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a b s t r a c t

Wastewater issued from oil-washing stage (OWW) in the two-phase olive oil extraction method was
used to replace fresh water in clay brick manufacture. The extrusion trials were performed with one of
the ceramic bodies currently being used in a local brick factory for red facing bricks (RB) production. Fresh
water or OWW was added to a final consistency of 2.4 kg/cm2, the same value as used at industrial scale for
eywords:
eramic building materials
live mill wastewater
wo-phase olive oil extraction
hysical properties

this kind of clay mixture. Comparative results of technological properties of facing bricks are presented.
Results show that the products obtained with olive oil wastewater are comparable to traditional ones in
terms of extrusion performance and technological properties of end products. Even dry-bending strength
of the body formed by wastewater improves by 33% compared to fresh water body. In addition, heating
requirements can be reduced in the range 2.4–7.3% depending on the final product. This application can
alleviate environmental impacts from the olive oil extraction industry and, at the same time, result in
economic savings for the brick manufacturing industry.
. Introduction

Olive oil production is one of the most important agricultural
ndustries in the Mediterranean basin countries, Spain being one of
he first olive oil producers in the world. Contrary to other top olive
il producers, the olive oil extraction method used in Spain is the so-
alled “two-phase” method, in which a solid fraction, wet pomace
r “alperujo”, and a liquid one (the olive oil itself) are obtained.
he extraction method in the other olive oil producing countries
s the three-phase one, in which a solid fraction (wet pomace), a
iquid residue, and the olive oil are obtained. The main advantage
f the two-phase system is the reduction of olive mill wastewa-
er amount, as most of the process water and olive fruit vegetation
ater enters the solid waste. Nevertheless, olive oil production still

enerates some wastewater coming out basically from washing of
oth the fruits (before entering the extraction process) and the olive
il (in the late centrifugation wash). This wastewater has a high
olluting charge and is typically sent to evaporation ponds. This

ommon elimination method requires relatively large evaporation
urfaces, with associated investment costs including impermeabil-
ty treatments, and may cause environmental problems like bad
dour, infiltration and insect proliferation [1]. Available studies on
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olive mill wastes [2] have focused basically on alperujo [3,4] or its
valorisation [5–7] concerning the solid waste fraction, and three-
phase wastewater treatment [8–11] concerning the liquid waste
fraction, but there is little information on disposal alternatives for
two-phase olive mill wastewater, in spite of being produced at large
amounts every year. It has been estimated that every ton of pro-
cessed olive fruits by such an extraction configuration generates
around 200 L wastewater [1]. Taken into account that Spain’s olive
production was about 5,000,000 tons in 2006 [12], it can be con-
cluded that two-phase olive wastewater production is high enough
to deserve a study on disposal alternatives. Recently a review on
chemical treatment technologies of liquid and solid wastes from
two-phase olive oil mills was published by Borja et al. [13].

The use of three-phase olive mill wastewater in the manufacture
of fired clay bricks has been previously reported [14,15].

This work deals with the use of two-phase olive mill wastew-
ater for building materials production. The objective of the work
is to assess whether (1) oil-washing wastewater can be used to
replace fresh water and (2) the physical and mechanical properties
of facing bricks obtained by using this wastewater are compara-
ble to those of fresh-water facing bricks. The experimental work

has been performed in collaboration with a reference brick mak-
ing industry located at Bailén (Jaén, Spain). The ceramic industry
in the Bailén area is the most important centre of heavy clay prod-
ucts in southern Spain. Most of the factories are given over to the
production of common bricks, using almost exclusively the tertiary

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ecastro@ujaen.es
dx.doi.org/10.1016/j.jhazmat.2009.03.095
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Table 1
XRD mineralogical characterization of the used clay.

Phyllosilicates Quartz Calcite Dolomite Feldspars

Whole composition 59 30 9 Traces Traces

Clay minerals Illite Kaolinite Pyrophyllite Smectite
60 35 5 –

Table 2
Chemical composition (oxide content, %) of the used clay.

Oxide content (%)
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ium carbonate was also added for preventing scumming during the
drying of test pieces. A rate of 1% (w/w) of a barium carbonante
suspension having 70% solids (w/w) was used.
iO2 Al2O3 Fe2O3 MnO MgO

3.27 15.97 6.39 0.06 1.92

OI: loss on ignition.

aterials from the Guadalquivir basin. The potential uses of these
aw materials and mixtures of them with commercial products have
een established in previous works [16,17]. The building materials

ndustry has been used as recipient for residues from many other
roduction sectors, e.g. petroleum residues [18], ashes from acti-
ated sludge urban wastewater plants [19] and granite residues
20].

. Materials and methods

.1. Clay

The used clay was provided by Cerámica Malpesa, S.A. (Bailén,
pain), a local ceramic industry. The chemical composition and
he mineralogical characterization of the clay are summarized in
ables 1 and 2, respectively.

.2. Olive mill wastewater characterization

Oil-washing wastewater (OWW) was collected from the oil-
ashing vertical centrifuge in a local industry operating two-phase
live oil extraction method. The composition of olive mill wastew-
ter depends on several factors, e.g. operation conditions, olive
ariety, and olive maturation grade, among others [13]. The main
hysico-chemical features of the used olive mill wastewater are
resented in Table 3.

The calcite content of the clay was 9%, so taken into account that
he OWW acidity was 680 mg CaCO3 dm−3, it can be concluded that
here is enough calcite to neutralize the acidity of the water used
or the extruding body.

Concerning the dry residue of the oil-washing wastewater
2.51%), the higher heating value (HHV) can be evaluated from the
lemental composition by using the following equation proposed
or several types of biomass [21]:

HV(MJ/kg) = −1.3675 + 0.3137 · C + 0.7009 · H + 0.0318 · O∗

here C and H stand for the weight percentage of carbon and hydro-
en in the biomass on dry matter basis, and O* = 100 − C − H − ash
ontent. This equation can be used to determine whether or not
he HHV of the wastewater can contribute significantly to the heat
equirements during the fabrication process.

.3. Extrusion trials, drying and firing bricks
The extrusion trials were performed with one of the ceramic
odies currently being used in Cerámica Malpesa, S.A. for red facing
ricks (RB). The mixture of clays was taken from the milling device
f the industrial plant and was passed through shaking screens
rovided with 1.0 mm × 1.2 mm rectangular holes. The moisture
Na2O K2O TiO2 P2O5 LOI

8 0.4 3.82 0.77 0.14 9.69

content of the milled clay was typically 6–10%. The ceramic body
for extrusion was prepared by mixing the clay mixture with fresh
water (FW) or OWW in a lab mixer. The time elapsed from water
addition to the beginning of the extrusion trial was around 2 h.

The amount of added water in the mixer depends on the clay
plasticity and on the consistency at which the extrusion is per-
formed. For soft extrusions, the clay consistency is usually in the
range of 1.2–1.8 kg/cm2 (as measured by a 6.35 mm in diameter pen-
etrometer). For stiff extrusions, the consistency ranges from 3.0 to
4.5 kg/cm2. The moisture content for stiff extrusion is 15–20%, and
21–26% for soft extrusions [22]. In the present work, fresh water
or OWW was added to a final consistency of 2.4 kg/cm2, the same
value as used at industrial scale for this kind of clay mixture. Bar-
Fig. 1. X-ray diffraction patterns of the used clay raw mixtures. (A) RB + FW mixture;
(B) RB + OWW mixture. Mineral symbols according to [34]. Ill: illite; Prl: pyrophyllite;
Kln: Kaolinite; Qtz: quartz; Cal: calcite; Dol: dolomite; Gyp: gypsum; Hem: hematite.
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Table 3
Physico-chemical characterization of the used olive oil wastewater and those of the dry residue.

OWW Dry residue

p y resid

5 1

p
T
a
w
t
m

t
o
2
1
c
i
1
t
s

2

7

F
m
l

H Acidity to pH = 8.3
(mg CaCO3/dm−3)

Density (kg dm−3) Electrical conductivity
(mS cm−1)

Dr

.17 680 1.012 3.04 2.5

The clay mixture was extruded using a lab vacuum extruder
rovided with manual cutter (Verdés 050-C, Barcelona, Spain).
he ceramic rods were obtained under 91–92% vacuum and were
pproximately of 130 mm × 30 mm × 18 mm. Extruded test pieces
ere identified and weighted for moisture determination; finally

he upper face of each test piece was indented at 100 mm spacing
arks for ulterior drying and firing shrinkage determinations.
Extruded test pieces (RB + FW or RB + OWW) were dried at room

emperature for about 12 h and then in an increasing temperature
ven until reaching 110 ◦C in 8 h before constant weight for at least
4 h. Dried rods were fired in four trials: (a) electric lab furnace at
000, 1025 and 1050 ◦C, and (b) gas-fired tunnel kiln, in a 24 h firing
ycle at 1020 ◦C, according to the industrial firing cycle. The firing
n electric furnace at 1025 ◦C is equivalent to tunnel kiln firing at
020 ◦C, as verified by Bullers ring firing under both cycles. Enough
est pieces were extruded, dried and fired to perform every test in
ix or ten test-piece samples and mean results are reported.
.4. Analytical methods

The acidity of the OWW was determined according to UNE
7035:1983 standard. The electrical conductivity was electro-

ig. 2. X-ray diffraction patterns of fired bodies. (A) RB + FW mixture; (B) RB + OWW
ixture. Mineral symbols according to [34]. Qtz: quartz; Crs: cristobalite; Mul: mul-

ite; Fds: feldspars; Hem: hematite.
ue (%) COD (mg dm−3) Organic matter
(%)

Ashes (%) C (%) H (%) N (%)

7840 92.03 7.97 47.53 5.77 0.73

metrically measured. Chemical oxygen demand (COD) and dry
residue composition were established through potassium dichro-
mate digestion and elemental analysis, respectively.

All the samples were subjected to mineralogical and chemical
analyses in order to characterize their compositions. The miner-
alogical features were determined using X-ray diffraction (XRD,
Siemens D-5000 with Ni-filtered Cu K� radiation: 35 kV and 35 mA)
and scanning electron microscopy (SEM, Jeol JSM-5800) with EDS
microanalyser (Oxford Link). The XRD qualitative mineralogical
analyses were carried out on bulk rock powder and <2 �m fractions.
The clay minerals were detected on orientated aggregates (natural,
ethylene glycol, dimethyl-sulfoxide solvated and heated at 550 ◦C
for 2 h). Mineral identification was carried out by comparison with
the Powder Diffraction File. The percentages of phyllosilicates were
determined employing the mineral intensity factors published by
Dinelli and Tateo [23]. Microtextural samples and clay microanal-
yses were studied by scanning electron microscopy. The following
standards were used for calibration: albite, orthoclase, periclase,
wollastonite and synthetic oxides (Al2O3, Fe2O3 and MnTiO3). The
chemical analyses of mayor oxides were performed using X-ray
fluorescence spectrometry (Bruker S4 Pionner) on powder pel-
lets.

XRD was also performed on the fired ceramic pieces to deter-
mine the high-temperature phases and SEM was also used to study
the mineral phases formed and the microstructures.

2.5. Additional tests

Several technological properties of the test pieces were deter-
mined according to established ceramic procedure as follows:

• The consistency of the rods was measured by using a ST 207
pocket penetrometer.

• The moisture content was determined by drying at 110 ◦C until
constant weight.

• Linear drying and firing shrinkages were measured with an indent
marker.

• The mass loss on firing was determined by weighing.
• Dried and fired rod strength was evaluated by three-point mod-

ulus of rupture with a universal MECMESIN 2500N Versatest
machine.

• Water absorption was calculated according to Appendix C UNE-
EN 771–1:2003 standard.

• Fired bulk density was determined following UNE-EN
772–13:2001 standard.

• Colour determinations (CIE Lab chromatic coordinates) were per-
formed using a Minolta CR-300 colourimeter.

3. Results and discussion

3.1. Mineralogical and chemical composition of the raw materials

XRD data show that the raw clay materials mixture used to the

elaboration of the ceramic pieces is rich in phyllosilicates with
significant amounts of quartz and calcite (Table 1 and Fig. 1A).
Dolomite and feldspars are also present in small quantities and
traces of hematite can be observed. Illite is the main component
of the clay mineral assemblage, although aluminium silicates such
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Fig. 3. Backscattered electron (BSE) images of scanning electron microscope in the atomic number contrast mode performed on polished samples from fired bodies.

Fig. 4. Secondary electron (SE) images of scanning electron microscope from fired bodies.
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s kaolinite and pyrophyllite have been identified in significant
mounts.

The comparison of the mineralogical composition of the used
ixture with the overall composition of common raw materials

or ceramic products [24,25] reveals that this material contains the
ppropriated phyllosilicate, carbonate and quartz contents to be
onsidered inside the range of mineralogical compositions poten-
ially suitable for structural ceramic products.

According to its mineralogical composition, the raw material
ontains high amounts of silica (53.27%) and alumina (15.97%),
ainly due to the illitic and kaolinitic and pyrophyllitic compo-

ition of this mixture (Table 2). The significant contents of CaO
5.88%) and Fe2O3 (6.39%) are related to the presence of calcite and
ematite in the used mixture. The chemical composition of the mix-
ure falls close to the field of illitic–chloritic clays used for making
ed stoneware and within the field of illitic–kaolinitic clays used for
aking white stoneware [26].
As regard the effect of the incorporation of olive mill wastewater

o perform the ceramic pieces, XRD diagrams reveal a decrease of
he dolomite amount present in the material and the presence of
ypsum traces (Fig. 1B). This slight mineralogical difference can be
elated to the calcite dissolution process due to the introduction of
he acid wastewater.

.2. Mineralogical and textural characterization of the fired
odies

As concerns the mineralogical composition of the fired bodies
etermined by XRD (Fig. 2), the fired mineralogical assemblage
onsists mostly of mullite, hematite, cristobalite, feldspars and a vit-
eous phase. Traces of mullite are detected since 1000 ◦C. It has been
bserved that the higher the temperature, the greater the contents,
ize and crystallinity of mullite, which give the fired bodies greater
trength. The hematite contents of the fired bodies are higher than
hose in the raw material samples, which suggests that part of the
bserved hematite is formed starting from 1000 ◦C at the expense
f iron oxides produced by the breakdown of the phyllosilicates
mainly illite). The crystallisation of cristobalite has been observed
t 1050 ◦C. It is well-known fact that the presence of this mineral is
drawback in the use of these raw materials, since it reduces the

esistance of the fired bodies to thermal shock.
SEM images reveal some interesting aspects about the evolution

f the microstructure and the mineralogy of the pieces with firing
emperature. Clasts of silicate composition (especially quartz) of
he previous raw materials always appear in the pieces at 1000 ◦C
pwards (Fig. 3A). Several voids, probably reflecting the presence of
arbonate clasts of the raw materials can also be observed (Fig. 3B).
hese voids develop rims of feldspars. Feldspars are also observed
round quartz clasts (Fig. 3C) and forming the matrix of the fired
ieces (Fig. 3D). The crystallisation of feldspars can be explained
aking into account the destabilisation of carbonates present in the

aw material according to the following reaction:

Al2(Si3Al)O10(OH)2
Illite

+ CaCO3
Calcite

= +2 SiO2

→ KAlSi3O8
Sanidine

+ CaAl2Si2O8
Anhortite

+ CO2 + H2O

able 4
aximum limit of cracking.

Drying conditions

Temperature (◦C) Time (h)

est piece 1 21 48
est piece 2 21 24
est piece 3 10–110 2
est piece 4 75–120 3
Fig. 5. Bigot’s curve for RB + FW and RB + OWW bodies.

This reaction is the responsible of the high amount of anorthite
of the fired pieces, which acts as sink for the Ca available in the raw
material.

Fig. 4 shows that the earliest stage of vitrification is observed
at 1000 ◦C. At this temperature, although the laminar aggregates of
the clay minerals can still be recognised, the presence of some dis-
persed glassy filaments can be observed (Fig. 4A and B). At 1050 ◦C,
the percentage and the size of the vitreous filaments increase, giv-
ing rise to areas with a texture characterized by the presence of
elongated pores, due to the coalescence of clay minerals (Fig. 4C),
although areas with a continuous vitreous matrix are also observed
(Fig. 4D).

We have not found significant differences in the mineralogical
composition and textural evolution in the samples prepared with
olive mill wastewater.

3.3. Drying tests

The test piece behaviour in drying conditions, as evaluated
by Bigot’s curve, Nosova index and maximum limit of cracking,
was evaluated on 200 mm × 80 mm × 9 mm fresh water and OWW
extruded rods.

3.3.1. Bigot’s curve
The Bigot’s curves are normally used as routine control in tra-

ditional clay-based ceramic production for testing the sensitivity
of clays and bodies to drying [27]. As shown in Fig. 5, the Bigot’s
curve represents the evolution of the linear shrinkage as a func-
tion of body moisture. For each depicted curve, the point with the
highest moisture content stands for the beginning of the drying
process. The required moisture for moulding includes two types
[28]: (a) the so-called colloidal water or shrinkage water, situated

among the particles and facilitating moulding, which is necessary
to provide clay plasticity and is related to the specific surface of the
body, being the main shrinkage factor, and (b) the porosity water
or interstitial water, which is related to the attainable compaction.

RB + FW RB + OWW

Air speed (m s−1) Maximum limit
of cracking (cm)

0 20 20
1 20 20
6 20 20
6 20 20
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Three phases can be observed during the drying process [29].
n the first one, water is evaporated at a constant rate. Both the
uperficial and inner temperatures of the ceramic piece and that
f the drying air are different. At the beginning of the drying pro-
ess the linear shrinkage is proportional to the evaporated water,
nd most of the shrinkage takes place. This shrinkage was approxi-
ately 5 and 4% for RB + OWW and RB + FW, respectively. The Y-axis

nterception of the linear part of the Bigot’s curve determines the
ritical Moisture Content (CMC), which is the theoretical moisture
ontent beyond which no longer shrinkage is observed. The CMC
alues determined for RB + OWW and RB + FW were around 13 and
4%, respectively.

In the second drying phase, both the superficial and inner tem-
eratures of the ceramic piece raise, approaching the drying air
emperature. In this stage, drying shrinkage is not proportional to
he evaporated water. Finally, there is no shrinkage during the third
rying phase, and the remaining water is eliminated. At the end of
his phase, the piece temperature equals the air temperature.

RB + FW body shows a shrinkage water/porosity water ratio
ower than those of RB + OWW body. This determines a higher dry-
ng sensibility for RB + OWW that can be evaluated through Nosova
ndex and maximum limit of cracking determinations.

.3.2. Nosova index and maximum limit of cracking
The Nosova index uses the shrinkage water/porosity water ratio

o determine the body sensibility to drying. Nosova index values
n the range 0.5–1 indicate that the body shows little drying sen-
ibility; values in the range 1.0–1.5 represent average sensibility,
nd Nosova index greater than 2 are typical of very drying sensible
odies which crack easily while drying [30]. The Nosova index for
he RB + FW and RB + OWW bodies were 0.70 ± 0.02 and 0.79 ± 0.10,
espectively, which allows both bodies to be classified as low drying
ensible bodies.

Concerning maximum limit of cracking, the maximum separa-
ion between two adjacent cracks, Table 4 shows that no fissures or
racks were detected during the drying process of the test pieces.
onsequently, no problems are expected during the industrial dry-

ng of these bodies; this result has already been verified with
B + FW body.

.4. Dilatometric curve

The dilatometric curves for RB + FW and RB + OWW bodies at
025 ◦C are depicted in Fig. 6. In general, a similar behaviour is
bserved. A steady and soft expansion is detected until the quartz
nversion � → �. Beyond this point (573 ◦C) the expansion rates
ncreased reaching the maximum at 840 ◦C (1.21%) and 830 ◦C

1.16%) for RB + FW and RB + OWW bodies, respectively. At tem-
eratures higher than 900 ◦C the vitrification was more important
ue to the illite content of the body. The shrinkage associated
o vitrification was stopped because of the CO2 release from the
ecomposition of the carbonate content of the bodies. This shrink-

able 5
echnological properties of unfired bodies.

lay body Firing temperature (◦C) Penetrometer
consistency (kg cm−2)

M

B + FW 1000 (furnace) 2.4
± 0.1

2
1025 (furnace) 2
1050 (furnace) 2

1020 (tunnel kiln) 2

3,0]RB + OWW 1000 (furnace) 2.4
± 0.1

20
1025 (furnace) 20
1050 (furnace) 20

1020 (tunnel kiln) 2
Fig. 6. Dilatometric curve for RB + FW and RB + OWW bodies at 1025 ◦C.

age is more intense for the RB + FW body. The final result is 1.49%
shrinkage for RB + FW body, compared to 0.75% for RB + OWW body.

3.5. Technological properties of unfired bodies

The main results concerning technological properties of the
unfired bodies are presented in Table 5 and briefly discussed bellow.

3.5.1. Consistency and moisture content
The working consistency was 2.4 kg cm−2; it was obtained by a

moisture content of 21.3% for RB + FW body and 21.9% for RB + OWW
body. Taking into account that RB clay moisture was 6.8%, the weight
percentage of added OWW was 15.1%.

3.5.2. Drying linear shrinkage
Similar values were obtained for both bodies.

3.5.3. Dry-bending strength
Dry-bending strength resulted 33% greater for RB + OWW body

compared to that for RB + FW body. The effect of OWW on the dry-
bending strength is similar to that caused by some additives that
enhance plasticity. An increase from 6 to 11 N mm−2 was reported
by using 0.5% by weight of such additives [31]. Nevertheless, the

use of additives represents an additional cost [32] that can be elim-
inated by using OWW with the same effect. On the other hand, the
values of dry-bending strength are high enough for the bricks to
be manipulated for the usual furnace carrying systems, for which a
minimum strength of 4.0 N mm−2 is required.

oisture content (%) Drying linear shrinkage (%) Dry-bending
strength (N mm−2)

1.0 ± 0.2 4.6 ± 0.1 6.0
± 0.31.0 ± 0.3 4.6 ± 0.1

1.1 ± 0.2 4.6 ± 0.1

1.3 ± 0.2 4.5 ± 0.2

.5 ± 0.2 4.0 ± 0.2 8.0
± 0.5.2 ± 0.6 3.9 ± 0.5

.3 ± 0.5 4.0 ± 0.4

1.9 ± 0.1 4.6 ± 0.1
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Table 6
Technological properties of fired test pieces.

Clay body Firing temperature (◦C) Firing linear
shrinkage (%)

Mass loss on firing (%) Water absorption (%) Fired bulk density
(kg m−3)

Fired-bending strength
(N mm−2)

RB + FW 1000 (furnace) 1.1 ± 0.1 7.89 ± 0.02 8 1970 16.6 ± 1.3
1025 (furnace) 1.3 ± 0.1 7.89 ± 0.03 8 2000 19.5 ± 1.1
1050 (furnace) 1.5 ± 0.1 7.92 ± 0.02 7 2010 19.9 ± 1.7
1020 (tunnel kiln) 1.3 ± 0.1 7.92 ± 0.01 8 1970 18.7 ± 0.9
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B + OWW 1000 (furnace) 0.5 ± 0.1 9.05 ± 0.04
1025 (furnace) 0.5 ± 0.1 9.07 ± 0.02
1050 (furnace) 0.6 ± 0.1 9.10 ± 0.01
1020 (tunnel kiln) 0.6 ± 0.1 9.08 ± 0.01

.6. Technological properties of fired bodies

Table 6 summarizes the technological properties of RB + FW and
B + OWW fired bricks.

.6.1. Firing linear shrinkage
Bodies formed by FW present a higher linear shrinkage than

WW bodies at any firing temperature. This result agrees with
hat found in the dilatometric assay. Moreover, the linear shrink-
ge dependence with firing temperature is more pronounced for
W body.

.6.2. Mass loss on firing
Mass loss is due to firing reactions resulting in compound

ecomposition, organic matter combustion and so on. The higher
rganic matter of the OWW produces a higher mass loss at firing
15%) compared to FW bricks.

.6.3. Water absorption
RB + OWW body presents lower firing linear shrinkages and

reater mass losses than RB + FW body; accordingly, water absorp-
ion is greater in RB + OWW body at any firing temperature.

.6.4. Fired bulk density and fired bending strength
These properties are slightly lower for RB + OWW bricks, due to

greater porosity of the bodies.

.6.5. Black core
Additives, such as plastic clays, are sometimes used in brick

anufacturing to enhance plasticity or to increase strength. The
resence of organic matter in clays can cause a firing defect known
s black core if the organic carbon is not completely burnt during
ring. Factors favouring black core occurrence are a high organic
atter and the vitrification of the brick, which can hinder combus-

ion of the organic matter. No black core defect was observed for

B + FW nor RB + OWW bricks.

.6.6. Brick colour
Colour is an important property for masonry units used without

overing like facing bricks.

able 7
olour of fired test pieces.

lay body Firing temperature, ◦C L* a* b*

3,0]RB + FW 1000 (furnace) 52.5 ± 0.223.1 ± 0.1 25.1 ± 0.2
1025 (furnace) 51.7 ± 0.222.5 ± 0.1 23.7 ± 0.2
1050 (furnace) 50.6 ± 0.321.6 ± 0.5 22.3 ± 0.5

1020 (tunnel kiln) 51.9 ± 0.222.1 ± 0.1 23.1 ± 0.3

3,0]RB + OWW 1000 (furnace) 54.2 ± 0.623.6 ± 0.1 26.2 ± 0.2
1025 (furnace) 54.1 ± 0.322.8 ± 0.3 25.1 ± 0.3
1050 (furnace) 53.5 ± 0.222.5 ± 0.2 24.7 ± 0.4

1020 (tunnel kiln) 55.1 ± 0.122.4 ± 0.1 24.5 ± 0.3
11 1870 17.6 ± 1.0
10 1880 18.1 ± 1.3
10 1900 18.0 ± 1.1
11 1870 16.8 ± 0.9

Table 7 shows the chromatic ordinates obtained for both brick
types. Values for RB + FW chromatic ordinates correspond to a deep
red colour that gets darker as the firing temperature is increased;
those of RB + OWW correspond to orange red and little differences
are obtained as a function of firing temperature.

3.7. Higher heating value of OWW

Brick manufacturing includes usually some materials with vari-
able organic matter content like clays, olive pomace or coke. For
example, in the case of coke, with an average higher heating value
of 32,000 kJ/kg, the addition of 1% by weight to the body represents
320 kJ/kg clay, equivalent to 10.7–32% of the heating requirements
depending on the building product [33]. In the case of OWW, the
higher heating value adds 73 kJ/kg clay, that is 2.4–7.3% of the heat-
ing requirements, which can be saved when OWW is used instead
of fresh water for brick manufacturing.

4. Conclusions

Water used for olive oil washing in the late centrifuge step con-
stitutes currently the main liquid residue obtained in most of olive
oil extraction factories in Spain, operating the so-called two-phase
extraction procedure. This highly pollutant residue is usually sent
to evaporation ponds producing environmental concerns and an
economical cost.

Disposal of wastewater obtained from olive oil extraction can
be effectively achieved by using this liquid residue as mixing water
for brick manufacturing, even in facing brick production. Mineral
reactions during drying and firing experiments, as well as final tech-
nological properties are not affected by the use of the wastewater.
Therefore, the acidity and the organic matter of the wastewater
present no problems for such application. The main advantage for
the olive oil extraction industry is the elimination of the aeration
ponds for wastewater treatment, while building material industry
benefits from reducing water and heating requirements, along with
the production of equivalent or better materials.
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