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Abstract:
The large amounts of agricultural wastes worldwide and the reduction of natural
resources used in the construction sector, point to the importance of recovering and
recycling of these wastes for the production of building materials and reduction of
energy consumption in buildings. Current study aimed at investigating the
valorization of agricultural and forest residues abundantly found in South European
countries, by incorporating them into bricks and improving their properties.
Specifically, peach kernels, pine needles, wild artichoke stems, peanut shells, olive
kernels and olive pruning were collected from various agricultural associations in
Greece and characterized by proximate and ultimate analyses, calorific value, as well
as mineralogical and chemical analyses of mineral matter. Porous bricks with biomass
addition 2.5%, 8% and 13% wt in clay were constructed, in order to achieve an
optimum composition of bricks with co-utilization of biomass. The generated bricks
were analyzed for bulk density, porosity, water absorption, mass loss after firing and
maximum strength at three-point bending of the bricks. The results showed that
incorporating agro-industrial wastes in refractory materials could be an alternative to
the waste management problem. The bricks produced were porous, light and quite
durable. The proposed method is promising for the recycling of wastes, conservation
of natural resources and energy, providing an environmentally and human-friendly
technology of low cost.
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1. Introduction
The increase in the degree of development of civilization and technology has

increased the quantity of wastes production and in conjunction with the decrease of
natural resources requires new alternatives for recycling and waste management.
Agricultural wastes are discarded materials that contain organic matter and derive

mainly from human activities and physical events. Crop residues are all non-edible
parts of the plant, which are abandoned in the fields after harvest, and residues that are
created in the packaging units or discarded during the crop treatment [1]. The
industries that process agricultural products have large amounts of organic wastes
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consisting of seeds, leaves, stems etc. In recent years, the average annual waste
generation is 5 tons per EU inhabitant in Europe, while in Greece is 6.7 tons [2].
Refractory materials are characterized by resistance to high temperatures and they

are used predominantly as furnace linings for elevated temperature materials
processing and other applications, in which thermo-mechanical properties are critical.
The most typical application is in the iron and steel industry, while significant
consumers are the glass melting, cement, and ceramic industries [3]. Firebricks are
most commonly used in the construction sector. They are produced by powder
mixtures, rich in aluminium and silicon oxides, with other ceramic powders and
materials that can be burned, in order to increase porosity. Firebricks have greater
porosity, are lighter and offer better thermal insulation than traditional bricks.
The major raw materials used in traditional bricks are clays, rocks, sand, cement

and gravels, which are produced by natural resources. Their production has a
significant effect on the environment, due to their continuous exploitation, as well as
the concentration of carbon dioxide, sulphur or nitrogen, which are emitted in the
atmosphere during the manufacturing process, mainly due to decomposition of
calcium carbonate and other cement components [4].
These problems have led researchers to explore new additives for construction

materials, which would be more eco-friendly and have improved properties. The use
of agricultural and municipal wastes as additives [5-14] has shown that the
incorporation of organic residues in traditional ceramics is an alternative to their
disposal. Addition of wastes in ceramic matrices at percentages 1-20% wt [10,12,15]
acted in weight reduction and pore-forming [9,16,17]. The materials produced were
found to be durable and of low cost [16]. The positive effects of firebricks properties
when organic wastes were added would reflect energy savings in the building sector.
The aim of this work was to investigate replacement of the natural resources used in

bricks manufacturing by more environmentally friendly materials, locally produced at
low or no cost, such as the main agricultural and forest wastes of Mediterranean
countries. The objective was to analyze the properties of the mixtures, in order to
achieve their improvement and consequently reduction of thermal energy
consumption in buildings.

2. Materials and Methods

2.1. Preparation of the Samples
Six agricultural waste materials were selected and characterized, namely, peach

kernels, pine needles, wild artichoke stems, peanut shells, olive kernels and olive
pruning. The samples, after being dried at 105±3 °C for 24 hrs to remove moisture,
they were crushed and ground with Pulverisette 19 of Fritsch Company, to yield a
powder with uniform particle size below 0.5mm. The produced powder was shuffled
with clay in various proportions to produce the bricks.

2.2. Characterization of Raw Materials
Raw materials were characterized in terms of proximate and ultimate analyses,

calorific value, chemical and mineralogical composition of inorganic matter and
thermal behaviour at high temperatures.
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The moisture content of the samples was determined by heat treatment in an electric
furnace at 110 °C for 2 hrs. The ash content was found by combusting the dried
samples in a furnace up to 550 °C. The volatile matter was determined using weight
loss under nitrogen by thermogravimetric analysis (TGA) from 110 °C to 850 °C. To
determine the total content of carbon, nitrogen, hydrogen and sulphur, an automatic
Elemental Analyzer CHNS-O Flash 2000 was used. The calorific value of the samples
was determined by using a LECO’s AC-350 bomb calorimeter.
The chemical composition of ashes in heavy metals was determined by ICP-MS

(Inductively Coupled Plasma-Mass Spectrometry) 7500cx of Agilent Technologies,
while the mineralogical composition was identified using D8-Advance of Bruker
AXS X-ray diffractometer.
The thermal behaviour in air up to 900 °C was determined by thermogravimetric

analysis (TGA-DTG), using a Perkin Elmer TGA-6 thermobalance, with a thermal
cycle of 10 °C/min.

2.3. Preparation of the Bricks
There were constructed 36 bricks by mixing clay with agro-waste materials in

weight proportions 2.5 and 8% for the six materials, as well as 6 bricks by mixing
clay with biomass of percentage 13% wt.
Compacted samples were prepared by adding 6% water to the dry mixture,

homogenizing in a blender and pressing at 400 psi to form 4 cm diameter cylindrical
compact samples. The shaped samples were dried at 105 °C for 12 hrs in an oven to
reduce the moisture content and then they were heated in furnace at a rate of
10 °C/min up to 900 °C for 1 hr.

2.4. Characterization of the Bricks
The constructed bricks were subjected to various analyses to determine the weight

loss, water absorption, porosity, bulk density and maximum three-point bending
strength.
The weight loss (WL) was determined by the deference of the weight between the

dried bricks at 105 °C for 12 hrs (T105) and the fired bricks at 900 °C, with a thermal
cycle of 10 °C/min for 1 hr (T900). The weight loss of the samples was calculated
from the following equation:

�� % = �105−�900
�105

∗ 100 (1)

Water absorption was determined according to UNI ISO 8942.3. Water absorption
(WA) was calculated by weighting the dried bricks (M1) and the bricks that were
completely immersed in water for 24 hrs (M2), according to the following equation:

�� % = �2−�1
�1

∗ 100 (2)

The porosity and the bulk density were measured according to the Archimedes
method (DIN EN 993-1). The dried bricks were weighted (m1) and then they were
placed in a vacuum desiccator for 15 min to eliminate air. Afterwards, the bricks were
immersed into water for 2 hrs. The immersed bricks were weighted in a laboratory
scale in two stages, (a) when the tray was in water (m2) and (b) when the tray was in
air (m3). The apparent porosity (AP) was calculated by the equation:
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�� % = (�3−�1)
(�3−�2)

∗ 100 (3)

while the bulk density (ρb) was calculated (in specific temperature with density of
liquid (ρliq)) by the equation:

�� � ��3 = �1
(�3−�2)

∗ ���� (4)

The three-point bending test was performed by analyzer NETZSCH
Biegefestigkeitspruefer 401, in accordance with the DIN EN 100 standard. The
maximum bending strength corresponds to the value of the force which leads to
failure of a material, when a three-point bend is applied to it. The maximum force is
proportional to the maximum load required and depends on the geometrical
characteristics of the test piece on which it is applied. The force R (MPa) is given by
the following equation:

R = 3PL / 2bd2 (5)
where P is the maximum load applied to N, L corresponds to the distance of the two

lower support bids in mm, b is the thickness of the specimen in mm, while d denotes
the height in mm.

3. Results and Discussion
3.1. Characterization of the Agricultural Wastes
The results of the characteristic properties of the agricultural wastes used are listed

in Table 1. Moisture content varied between 2.4% in olive kernels and 8.7% in wild
artichoke stems. Moisture complicates the milling of the samples, while it prevents
the burning of the samples, leading in reduction of thermal load performance and
increase of CO and CO2 emissions. The woody materials (peanut shells, olive kernels,
olive pruning) had low moisture content, thus reducing drying costs. On the other
hand, all biomass samples had a high content of volatiles from 71.5% to 80.7%, which
means that they ignite and burn more easily. The fixed carbon percentage in biomass
samples ranged from 18.7% in wild artichoke stems to 23.2% in peach kernels.
Biomasses showed relatively small percentages of ash, from 0.4% in peanut shells to
6.6% in pine needles.

Table 1. Characterization of the agricultural wastes (dry basis).

Sample
Moisture
content
(%)

Volatile
content
(%)

Ash
content
(%)

C
(%)

H
(%)

N
(%)

S
(%)

O
(%)

HHV
(MJ/kg)

Peach kernels 8.50 74.60 2.20 53.80 7.00 2.10 0.60 34.30 21.90
Pine needles 7.90 71.50 6.60 49.70 6.60 2.70 0.60 33.80 20.00

Wild
artichoke
stems

8.70 77.70 3.60 41.60 6.10 0.80 0.05 47.85 21.50

Peanut shells 2.70 80.70 0.40 48.10 6.60 0.45 - 44.45 19.00
Olive kernels 2.40 72.70 5.42 51.20 6.10 0.80 0.09 36.39 20.80
Olive pruning 2.50 76.50 4.41 49.70 6.10 1.60 0.08 38.11 19.10

Table 1 shows that, the calorific value (HHV) of the agricultural wastes studied was
high, ranging from 19 MJ/kg in peanut shells to 21.9 MJ/kg in peach kernels. These
values are higher than low-grade coals and indicate that these residues may contribute
to the heat requirements during the brick making process, saving energy [1]. The
carbon content ranged from 41.6% up to 53.8% and hydrogen varied from 6.1% to 7%,
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contributing positively to the calorific value, in contrast to the oxygen and ash
contents. The nitrogen content of peanut shells, wild artichoke stems and olive
pruning materials was low, while that of olive kernels, peach kernels and pine needles
is considered quite significant and can increase emissions of nitrogen compounds,
such as NOx during combustion. The values of sulphur content were extremely low
(below 0.6%), which ensures that emissions of toxic sulphur compounds, such as SO2
during combustion, are not expected.
The mineralogical composition of the raw material ashes, included in Table 2,

showed that, pine needles, olive pruning, and olive kernels consisted mainly of calcite.
Quartz was found mainly in wild artichoke stems and less in pine needles and olive
kernels. Significant presence of arcanite was observed in peach kernels, peanut shells
and olive kernels, while fairchildite and sylvite were found in olive kernels.
Nyerereite and paranatrolite were found in wild artichoke stems and peach kernels.

Table 2. Mineralogical analysis of raw materials ashes.

Minerals

Sample

Peach
kernels

Pine
needles

Wild
Artichoke
stems

Peanut
shells

Olive
kernels

Olive
pruning

Calcite (CaCO3) + +++ +++ +++
Quartz (SiO2) ++ +++ ++ +

Dolomite (CaMg(CO3)2) + + + + +
Anhydrite (CaSO4) + + +
Hydroxylapatite
(Ca5(PO4)3(OH) + + + +

Hematite (Fe2O3) + + + + +
Arcanite (K2SO4) ++ ++ ++ +
Periclase (MgO) + + + + + +

Fairchildite K2Ca(CO3)2 + + ++ +
Sylvite KCl + + ++

Siderite FeCO3 +
Feldspars KalSi3O8 + +

Halite NaCl +
Nyerereite (Na

0,82K0,18)2Ca(CO3)2
++ +

Kutnohorite
(Ca(Mn,Mg)(CO3)2 +

Sabieite (NH4Fe(SO4)2 +
Sal ammoniac (NH4)Cl +

Hydrocalumite
Ca8Al4(OH)24(CO3)Cl2(H2O)

1,6(H2O)8
+

Aphthitalite K3Na(SO4)2 + +
Langbeinite K2Mg2(SO4)3 +

Fluorapatite
Ca4,91(PO4)3,03Cl205(OH)165F7

5

+

Krausite KFe(SO4)2H2O +
Boehmite AlO(OH) +

Paranatrolite
Na2Al2Si3O10*3H2O ++

Sincosite
Ca(VO)2(PO4)2(H2O)4

+

Ammonioleucite +
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((NH4)0,5295K0,3395)(Al0,892Si2,
115O6)

+++: high intensity ++: medium intensity +: low intensity

From Figure 1 it can be observed that the content of heavy metals of all samples
was very low, less than 1%, therefore the wastes are non-hazardous and are able to be
used as construction materials [6,18].
The differential thermogravimetric analysis (DTG) curves of the raw materials,

presented in Figure 2, indicate the existence of two stages where reactions occur
during combustion. The 1st stage started at a temperature of about 200oC and ended at
about 380oC, while the 2nd stage started at 380oC and ended between 450 and 500οC.
About 80-90% of the mass of the samples was evolved as volatiles and burned during
the first stage. Almost all biomass samples showed one peak during the two stages,
except peach kernels (Figure 2a) and peanut shells (Figure 2b), which showed two
peaks. The reactivity of a sample depends on the height of the peak of the DTG curve
and it is inversely proportional to the temperature corresponding to that peak.
Therefore, peach kernels and peanut shells were the most reactive samples.

Figure 1. Heavy metals content of biomass samples.

Figure 2. TGA/DTG curves in air of (a) peach kernels and (b) peanut shells.

3.2. Characterization of the Bricks
The constructed bricks from the agro-industrial wastes were analysed to determine

basic parameters, such as weight loss after firing, water absorption after 24 hrs,
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porosity by the Archimedes method, apparent density of specimens and three-point
bending test. Table 3 shows the results of these analyses.
The weight loss after firing reached a value of 26.8% (brick with 13% wild

artichoke stems). The lowest value observed was 10.4% and corresponded to the
standard brick, without any agro-industrial waste. The specimens with an agro-
industrial content of 13% wt had the greatest weight loss during firing, followed by
the bricks with a biomass content of 8% wt (approximately 18 to 22%) and finally
those with a content of 2.5% wt by weight (approximately 13 to 17%). This means
that addition of organic waste in various contents to the bricks increases their weight
loss during firing, making them lighter. The linear shrinkage of the bricks based on
length, width and height was negligible and ranged from 0.04 to 0.5%.

Table 3. Characteristics of waste bricks.

Biomass
content
(%)

Weight
loss
(%)

Water
absorption

(%)

Porosity
(%)

Density
(g/cm3)

Max. three-
point

bending
(MPa)

Standard 0 10.4 12 25 2.5 10-17

Peach kernels
2.5 17.1 12.4 26.4 1.8 6.7
8 21.5 15.0 29.9 1.6 5.7
13 - - - - -

Pine needles
2.5 17.3 12.3 26.3 1.6 6.2
8 21.9 15.8 31.0 1.6 3.2
13 - - - - -

Wild artichoke stems
2.5 17.6 12.5 27.6 1.8 7.0
8 21.9 16.5 32.8 1.8 7.2
13 26.8 19.0 38.2 1.3 0.5

Peanut shells
2.5 14.4 12.1 31.7 1.6 8.6
8 18.6 14.5 34.2 1.5 6.1
13 - - - - -

Olive kernels
2.5 14.3 12.6 30.4 1.7 10.7
8 20.6 16.3 34.7 1.5 7.6
13 26.7 18.8 37.3 1.3 1.0

Olive pruning
2.5 13.3 12.8 31.8 1.5 1.6
8 19.5 13.0 33.9 1.6 3.3
13 - - - - -

Figure 3.Water absorption (%) after 24 hrs of bricks with wild artichoke stems and olive kernels
as additives.
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Figure 4. Porosity (%) of bricks with wild artichoke stems and olive kernels as additives.

Water absorption is related to the morphology and especially to the porosity of the
brick [11,13,15]. Water absorption is a key factor affecting the strength of bricks. The
lower the water absorption, the longer the life and the resistance to external weather
conditions [9]. The water absorption of bricks should not be more than 20% by weight
[19]. As observed from Table 3, the water absorption of the specimens was below
19% (brick with 13% of wild artichoke stems). The increase of biomass content in the
bricks led to an increase in water absorption. This is clearly shown in Figure 3, for
bricks with wild artichoke stems and olive kernels, where the percentage of water
absorption after 24 hrs increased from 12% to 19% and 18.8% respectively, as the
biomass content increased from 0 to 13% wt.
The porosity of the bricks increased as the biomass content increased, as indicated

in Table 3. Figure 4 shows the porosity of bricks with wild artichoke stems and olive
kernels, which was up to 38.2% and 37.3% for a biomass content of 13% wt,
respectively. As the biomass content in the bricks increased, so did the porosity,
showing that the porosity of the above bricks was evenly distributed. Thus, addition of
these organic wastes into the bricks could increase their insulating capacity and
consequently reduce the amount of energy required for building heating. These results
are in accordance with those of previous investigations [17,20].

Figure 5. Apparent density of bricks with wild artichoke stems and olive kernels as additives.
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The apparent density of the bricks decreased as the biomass content increased, as
shown in Table 3. Figure 5 represents this graphically, for bricks with wild artichoke
stems and olive kernels, descending from 2.5 to 1.3 g/cm3 for both biomasses’
additives.
According to the three-point bending test, the increase of biomass percentage

reduced the bending strength, agreeing with earlier studies [20,21]. As noted in Figure
6, a 13% wt content of biomass decreased the bending strength sharply. The bricks
with wild artichoke stems as additive, with a percentage of 8% wt, presented the best
performance with strength 7.2 MPa, while for olive kernels additive at a percentage of
2.5% wt the strength was 10.7 MPa.

Figure 6.Maximum bending strength of bricks with wild artichoke stems and olive kernels as
additives.

4. Conclusions
The process of incorporating agro-industrial wastes in refractory materials is an

alternative to the waste management problem and conservation of energy. The results
showed that bricks produced were porous with improved insulating capacity, light and
quite durable.
The characterization of six agro-industrial wastes additives showed that the high

volatile content (71.5-80.7%), the relative low content of ash (0.4-6.6%) and the
significant calorific value (19-22 MJ/kg) can contribute to the heat requirements
during the brick making process. The nitrogen content of peach kernels and pine
needles was considerable and could lead to generation of NOx emissions during
combustion. The sulphur content was very low in all samples. The thermal analysis
results showed that peach kernels and peanut shells were the most reactive samples,
because they were burned at a lower temperature with a higher rate.
The addition of biomass into different amounts in the bricks (2.5-13% wt) increased

the weight loss in air, the water absorption and the porosity, while decreased the
density and the three-point bending strength. The agro-industrial wastes studied are
suitable for bricks construction, especially for 2.5 wt% biomass content.
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