(StatSoft Inc., Tulsa, OK, USA).
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3. Results and discussion

Experimental values of pyrolysis and adsorption process responses (mg/mo
=0.310-0.542 g/g, m1y/mo = 0.230-0.334 g/g, tmr= 345422 °C, and Cifaqs = 0.064—
0.136 g/g) at different levels of factors (g = 4.3-6.6 kW/m? and IR = 0.0-2.2 g/g)
are summarized in Table 1. Relevant statistics of selected responses (MIN, MAX,
mean value, and SD) are also specified in Table 1. It is observed that maximum
values of m/mo, tws, and Cizaas Were obtained in exp. 8 (¢ = 6.6 kW/m? and IR = 1.1
g/g, corresponding to x1 = 1.414 and x> = 0), whereas minimum values of m;/mo and
Cirads were obtained in exp. 9 (g = 5.4 kW/m? and IR = 0, corresponding to x; = 0
and x» = -1.414). Correlation analysis indicated a very strong positive correlation
between myy/mo and .y responses (r = 0.9) as well as strong negative correlations
between mymo and mrg/mo (r = -0.7) and mymo and t.s (r = -0.6), consistent with
previous results [25,29-32].

The values of Cy;..; were consisted with those reported in the literature. Khan
et al. [18] used different types of biowaste-derived biochar to remove benzene from
air and found values of Cy.is at 298 K of 0.35-144 mg/g. Papurello et al. [19]
reported data on the adsorption of different trace compounds from the biogas
obtained by anaerobic digestion of organic residues using wood waste-based
biochar as an adsorbent. The values of Cy..c were higher for 2-butanone (158.8
mg/g), toluene (140.1 mg/g), and limonene (64 mg/g) than those for HoS (1.05
mg/g) and hexamethylcyclotrisiloxane (1.28 mg/g). Zhang et al. [20] studied the
adsorption of 3 VOC species (acetone, cyclohexane, and toluene) from gas streams
onto 5 types of biochar (from bamboo, sugarcane bagasse, Brazilian pepper wood,
sugar beet tailings, and hickory wood) obtained by slow pyrolysis performed at 3
levels of operating temperature (300 °C, 450 °C, and 600 °C). The values of Cyaus
for all types of biochar were in the range 5.58-91.2 mg/g.

The effects of x1, x12, x2, x>, and x1x2 on y; (j = 1...4) were quantified using
quadratic (second-order) polynomial models given by Eq. (7), where y; =
(mf/mO)calc, 2 = (mLf/mO)calc, V3 = tmfcalc, and Y4 = Cif,'ads,calc represent predicted
(calculated) responses and Sy (k=1...6,j = 1...4) are regression coefficients.

Y, =B, +Bx +ﬂ3j'x12 + X, +ﬂ5jx22 + P XXy, j=1...4 (7)

Regression coefficients, which were determined based on experimental data
specified in Table 1, are presented in Table 2 along with their p-values (py), R,
R%.j, RSE, F, and p. The results summarized in Table 2 indicate the following
relevant aspects: (i) a significant positive effect of x> (dimensionless impregnation
ratio) and significant negative effects of xi (dimensionless thermal flux), xi2, and
x2% on y1 (specific mass of BC/ABC at 7= 60 min); (ii) a significant positive effect
of x1 and a significant negative effect of x2 on 2 (specific mass of bio-oil at 77= 60
min); (ii1) a significant positive effect of x1 on y3 (mean logarithmic temperature of



Vine residue-derived engineered biochar for environmental benefits 143

BC/ABC bed at 7= 60 min); (iv) a significant negative effect of x,? and significant
positive effects of x1, x12, and x> on ys (BC/ABC adsorption capacity for i species
of VOC at t74as = 90 min); (v) a good agreement between experimental and
predicted data (R > 0.866, R%.4; > 0.754, RSE < 12.79, F > 7.735, p < 0.014).

Table 2
Regression coefficients (fx, k=1...6,j = 1...4) in Eq. (6) and related p-values (px), multiple
determination coefficient (R?), adjusted R? (R%.4), residual standard error (RSE), F statistic
(F), and p-value for F (p).

j 1 2 3 4
Response Y1 = (m /mO)calc = (mL//mO)calc V3 = tmfcalc Y4= C'ﬁ ads,calc
Regressor k| Bu Pil B P2 Bis Pi3 Bia D4
Intercept 1|0.534 | 0.0000 | 0.265 | 0.0000 | 381.5 | 0.0000 | 0.105 | 0.0000
X1 2 | -0.037 | 0.0003 | 0.030 | 0.0009 | 27.24 | 0.0009 | 0.014 | 0.0002
X1 3| -0.049 | 0.0001 | 0.006 | 0.3468 | -0.251 | 0.9620 | 0.006 | 0.0202
X2 4 10.056 | 0.0000 | -0.013 | 0.0325 | -5.506 | 0.2689 | 0.016 | 0.0001
x2? 51 -0.063 | 0.0000 | 0.005 | 0.4112 | 4.500 | 0.4076 | -0.008 | 0.0062
X1X2 6 | -0.009 | 0.2423 | 0.000 | 1.0000 | 1.250 | 0.8514 | -0.001 | 0.6909
R? 0.984 0.885 0.866 0.970
R%uj 0.970 0.789 0.754 0.944
RSE 0.014 0.014 12.79 0.005
F 73.24 9.241 7.735 38.29
p 0.000 0.009 0.014 0.000

Statistically significant coefficients (py < a = 0.05, where a is the significance level) are written in
bold.

Predicted values of pyrolysis and adsorption responses (y;, j = 1...4) at
different levels of dimensionless factors (x; and x»2), obtained using Eq. (7) with
regression coefficients (Bi, k=1...6,j=1...4) specified in Table 2, are summarized
in Table 3 and shown in Figures 5-8. Table 3 also contains relevant indicators of
position and variability of process responses. According to the data summarized in
Tables 2 and 3, the results shown in Figures 5-8 emphasize the following: (i) y1
increases with an increase in x; from -1.414 to about -0.7 (corresponding to ¢ = 4.8
kW/m?) and decreases with an increase in x1 from 0 to 1.414; y; increases with an
increase in x2 from -1.414 to 0 and decreases with an increase in x2 from about 0.7
(corresponding to /R = 1.7 g/g) to 1.414; (ii) y2 increases with an increase in x; and
decreases with an increase in x2, the effect of x; being more pronounced; (iii) y3
increases with an increase in x1, whereas the effect of x2 on y3 is negligible; (iv) y4
is almost constant for x; in the range 1.414-0 and increases with an increase in xi
from O to 1.414; y4 increases with an increase in x> from -1.414 to 0 and is almost
constant for x in the range 0—1.414. Accordingly, based on the results presented in
Table 3 and Figure 8, optimum levels of process factors, for which maximum
predicted values of adsorption capacity (y4 = 0.137 g/g) were attained, were x; =
1.414 and x> = 0, corresponding to g = 6.6 kW/m? and IR = 1.1 g/g (exp. 8 in Tables
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1 and 3). Moreover, maximum predicted values of specific mass of bio-oil ()2 =
0.318 g/g) and mean temperature of BC/ABC bed ()3 = 420 °C) were obtained at
these optimum levels of process factors (Table 3).

Table 3
Predicted values of pyrolysis and adsorption responses at different levels of dimensionless
factors
» » »3 V4
e ] ] | @ | Col @
1 -1 -1 0.394 ] 0.259 | 365 | 0.073
2 -1 1 0.524 [ 0.232 | 352 | 0.107
3 1 -1 0.338 [ 0.318 | 417 | 0.102
4 1 1 0.433 [ 0.291 | 409 | 0.133
5 0 0 0.534 ] 0.265 | 382 | 0.105
6 0 0 0.534 ] 0.265 | 382 | 0.105
7 -1.414 0 0.488 [ 0.234 | 342 | 0.098
8 1.414 0 0.383 ] 0.318 | 420 | 0.137
9 0 -1.414 1 0.330 | 0.293 | 398 | 0.067
10 0 1.414 | 0.489 | 0.255 | 383 | 0.113
11 0 0 0.534 ] 0.265 | 382 | 0.105
12 0 0 0.534 ] 0.265 | 382 | 0.105
Minimum value (MIN) | 0.330 | 0.232 | 342 | 0.067
Maximum value (MAX) | 0.534 | 0.318 | 420 | 0.137
Mean value 0.460 | 0.271 | 384 | 0.104
Standad deviation (SD) | 0.080 [ 0.028 | 24.0 | 0.020
X X
0.600
0.534 [ e ) —
I * 7 I

W

-1.414 0 1.414 -1.414 0 1.414

Fig. 5. Effects of dimensionless factors on y1 = (m/mo)caic-
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Fig. 7. Effects of dimensionless factors on y3 = tuycalc.
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Fig. 8. Effects of dimensionless factors on y4 = Ciads,calc-
4. Conclusions

The production of biochar (BC) and chemically modified biochar (ABC)
from vine pruning residues, which are often burned, and application of BC/ABC as
VOC adsorbents can have significant environmental and economic benefits.

Pyrolysis factors in terms of heat flux (¢ = 4.3-6.6 kW/m?) and
impregnation ratio (/R = 0-2.2 g/g) affected pyrolysis and adsorption performances
as follows: (i) specific mass of BC/ABC (mgmo = 0.310-0.542) decreased
significantly as ¢ increased from 5.4 kW/m? to 6.6 kW/m? and IR decreased from
1.1 g/g to 0 (no impregnation); (i1) ¢ had a significant positive effect on specific
mass of bio-oil (mz/mo = 0.230-0.334 g/g) and mean temperature of BC/ABC bed
(tmy = 345422 °C); (i11)) BC/ABC adsorption capacity for DCE (Cifaas = 0.064—
0.136 g/g) increased with an increase in g and IR, the increase being significant for
g=15.4-6.6 kW/m? and IR = 0-1.1 g/g. Moreover, my/mo and t,,y were very strongly
positively correlated, whereas mymo and mr/mo as well as mgmo and ¢, were
strongly negatively correlated.

The effects of g and /R on selected responses were quantified using second-
order polynomial models. Maximum predicted values of adsorption capacity (0.137
g/g), specific mass of bio-oil (0.318 g/g) and mean temperature of BC/ABC bed
(420 °C) were obtained at ¢ = 6.6 kW/m? and IR = 1.1 g/g.
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