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The main objective of this study was to evaluate the feasibility of pistachio shell as a biomass feedstock
for the production of fungicidal oil and a precursor for the production of activated carbon by physical
activation. For this purpose, pistachio shell was pyrolyzed in a fixed bed reactor at the different tempera-
tures (300-600°C). The pyrolysis products were identified as gas, bio-oil, aqueous solution and char. The
product distribution from pyrolysis process did not significantly change when the pyrolysis temperature

Key Wor_ds‘ was above 300 °C. The pyrolysis gas product had low calorific value since it contained the high proportion
Pistachio shell . . ..

. of carbon oxides. Because of their high oxygen content, the bio-oils were found not to be used as a fuel.
Pyrolysis o ] . . . R
Fungicidal oil Thus, the bio-oil was tested again four different types of fungi (pathogenetic, wood decaying and sapro-

phyting). It was shown fungicidal activity again all tested fungi at the concentration of 10-50 mgml-!.
The pyrolysis char was evaluated as a precursor for the production of activated carbon. The surface area
and micropore volume of the activated carbon produced from the char by CO, activation at 900 °C were
found to be 708 m? g~! and 0.280 cm3 g1, respectively.

Activated carbon

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Biomass feedstock including energy crops, wood or agricultural
residues and by-products usually applied as biomass fuels are of
significant interest, because they form one of the largest alternative
energy sources in the world. In addition, they can also be precur-
sors for the materials of various applications, such as chemicals
and adsorbents. There are many conversion technologies, such as
thermochemical and biochemical process, for utilizing biomass as
energy and chemical feedstock. One of them is pyrolysis which is
a thermochemical process to obtain solid (char), liquid (bio-oil or
pyrolytic tar) and gas products in the absence of oxygen. The yields
of pyrolysis products depend on the process conditions includ-
ing pyrolysis temperature, heating rate, and residence time. Many
kinds of biomass species such as cotton stalk [1], cashew nut shell
[2], rice husk [3], linseed [4], orange peel [5], wood [6], have been
subjected to different pyrolysis conditions to produce fuels, chem-
icals and other products in literature.

For example, the pyrolysis liquids obtained from biomass
has been used as sterilizing agent, smoke flavours, antimicro-
bial and growth promoting agent etc. [7,8]. Besides, it has also
been used as a source of wood preservatives. As known, there
are two types of wood preservatives commercially; oil-based and

* Corresponding author. Tel.: +90 232 3888264; fax: +90 232 3888264.
E-mail address: jale.yanik@ege.edu.tr (J. Yanik).

0165-2370/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jaap.2011.02.002

water-based namely. They are effective against a wide variety
of wood-destroying organisms such as fungus whereas there are
some environmental concerns with these preservatives because
of high aquatic toxicity and their residuals [9]. Thus, researchers
have developed environmental-friendly preservatives which do
not damage the natural environment. Due to its chemical composi-
tion, pyrolytic tar obtained from fast and slow pyrolysis of wood has
been used for wood protection as potential chemical preservative.
In contrast to coal tar, pyrolytic tars derived from wood do not con-
tain polynuclear aromatic hydrocarbons (PAH), it contains many
phenolic compounds which have antifungal properties as wood
preservatives [10-12]. Mohan et al. [9] tested antifungal proper-
ties of several pyrolytic oils and lignin-rich fractions obtained from
pine wood, pine bark, oak wood and oak bark. They stated that
phenolic compounds are most likely to be responsible for fungal
inhibition and bio-oil fungicidal activities are comparable to some
other oils/preservatives reported in the literature.

Moreover, pyrolysis of lignocellulosic materials produce non-
graphitizable, high-purity chars of appropriate hardness and bulk
density, which are very adequate as precursors for production of
high quality activated carbons. Activated carbons with a variety of
pore size distributions can be produced from lignocellulosic mate-
rials by modifying the preparation conditions of either physical or
chemical activation procedures.

In both methods there is a reaction of the precursor with the
activating agent to develop the porosity, but they differ both in the
practical procedure and the mechanism [13]. The physical activa-
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tion involves carbonization of a carbonaceous precursor followed
by the activation of the resulting char in the presence of some acti-
vating agents such as carbon dioxide, steam or both. The physical
activation method has advantage over chemical activation, if the
bio-oil derived from carbonization step is used as chemical feed-
stock or fuel.

Because of its low ash content and reasonable good hardness,
production of activated carbon from pistachio shell was studied by
Yang et al. They investigated the effects of the preparation variables
(pyrolysis temperature, CO, flow rate, carbonization temperature
and time) on the surface area and pore structure of activated car-
bon in physical activation process [14,15]. They also investigated
the effects of different parameters such as the impregnation ratio,
the activation temperature, the hold time and the activation con-
dition (nitrogen gas or vacuum) on pore development in chemical
activation process [16-20].

They obtained the activated carbon having a BET surface area
and micropore volume of 2527 m2 g~! and 0.43 cm3 g~ ! by activa-
tion with ZnCl, [16] whereas they obtained the activated carbon
having the highest BET surface area and micropore volume of
1064m2 g1 and 0.210cm3 g1, respectively by physical activation
with CO; [14]. On the other hand, activated carbon having a BET sur-
face 1300m?2 g~! with a loss of char mass of 70 wt% was obtained
from pistachio shell by steam activation [21].

The main biomass sources in Turkey are food processing wastes,
industrial wastes, and forestry wastes. One of the main food pro-
cessing wastes is pistachio shell since Turkey is the third biggest
pistachio producer in the world with an annual production of 120
thousands tones [22]. Pistachio are used fresh, or processed into
candies, baked goods, and ice cream. Due to the processing activi-
ties, huge amount of residues (pistachio shells) are generated and
they are disposed by burning.

Although there are number of studies on the preparation of pis-
tachio shell-based activated carbon, there is no research on the
production of fungicidal oil from pistachio shell by pyrolysis. Hence,
the aim of this study was to evaluate the feasibility of pistachio
shells as a biomass feedstock for production of fungicidal oil and a
precursor for production of activated carbon.

2. Materials and methods
2.1. Materials

Pistachio (Pistacia vera L.) shell samples were supplied by a food
company in Gaziantep, Turkey and used as received. The proximate,
ultimate and component analyses of pistachio shell are shown in
Table 1. All chemicals used in this study were analytical grade.

2.2. Experimental setup

2.2.1. Pyrolysis

Pistachio shell samples were pyrolyzed in a fixed bed design
using a stainless steel reactor (L, 210 mm; @, 60 mm) which was
placed in an electrical heating furnace. In a typical pyrolysis exper-
iment, a quantity of 100g of biomass was filled in and then
the reactor temperature was increased by a slow heating rate of
10°Cmin~! up to pyrolysis temperature and hold for 1h at the
desired temperature. The reactor was continuously purged with
nitrogen at a flow rate 25 mlmin~!. The nitrogen gas swept the
volatile products from the reactor into the ice-cooled traps. The
total liquid products were condensed in a series of traps. First trap
was air-cooled and the other two traps were ice-cooled. The gases
were collected in a Tedler bag. After pyrolysis, furnace was cooled to
room temperature in a nitrogen gas stream. All traps were weighted
before and after each run. Total liquid amount was determined by

Table 1
Proximate, ultimate and component analyses of pistachio shell.

Proximate analysis (as received, wt%)

Moisture 6.99
Volatile matter 80.01
Fixed carbon 12.08
Ash 0.09
Ultimate analysis (dry, wt%)
C 42.41
H 5.64
N 0.07
S 0.01
0? 51.87
HHV® (MJkg~!) 17.88
Component analysis (dry, wt%)
Cellulose 53.98
Hemicellulose 20.10
Lignin 25.25
Extractives® 0.67

2 Calculated from difference.
b High heating value.
¢ Toluene/alcohol (2/1) (v/v).

difference. The yields of liquid products and char were determined
by weighting. The amount of gas was determined by difference. The
liquid product consisted of two phases; aqueous phase and bio-oil
phase. The bio-oil product was collected in first trap, whereas ice
cooled traps contained aqueous product.

2.2.2. Production of activated carbon

In the activation process, the char obtained from pyrolysis at
500°C was heated to 900°C under nitrogen atmosphere. As soon
as the reactor temperature reached 900 °C, the inert atmosphere
was rapidly substituted by flowing carbon dioxide (350 mlmin~1).
At the end of the desired activation time, the reactor was cooled to
room temperature under nitrogen atmosphere. The activated car-
bon from activation process was weighted (m,) to calculate the
burn-off value. The burn-off value was calculated by

—my

% burn-off = M x 100

where M is the initial mass of char.

2.2.3. Fractionation of bio-oil

Bio-oil phase obtained from pyrolysis of pistachio shell was frac-
tionated into four groups, namely water-solubles, extractives; low
molecular weight lignin compounds (LMWL) and high molecular
weight lignin (HMWL) compounds. Fractionation process was car-
ried out by a modified method as based on the literature [23].
Thus, the bio-oil was extracted with cold water at 0°C (1:10,
w/w) and powder-like precipitate was filtered, dried and weighed
as water-insolubles. The amount of water-solubles was deter-
mined by difference. Water-insoluble fraction was extracted with
dichloromethane. Dichloromethane soluble fractions consist of
extractives and LMWL; Dichloromethane insoluble fractions con-
sist of HMWL. The amount of extractives in bio-oil was determined
by hexane soluble. Thus, the bio-oil and hexane (1:10, w/w) mixture
was stirred for 2 h and seperated by decantation. Hexane solubles
were defined as extractives.

2.2.4. Analysis

Thermogravimetric analysis of pistachio shell was performed
by means of a Perkin-Elmer Diamond TG/DTA thermogravimetric
analyzer under nitrogen atmosphere. The flow rate of purge gas
was keptat 200 ml min~!. The sample was heated from the ambient
temperature up to 740 °C with heating rate of 10°Cmin~!.

The collected gas product in Tedlar bag was analyzed by HP
model 5890 series Il gas chromatography, with a thermal con-
ductivity detector. A stainless steel packed column (6.0m x 1/8 in
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Porapack Q, 2.0m x 1/8 in. 5A molecular sieve, serially connected
to each other) was used. The separation of CO,, Cq, Cy, C3, C4 and
Cs hydrocarbons was made with Poropack Q column and the sep-
aration of O, Ny and CO was carried out with MS 5A column.

The bio-oils samples were extracted with ethyl acetate (1:1, v/v)
that allows qualitative analysis of the phenolic compounds. Then,
the ethyl acetate extracts were analyzed by a gas chromatography-
mass selective detector system (Agilent 6890N Network GC System
5973 Network series). The used column was a HP-5MS fused silica
capillary column with a 30m x 0.25 mm i.d. The GC initial oven
temperature was 40°C for 10 min, then ramped up to 175°C at
2°Cmin~! for 20 min, and then to 200°C at 1°Cmin~! and then
to 250°C at 4°Cmin~" for 20 min. The data acquisition system was
done with G1035A software with a NIST library database.

The amount of total phenols in aqueous phases and bio-oil was
determined by colorimetry (reaction of phenols with 4-nitroaniline
to a yellow complex) with the photometer by Hach Lange-DR2800.

Component analysis (extractives, lignin, hemicellulose and cel-
lulose) of pistachio shell was carried out according to literature
[24].

The elemental analysis of pistachio shell, bio-oils and chars
was carried out by a LECO CHNS 932 elemental analyzer
according to ASTM D5291-96. Water contents of bio-oils were
determined by Karl-Fischer Volumetric Titrator (Mettler Toledo
DL 31). The gross calorific values of bio-oils and pistachio
shell were determined using an IKA C-2000 basic model
calorimeter according to ASTM D240-02. The proximate analy-
ses of chars and pistachio shell were done according to ASTM
D3174-04 for ash analysis and ASTM D3175-89a for volatile
matter.

Measurements of specific surface areas of the activated carbons
produced from pistachio shell have been made by N, adsorption
(at 77.3K), using Quantachrome Inst., Nova 2200e model surface
and pore size analyzer. The micropore volume (Vo) Was deter-
mined by using t-plot method. The surface area and pore volume
results were obtained by using Quantachrome Novawin2 software.
The mesopore volume (Veso) was calculated by subtracting Viicro
from Viotal- (Vmeso = Viotal — Vimicro)- The amount of surface oxygen
groups on the activated carbons has been determined by Boehm
titration method [25]. The scanning electron microscope (SEM)
images of char and activated carbons were recorded by using JEOL
JSM-6060.

2.2.5. Fungal cultures and inhibition test

In this study, the anti fungal activity of bio-oil obtained from
pyrolysis at 500°C was tested for four types of fungal cultures.
The fungal cultures of Aspergillus niger TEM (a saprophytic fungus),
Trichoderma viridae TEM (a phytopathogenic fungus), Coriolus ver-
sicolor ATCC 200801 (a white rot fungus), and Trichophyton rubrum
(a dermatophytic fungus) were obtained from Basic and Industrial
Microbiology Section of Biology Department and Medicine Fac-
ulty, Aegean University-Turkey, respectively. Prior to testing each
test fungus was subcultured on Sabouraud’s Dextrose Agar (SDA)
and incubated at 27°C for 10 days to ensure purity of them. SDA
Plates 90 mm in diameter were prepared and then three holes were
punched in periphery and a forth at the centre. The inhibition test
was carried out according to literature [26]. Emulsions containing 2,
10, 20, 30, 40 and 50 mg bio-oil ml~! were prepared by serial dilu-
tions in 1% dimethylsulfoxide. An aliquot of 50 wl of the bio-oils
were added to peripheral holes and a 6 mm in diameter cylindri-
cal plug of mycelium cut from the edge of actively growing colony
were also added to central hole. 1% dimethylsulfoxide was used as
the control. Petri dishes were incubated at 27 °C for 10 days. Dis-
tance between peripheral holes and the rim of the fungal colony
were measured after 10 days. All experiments were done triplicate.
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Fig. 1. TG-DTG curves of the pistachio shell.
Then, the inhibition was calculated following formula:

1—[d: —dj] N
d

t

Inhibition % = 100

where d; is total distance between the central hole and the periph-
eral hole and d; is the distance between mycelial edge of fungal
growth and the peripheral hole.

3. Results and discussion
3.1. Thermogravimetric analysis results

Fig. 1 shows the TG and DTG curves of the pistachio shell decom-
position recorded at a heating rate 10°Cmin~! under nitrogen
atmosphere. The thermal decomposition starts at approximately
235°C and the main devolatilization takes place between 270 and
400 °C with two stage weight loss. The TG curve shows that the first
stage, located between 255 and 320°C, represents approximately
33 wt% weight loss. The second stage, located 325-500 °C, represent
approximately 37 wt% weight loss. Above 500°C, no appreciable
weight loss was observed. This may suggest that no major reac-
tion exists above 500°C. According to this result, it can be said
that choosing pyrolysis temperature as 500 °C is appropriate when
obtaining of char for physical activation process is aimed.

Corresponding to the two-stage weight loss on the TG curves,
two peaks are observed on the DTG curves. The first peak
is observed at 285.5°C and the second peak is observed at
360.5°C. Based on the literature [27-29], it seems that the lower
temperature DTG peak represents mainly the decomposition of
hemicellulose and the higher temperature DTG peak is associated
with the decomposition of cellulose and lignin.

In contrast to our result, Hayashi et al. [30] observed one peak
between 127 and 627°C in the thermal degradation of pistachio
shell and they suggested that the peak of the cellulose overlaps
with that of the hemi-cellulose and therefore only a single peak
appeared in the weight loss rate. This contrast may be due to the
difference in the kind of pistachio shell.

3.2. Pyrolysis of pistachio shell

3.2.1. Pyrolysis yields

The product yields for the pyrolysis of pistachio shells at dif-
ferent temperatures are given in Table 2. It is clearly seen that the
product distribution did not significantly change when the pyrol-
ysis temperature was above 300°C. There was a little increase in
bio-oil product and decrease in char product yield as temperature
raised from 400 to 600 °C.

In our previous work, we studied the pyrolysis of cherry seed
using same reactor at different temperatures and similarly, prod-
uct yields did not vary between 400 and 600 °C. Similarly, in the
case of pyrolysis of corncob [31] a faster changing in products yields
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Table 2 Table 3
Product distributions from pyrolysis of pistachio shell (wt%). Properties of bio-oils obtained from pyrolysis of pistachio shell.
Temperature (°C) 300 400 500 600 Temperature (°C) 300 400 500 600
Gas? 21.0 20.1 19.3 19.0 Ultimate analysis (wt%)
Aqueous phase 213 24.2 24.8 25.2 C 26.37 32.36 36.63 36.86
Bio-oil 279 30.6 313 32.6 H 5.87 7.10 7.18 6.51
Char 29.8 25.1 24.6 23.2 N 2.78 2.10 2.81 2.59
S 0.03 0.01 0.06 0.04
a
Calculated from mass balance. 0 64.95 5843 53.32 54.00
Water content (wt%) 43.78 42.44 3842 38.19
between the temperatures 350 and 400 °C and a slower changing HHV (MJkg™') 12.53 12.75 13.59 14.01

between the temperatures of 400 and 600 °C were observed. How-
ever, bio-oil yield reached a maximum value at 500-550°C in many
studies to slow pyrolysis of lignocellulosic materials [32,33] and
above these temperatures bio-oil yields decreased while gas yield
increased. Meanwhile, the char yield continuously decreased with
increasing temperature. The differences in the results obtained
from present study and previous studies may be due to the mainly
difference in the biomass species. It is worthwhile noting that our
results were also different that of previous study on pistachio shell
pyrolysis by a heating rate of 7°Cmin~!. Apaydin-Varol et al. [34]
observed that gas yield continuously increased while char yield
decreased by increasing temperature from 300 to 700°C. They
obtained the maximum bio-oil yield (~20.5wt%) at the temper-
ature between 500 and 550 °C.

By considering the slow pyrolysis studies in literature, the bio-
oil yield obtained from pyrolysis of pistachio shell in this study
seems to be reasonable. Maximum bio-oil yields were found to be
66.0wt% for bagasse [35], 25.8 wt% for soybean [36], 23 wt% for
hazelnut shell, 44 wt% for sunflower, 32 wt% for Euphorbia rigida
[37], 24.5 wt% for cottonseed cake [38].

3.2.2. Composition of bio-oil

Because of the large number oxygen containing compounds,
characterization of bio-oil differs from that of hydrocarbon based
fuels. Due to this reason, the characterization procedure in this
study was carried out by fractionation according to literature [23].
As seen from Fig. 2, the fractions consist of water soluble com-
pounds, extractives, low molecular and high molecular weight
lignin compounds. Water content was also included in bio-oil com-
position. Bio-oil composition was independent on the pyrolysis
temperature and consisted of mainly water soluble compounds
(38-39wt%) and water (41-43 wt%). Water soluble compounds
generally are acids, sugars, alcohols, catechols and phenols [39].
Extractives (~7 wt%) contained hexane-soluble compounds, con-
sisting mainly of hydrocarbons. Similarly, Mullen et al. obtained
the bio-oils from fast pyrolysis of barley straw and barley hulls con-
taining 60.4 wt% and 64.0 wt% of water-solubles, respectively [40].
Acetic acid, acetol and levoglucosan (carbohydrate degradation
products) were found in high concentrations in the water-solubles

80% - \ \ \ \ —

Temperature, °C

Fig. 2. Composition of bio-oils obtained from pyrolysis of pistachio shell.

@ Calculated from difference.
b High heating value.

of bio-oils. In another study, the proportion of water-solubles was
80 wt% of bio-oil obtained from straw [39].

In previous study [34] relating to slow pyrolysis of pistachio
shell, the amount of extractives in bio-oil were found to be about
42 wt% and the rest was called as asphaltenes like in hydrocarbon
fuel. Unfortunately, we cannot explain the reason for differences in
results.

Although pyrolysis of pistachio shell produce reasonable yield
of bio-oil, they contained low amount of carbon (Table 3). Due to
the high content of water, bio-oil had low calorific value. Although
the liquid products obtained from pyrolysis were not homogenous,
consisted of aqueous and oil phases, oil phase (bio-oil) contained
still huge amount of water. This shows that bio-oil contained the
some chemicals which act as emulsifier. Overall, it is clear that bio-
oils are not appropriate for utilization as a fuel.

3.2.3. Composition of pyrolysis gases

The compositions of the gaseous products produced from
pyrolysis of pistachio shell at representative temperature (500 °C)
determined by GC-TCD are shown in Table 4. As seen from the table,
CO and CO, are the major gaseous products. This result is in well
agreement with the previous studies on biomass pyrolysis [41-44].

For example, in the pyrolysis of rapeseed oil cake at 500°C, the
CO, content was 68.79 wt% and CO content was 7.65 wt% [41]. CO,
is a product of the primary pyrolysis of cellulose and hemicellu-
lose [45] where CO are mainly formed from secondary cracking
of volatiles, followed by a reduction of CO, (C+CO, =2C0) at high
temperature (>500°C) [46].

Due to the high proportion of carbon oxides containing, pyrol-
ysis gas had a low calorific value in this study. It may be provided
dome part of the energy requirements of the pyrolysis plant. The
heating value of gas was calculated as 14.73 M]N m~3. This heat-
ing value is the mean heating value of the gas mixture and it has
been calculated from the concentration of each individual gas and
its corresponding heating value.

Table 4
Composition of gaseous products obtained from pyrolysis of pistachio shell at 500 °C
(mol%).

Gas products

H, 2.68
CH4 13.40
co 3859
€O, 40.88
c2 2.15
c3 143
c4 0.46
c5 0.40
HHV (MJNm3) 14.73

2 High heating value.
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Table 5 Table 6
Some properties of chars obtained from pyrolysis of pistachio shell. The amount of total phenols (wt%).
Temperature (°C) 300 400 500 600 Temperature (°C) 300 400 500 600
Ultimate analysis (wt%) Aqueous phase 0.21 0.25 0.27 0.29
C 68.74 71.54 82.43 87.33 Bio-oil 1.39 1.42 1.49 1.51
H 3.38 4.64 3.09 2.57
N 0.27 0.21 0.16 0.16
S 0.07 0.05 0.11 0.14 Table 7
o2 27.54 23.56 14.21 9.80 Main phenolic compounds in ethylactate extracts from bio-oil obtained from pyrol-
Ash content (wt%) 0.608 0.609 0.698 0.695 ysis of pistachio shell at 500 °C.
HHVY (M kg~1) 29.70 29.79 31.17 33.40 - - -
No. R.T. (min) Quality Name of Relative area
a Calculated from difference. compounds (%)
b High heating value.
1 19.66 94 Phenol 0.39
2 25.46 97 2-Methyl 0.35
70 phenol
3 27.12 95 3-Methyl 0.38
60 1 phenol
L 50 4 27.69 97 2-Methoxy 2.78
z phenol
o 40 5 35.51 95 2-Methoxy-4- 2.26
? 304 methyl-phenol
£ 6 36.46 91 2-Hydroxy 3.88
é 20 1 phenol
10 - 7 40.18 95 3-Methoxy-2- 1.84
hydroxy
0 T T T T T phenol
0 1 2 3 4 5 6 8 4159 85 4-Ethyl-2- 1.67
Time, h methoxy
phenol
Fig. 3. Carbon burn-off in CO, for the char derived from pistachio shell in relation 9 42.69 94 4-Methyl-2- 0.81
to activation time. hydroxy
phenol
3.2.4. Pyrolysis chars 10 4652 93 Iz,fegéﬁnmmxy 861
The characteristic of chars obtained from pyrolysis of biomass 11 47.45 93 2-Methoxy-4- 0.41
is depended on the pyrolysis conditions such as temperature and propyl
heating rate as well as the composition of the biomass. Table 5 phenol
. 12 52.54 81 2-Methoxy-4- 6.68
shows the effect of pyrolysis temperature on elemental compo- (1-propenyl)
sition of char produced from pistachio shell. The ash contents and phenol
heating value of chars were also included in Table 5. Oxygen content 13 67.07 88 2,6- 2.63
of char decreased as the temperature was increased with temper- Dimethoxy-4-
ature accompanying with the loss of the carbonyl groups [1]. The i)zl;:;gf’e“yl)'

ash content of chars was not changed as the temperature increased
whereas carbon content of chars increased. The calorific value of
chars was found to be higher than that of chars obtained from bar-
ley straw, barley hulls, barley distiller’s dried grains [40], grapeseed,
chest nutshell [47] etc. Due to the high heating value and low ash
and sulphur content, chars can be used as solid fuel. They are also
one of the raw materials for production of activated carbon.

3.3. Fungicidal value of bio-oil

As we mentioned before, bio-oil contains huge amount of oxy-
genated compounds including carbohydrate degradation products
and lignin degradation products. Because of these, bio-oil can be
used as feedstock for many purposes. For example, because of its
phenol and derivatives (from thermal degradation of lignin), it can
be used as antioxidant [8] and fungicide [9]. The one of the aims
of this article was to investigate the fungicidal properties of bio-oil

obtained from pistachio shell. As seen in Table 6, bio-oils contained
phenolic compounds about 1.5 wt% which were mainly monomeric
phenols (Table 7).

Although fungi having wood decaying properties were mostly
evaluated in the literature about the antifungal activity of bio-oil,
fungi used in this study were selected according to their patho-
genetic, wood decaying and saprophyting. As seen from Table 8,
bio-oil produced from pistachio shell was shown fungicidal activ-
ity again all tested fungi at the concentration of 10-50 mgml~!.
The fact that the bio-oil showed fungicidal activity again four
different types of fungi are due to its phenolic contents. Suzuki
et al. suggested that 4-ethyl-2-methoxyphenol and 4-propyl-
2-methoxyphenol might have some preservation effects [11].
Similarly, Mohan et al. reported that 4-propyl-2-methoxyphenol
could contribute to decay resistance [9]. These results are agree-

Table 8
Anti-fungal activity of bio-oil obtained from pyrolysis of pistachio shell.
Concentration (mgml-1) T. viridae A. niger T. rubrum C. versicolor
d; d; Inhibition (%) dy d; Inhibition (%) dy d; Inhibition (%) d; d; Inhibition (%)
50 23 16 69.5 23 15 65.2 23 22 95.6 23 19 82.6
40 23 15 65.2 23 13 56.5 23 22 95.6 23 16 69.6
30 23 12 52.2 23 11 47.8 23 20 86.9 23 14 60.9
20 23 13 56.5 23 8 34.8 23 15 65.2 23 10 43.5
10 23 5 21.7 23 4 174 23 11 47.8 23 7 304
2 23 0 0 23 0 0 23 0 0 23 0 0
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Fig. 4. SEM micrographs of char (a) and activated carbons produced by physical activation for 2h (b) and 5h (c).

ment with our findings (Table 7). It should be noted that it was also
observed that the color around the fungal colony changed from
white to brown during the test with C. versicolor. This may be due
to metabolizing of the lignin and phenolic compounds in bio-oil by
C. versicolor having lignolytic activity.

One of the most important distinctive feature of bio-oil is the fact
that it showed very good fungicidal activity at the concentration of
30mgml~! and above against T. rubrum which is a dermatophytic
fungus. Taking into consideration the continuous increase of fungal
resistance against a wide range of antifungal drugs, bio-oil may be
unconventional sources of antifungal treatment due to phenolic
content [48].

3.4. Production of activated carbon

In this study, the char obtained from pyrolysis of pistachio shell
at 500 °C was activated with CO, at 900 °C for changing between 1
and 5 h. Fig. 3 shows the influence of activation time on the degree
of burn-off in CO, achieved for char. The carbon burns off exhib-
ited a considerable increase till the activation time of 1 h and then
gradually increase between 1 and 3 h. A burn-off value of 57.5 wt%
was obtained for the activation time of 3 h and the burn-off value
was not changed by further increased in activation time.

The surface area and the pore size distribution of the activated
carbon is an important specification in determining the utiliza-
tion of the final product. Surface properties of activated carbons
versus activation time are given in Table 9. The BET surface area and
micropore volume of activated carbon exhibited a similar trend. By
increasing activation time, they both increased.

Activation of char improves pore formation and further creates
new pores, resulting in increasing BET surface area and microp-
ore volume of the activated carbons for increasing activation time.
This evidence can be clearly seen from the scanning electron micro-
graphs of the char and activated chars in Fig. 4.

In contrast to our result, Yang and Lua [14] observed differ-
ent trend in preparation of activated carbon from pistachio shell.
The micropore volume and BET surface area peaked at 1.5 and 2 h,
respectively, and thereafter, decreased with increasing activation
time. The difference may be due to the activation condition such as

Table 9
The effect of activation time on surface properties of activated carbons produced
from pistachio shell derived char.

Activation time (h) 1 2 3 5

BET surface area (m? g~') 1236 588.6 555.5 708.6
Micropore surface area (m?g-')  nd 554.2 467.8 604.6
Mesopore surface area (m?2g~')  nd 34.4 87.7 104.0
Total pore volume (cm3 g—') nd 0.293 0.275 0.359
Micropore volume (cm? g-1) nd 0.223 0.216 0.280
Mesopore volume (cm?g~') nd 0.070 0.059 0.079
Average pore diameter (A) nd 9.95 1.97 2.02

nd: not determined.

CO, flow rate and activation temperature. It should be noted that
although the BET surface area of activated carbon obtained in this
study was lower than that of activated carbon obtained by Yang
et al., micropore volume of former was higher than that of latter.
On the other hand, the chemical nature of activated carbons
significantly influences its adsorptive properties as well as surface
area and porosity. In this study, the oxygen-containing functional
groups on activated carbon surfaces were determined by Boehm
titration. The oxygen functional groups are very important char-
acteristics of the activated carbons because they determine the
surface properties of the carbons and hence their quality as adsor-
bents [49]. The amount of basic surface oxygen groups (chromene
and pyrone) of activated carbons was found to be 0.893 and
0.962mmol g-! for 2 h and 5 h, respectively. However, there were
no acidic groups (carboxyl, lactonic hydroxyl, carbonyl groups)
detected on the activated carbon surfaces. This result shows that
all surface acidic oxygen groups were decomposed during acti-
vation at 900°C. It has been reported, that carboxylic acids and
lactones were decomposed by CO, evolution at the temperatures
of 200-500°C and 600-800°C, respectively [50]. Groups such as
phenols, carbonyls, ethers and quinines were decomposed up to
1000°C by CO evolution. As conclusion, the obtained activated car-
bon with basic surface chemical properties is suitable for acidic gas
adsorption such as sulphur dioxide, phenols, acidic dye etc.

4. Conclusions

In this study, conversion of pistachio shell to useful products
by pyrolysis and activation methods has been investigated. Ther-
mogravimetric analysis showed that the thermal decomposition of
pistachio shell starts at approximately 235 °C and no major reaction
exists above 500°C.

The pyrolysis of the pistachio shell was carried out in fixed-bed
reactor at different pyrolysis temperatures (300-600 °C). The prod-
ucts obtained from pyrolysis were gas, bio-oil, aqueous solution and
char. The product distribution from pyrolysis did not significantly
change when the pyrolysis temperature was above 300°C.

The gas product obtained from pyrolysis contained the high
proportion of carbon oxides so it has low calorific value. It was
suggested that pyrolytic gas can provide some part of the energy
requirements of the pyrolysis process.

The bio-oils obtained from pyrolysis were not suitable for the
use as a fuel because of their high oxygen content. Thus, the bio-
oils were suggested to be used as chemical feedstock. The fungicidal
properties of bio-oil again four different types of fungi were also
tested in this study. The bio-oil was shown fungicidal activity again
all tested fungi at the concentration of 10-50 mgml~1.

The pyrolysis chars had high calorific values and low ash con-
tent below 1 wt% with very low sulphur concentration making them
attractive for use as a solid fuel or as raw material for production of
activated carbon. The present study shows that pistachio shell can
be effectively used as araw material for the preparation of activated
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carbon by physical activation. The activated carbon having a sur-
face area and micropore volume of 708 m?g~! and 0.280cm3 g1,
respectively, was produced from the char by CO, activation.
Consequently, the results of this work showed that pistachio
shell can be used for production of both fungicidal oil and activated
carbon. Antifungal properties of bio-oil is valuable for wood decay
prediction agent alone or combination with commercial biocides,

such as cresoate and pentachlorophenol.
Acknowledgements

The financial support from Ege University under contract 2009-
FEN-037 is highly appreciated.

References

[1] A.E.Piitiin, N. Ozbay, E.P. Onal, E. Piitiin, Fixed-bed pyrolysis of cotton stalk for
liquid and solid products, Fuel Process. Technol. 86 (2005) 1207-1219.

[2] P. Das, T. Sreelatha, A. Ganesh, Bio oil from pyrolysis of cashew nut shell-
characterization and related properties, Biomass Bioenergy 27 (2004) 265-275.

[3] J.L. Zheng, Bio-oil from fast pyrolysis of rice husk: yields and related properties
and improvement of the pyrolysis system, J. Anal. Appl. Pyrolysis 80 (2007)
30-35.

[4] C. Agikgoz, O.M. Kogkar, Characterization of slow pyrolysis oil obtained from
linseed (Linum usitatissimum L.), . Anal. Appl. Pyrolysis 85 (2009) 151-154.

[5] R. Miranda, D. Bustos-Martinez, C.S. Blanco, M.H.G. Villarreal, M.E.R. Cantu,
Pyrolysis of sweet orange (Citrus sinensis) dry peel, J. Anal. Appl. Pyrolysis 86
(2009) 245-251.

[6] L. Ingram, D. Mohan, P.H. Steele, D. Strobel, B. Mitchell, ]. Mohammad, K.
Cantrell, C.U. Pittman Jr., Pyrolysis of wood and bark in an Auger reactor: phys-
ical properties and chemical analysis of the produced bio-oils, Energy Fuels 22
(2008) 614-625.

[7] D. Mohan, C.U. Pittman Jr., P.H. Steele, Energy Fuels 20 (2006) 848-889.

[8] A.Y. Loo, K. Jain, I. Darah, Antioxidant activity of compounds isolated from the
pyroligneous acid, Rhizophora apiculata, Food Chem. 107 (2008) 1151-1160.

[9] D.Mohan,].Shi,D.D.Nicholas, C.U.Pittman]r., P.H. Steele, ].E. Cooper, Fungicidal
values of bio-oils and their lignin-rich fractions obtained from wood/bark fast
pyrolysis, Chemosphere 71 (2008) 456-465.

[10] B. Mazela, Fungicidal value of wood tar from pyrolysis of treated wood, Waste
Manage. 27 (2006) 461-465.

[11] T.Suzuki,S.Doi, M. Yamakawa, K. Yamamoto, T. Watanabe, M. Funaki, Recovery
of wood preservatives from wood pyrolysis tar by solvent extraction, Holz-
forschung 51 (1997) 214-218.

[12] D. Mourant, D.-Q. Yang, X. Lu, C. Roy, Decay resistance of pf-pyrolytic oil resin-
treated wood, Forest Prod. J. 57 (2007) 30-35.

[13] R.C. Bansal, J.B. Donnet, F. Stoeckli, Active Carbon, Marcel Dekker, New York,
1988.

[14] T.Yang, A.C. Lua, Characteristics of activated carbons prepared from pistachio-
nut shells by physical activation, J. Colloid Interface Sci. 267 (2003) 408-417.

[15] A.C. Lua, T. Yang, J. Guo, Effects of pyrolysis conditions on the properties of
activated carbons prepared from pistachio-nut shells, J. Anal. Appl. Pyrolysis
72 (2004) 279-287.

[16] A.C.Lua,T.Yang, Characteristics of AC prepared from pistachio-nut shell by zinc
chloride activation under nitrogen and vacuum conditions, J. Colloid Interface
Sci. 290 (2005) 505-513.

[17] A.C.Lua, T. Yang, Effect of activation temperature on the textural and chemical
properties of potassium hydroxide activated carbon prepared from pistachio-
nut shell, J. Colloid Interface Sci. 274 (2004) 594-601.

[18] A.C. Lua, T. Yang, Effects of vacuum pyrolysis conditions on the characteristics
of activated carbon derived from pistachio-nut shells, ]. Colloid Interface Sci.
276 (2004) 364-372.

[19] T. Yang, A.C. Lua, Textural and chemical properties of zinc chloride activated
carbons prepared from pistachio-nut shells, Mater. Chem. Phys. 100 (2006)
438-444.

[20] A.C.Lua, T. Yang, Properties of pistachio-nut-shell activated carbons subjected
to vacuum pyrolysis conditions, Carbon 42 (2004) 224-226.

[21] E. Schroder, K. Thomauske, C. Weber, A. Hornung, V. Tumiatti, Experiments on
the generation of activated carbon from biomass, J. Anal. Appl. Pyrolysis 79
(2007) 106-111.

[22] Food Agriculture Organization of the United Nations (FAO) Production Year
Book, http://faostat.fao.org, 2008.

[23] A. Oasmaa, E. Kuoppala, Y. Solantausta, Fast pyrolysis of forestry residue.
2. Physicochemical composition of product liquid, Energy Fuels 17 (2003)
433-443,

[24] S.Li, S. Xu, S. Liu, C. Yang, Q. Lu, Fast pyrolysis of biomass in free-fall reactor for
hydrogen-rich gas, Fuel Process. Technol. 85 (2004) 1201-1211.

[25] H.P. Boehm, E. Diehl, W. Heck, R. Sappok, Surface oxides of carbon, Angew.
Chem. Int. Ed. 3 (1964) 669-677.

[26] D.Mourant, D.-Q. Yang, X. Ly, C. Roy, Anti-fungal properties of the pyroligneous
liquor from the pyrolysis of softwood bark, Wood Fiber Sci. 73 (2005) 542-548.

[27] P.T. Williams, S. Besler, The pyrolysis of rice husks in a thermogravimetric
analyzer and static batch reactor, Fuel 72 (1993) 151-159.

[28] C. Sentorun-Shalaby, M.G. Ucak-Astarlioglu, L. Artok, C. Sarici, Preparation and
characterization of activated carbons by one-step steam pyrolysis/activation
from apricot stones, Micropor. Mesopor. Mater. 88 (2006) 126-134.

[29] V.A. Alvarez, A. Vazquez, Thermal degradation of cellulose derivatives/starch
blends and sisal fibre biocomposites, Polym. Degrad. Stab. 84 (2004) 13-21.

[30] J. Hayashi, T. Horikawa, 1. Takeda, K. Muroyama, F.N. Ani, Preparing activated
carbon from various nutshells by chemical activation with K,CO3, Carbon 40
(2002) 2381-2386.

[31] Q. Cao, K.C. Xie, W.R. Bao, S.G. Shen, Pyrolytic behavior of waste corn cob,
Bioresour. Technol. 94 (2004) 83-89.

[32] F.Ates, M.A.Isikdag, Influence of temperature and alumina catalyst on pyrolysis
of corncob, Fuel 88 (2009) 1991-1997.

[33] J.F. Gonzalez, A. Ramiro, C.M. Gonzalez-Garcia, ]. Ganan, J.M. Encinar, E. Sabio, J.
Rubiales, Pyrolysis of almond shells. Energy applications of fractions, Ind. Eng.
Chem. Res. 44 (2005) 3003-3012.

[34] E. Apaydin-Varol, E. Piitiin, A.E. Piitiin, Slow pyrolysis of pistachio shell, Fuel 86
(2007) 1892-1899.

[35] M. Asadullah, M.A. Rahman, M.M. Ali, M.S. Rahman, M.A. Motin, M.B. Sultan,
M.R. Alam, Production of bio-oil from fixed bed pyrolysis of bagasse, Fuel 86
(2007) 2514-2520.

[36] S. Sensoz, i. Kaynar, Bio-oil production from soybean (Glycine max L.); fuel
properties of bio-oil, Ind. Crops Prod. 23 (2006) 99-105.

[37] AE. Piitiin, A. Ozcan, H.F. Gergel, E. Piitiin, Production of bio-crudes from
biomass in a fixed-bed tubular reactor: product yields and compositions, Fuel
80 (2001) 1371-1378.

[38] N. Ozbay, A.E. Piitiin, B.V. Uzun, E. Piitiin, Biocrude from biomass: pyrolysis of
cottonseed cake, Renewable Energy 24 (2001) 615-625.

[39] K.Sipila, E.Kuoppala, L. Fagernas, A. Oasmaa, Characterization of biomass-based
flash pyrolysis oils, Biomass Bioenergy 14 (1998) 103-113.

[40] C.A. Mullen, A.A. Boateng, K.B. Hicks, N.M. Goldberg, R.A. Moreau, Analy-
sis and comparison of bio-oil produced by fast pyrolysis from three barley
biomass/byproduct streams, Energy Fuels 24 (2010) 699-706.

[41] S.Ugar, AR. Ozkan, Characterization of products from the pyrolysis of rapeseed
oil cake, Bioresour. Technol. 99 (2008) 8771-8776.

[42] L. Kyung-Hae, K. Bo-Seung, P. Young-Kwon, K. Joo-Sik, Influence of reaction
temperature pretreatment and a char removal system on the production of
bio-oil from rice straw by fast pyrolysis using a fluidized bed, Energy Fuels 19
(2005) 2179-2184.

[43] Z.Luo,S.Wang, Y. Liao, ]. Zhou, Y. Gu, K. Cen, Research on biomass fast pyrolysis
for liquid fuel, Biomass Bioenergy 26 (2004) 455-462.

[44] M.C. Blanco Lépez, C.G. Blanco, A. Martinez-Alonso, J.M.D. Tascon, Composition
of gases released during olive stones pyrolysis, ]. Anal. Appl. Pyrolysis 65 (2002)
313-322.

[45] C. Di Blasi, C. Branca, G. D’Errico, Degradation characteristics of straw and
washed straw, Thermochim. Acta 364 (2000) 133-142.

[46] D. Radlein, in: A.V. Bridgwater (Ed.), Fast Pyrolysis of Biomass: A Handbook,
vol. 2, CPL Press, Newbury, U.K., 2002, p. 165.

[47] D. Ozgimen, A. Ersoy-Meri¢boyu, A Study on the carbonization of grapeseed
and chestnut shell, Fuel Process. Technol. 89 (2008) 1041-1046.

[48] RR. Hafidh, A.S. Abdulamir, LS. Vern, F.A. Bakar, The inhibition of human
pathogens: Trichophyton rubrum and Trichoderma harzianum by a natural prod-
uct, Am. ]. Biochem. Biotechnol. 6 (2010) 40-46.

[49] T. Budinova, E. Ekinci, F. Yardim, A. Grimm, E. Bjérnbom, V. Minkova, M.
Goranova, Characterization and application of activated carbon produced
by H3PO4 and water vapor activation, Fuel Process. Technol. 87 (2006)
899-905.

[50] M. Belhachemia, R.V.R.A. Riosb, F. Addounc, ]. Silvestre-Alberob, A. Sepilveda-
Escribanob, F. Rodriguez-Reinoso, Preparation of activated carbon from date
pits: effect of the activation agent and liquid phase oxidation, J. Anal. Appl.
Pyrolysis 86 (2009) 168-172.



