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Abstract

Northern Morocco has an important local ceramic industry. Twenty-three Craterous and
Pliocene clays from Tangier area (Northern Morocco) were studied to test their
suitability as raw material for fired brick production. To assess their behaviour, the
chemical composition, specific surface area (SSA), cation exchange capacity (CEC),
and apparent density of clays were determined. The chemical composition consisted
mainly of SiO, (32 — 60%), ALO; (7 — 30%), and CaO (0.5 — 32%). SSA and CEC
values of all the samples were low. The apparent density, pore volume, and micropore
values were almost similar. Clay bricks were prepared by forming and shaping, and then

fired in the range of 800 — 1100°C. Firing shrinkage, loss on mass and water absorption
capacity were done in order to characterize clays after firing.Most of the clay samples
have the necessary properties for the manufacturing of brick products. However, some
clay samples were above the norm of loss on weight, due mainly to their high amount of
carbonates. Furthermore, some kaolinitic samples from Pliocene blue marls and
Cretaceous marls are inappropriate for building-related brick fabrication, because of the
development of portlandite in brick, when in contact with moisture of the air. However,
it will be necessary to mix them with other clays with little or no carbonate to dilute
their carbonates content and then enhance their workability.

v Technological behaviour
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1. Introduction

Bricks are the best-known type of building materials [1, 2]. The customer is primarily interested in appearance,
thickness, durability and few or no flaws. The suitability of a clay source material for the manufacture of a
structural clay product depends principally on its behaviour during forming (shaping), drying and firing. This
behaviour will determine the final properties of the brick, including its porosity and durability [3].

The brick manufacturing process requires the monitoring of three main steps: drying, firing and sintering
process. Brick bodies must be dried before firing; the drying time can vary from 18 to 60 hours, depending on
the nature and the moisture content of the green ware body. Distortion and cracking can occur if the drying
process is too rapid or the internal thermal gradient is too high; therefore, the drying process must be carefully
controlled [3, 4]. The specific surface area (SSA) has been used extensively to interpret physical characteristics
such as shrink-swell potentials [5] as well as the Atterberg limits [6]. This information appears quite
fundamental, because it relates to the thickness and arrangement of particles and, in consequence, the swelling
behaviour resulting from the interaction of water with the particles surface [7]. The specific surface area of the
clay raw material indicates the water quantity needed in the brick moulding process [8].

Firing is also a significant step during the brick manufacturing process where, under the influence of heat effect,
sintering occurs to bind the clay particles. This improves durability and strength of clay bricks with respect to
the unfired ones[1]. Bricks may then be expected to meet specific water absorption, fire resistance and thermal
insulation criteria[3]. Transformations in the firing profile can be divided into two processes: carbonate
decomposition and phase transformation. The decomposition and phase transformations influence the evolution
and intensity of the sintering process [9]. These transformations are accompanied by shrinkage and weight loss
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of the fired clay bodies. The firing shrinkage indicates the degree of densification during sintering, and is very
important for the dimensional control of the finished ceramic products.

In Morocco, semi-industrial and traditional fired bricks production doesn’t take into account the chemical and
mineralogical characteristics. Very limited studies on the quality and potential use of Moroccan clays have been
done, although clayey material is a primary material for local ceramic manufacturers. In the northern east region
of Morocco, traditional fired clay bricks are important construction materials, especially in Tangier region. The
manufacturers use the nearby clays from Cretaceous and Pliocene outcrops located around the city of Tangier.
Artisans reported improper brick production due to lack of knowledge of firing cycle and technological
properties. The mineral composition of these clay materials was characterized in a previous study [10]. Tangier
clays were diversified and consisted mostly of quartz, calcite, kaolinite, and illite. In addition, vermiculite and
smectite were present in some of the studied samples. It is known that ball clays are the most suitable for
structural ceramic production [3]. It was found that montmorillonite or illite confer high plasticity and high
shrinkage and tend to be non-refractory, with a short vitrification range, while aluminum hydroxide or kaolinite
confer refractory properties and have a long vitrification range[11].Clays rich in smectite and vermiculite are
characterized by swelling behaviour due to high moisture retention ability than other clay minerals. In practice,
clays with a high amount of smectite are used in tile and bricks making as additives to enhance plasticity of too
lean clay bodies [12].

The aim of this work is to study the suitability of groups of clay raw materials having diverse clay mineralogical
composition in building bricks production. The clay samples belong to different outcrops of different ages
(Table 1)[10]. The clayey materials belonged mainly to Cretaceous and Pliocene clays. The behaviour for brick-
making was studied according to their dominant clay mineral.

2. Material

Twenty-three clay samples were collected from the Tangier area, located in the Tangier Unit in the Rif domain
of Morocco (Fig. 1). From the east of the town of Tangier, the samples were taken from marly limestone and
clay facies, while in the western area, the samples were collected from Pliocene sandy marls and Upper
Tortonian blue marls.
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Figure 1: Location and geological map of the study area (modified after Saadi et la., 1980 [55]).

Based on the abundance of clay minerals, three groups of clay samples were distinguished: kaolinitic, illitic, and
smectitic and vermicultic clays. The kaolinitic clays were divided into two sub-groups: kaolinitic clays-a, which
were rich in carbonates and kaolinitic clays-b (Table 1). The samples were marked as follows: TA stands for
Tangier region, K for kaolinite, I for illite, S for smectite and V corresponds to Vermiculite.

3. Experimental

Specific surface area was characterized by the analysis of nitrogen adsorption—desorption isotherms, performed
at 77 K. The measurements were performed using a sorptomatic Carlo Erba 1900, controlled by a computer.




Table 1: Description of the studied samples: Ch: chlorite; II: illite; Ka: kaolinite; Sm: smectite; Ve: vermiculite;
IC: interstratified clay minerals [10].

. Colour range  Carbonates Clay mineralogy
Samples Lithology of the material (%) (%)

Ch 11 Ka Sm Ve IC
K-TAl Cretaceous marly lime stone Flysh Reddishbrown 7 - 29 57 13 - -
K-TA2 Cretaceous clay Yellow 29 - - 53 24 24
K-TA3 Cretaceous clay Yellow 35 13 19 68 - - -
K-TA4 Cretaceous clay Gray green 15 17 24 50 - - 9
K-TAS Cretaceous marly lime stone Flysh Gray 34 - — 84 - 16 -
K-TA6 Cretaceous marly lime stone Flysh Yellow 38 - 23 65 — 13 -
K-TA7 Cretaceous marly lime stone Flysh Gray 59 12 20 63 4 - -
K-TAS Pliocene blue marls Gray 44 6 28 66 — - -
K-TA9 Cretaceous clay Dark Gray 2 - 10 79 - 7 3
K-TA10 Cretaceous marlylimestone Flysh Gray - 8 8 8 - - 2
K-TA1l Cretaceous marlylimestone Flysh Gray 18 5 6 8 - - 6
K-TA12 Cretaceous marlylimestone Flysh Gray 5 12 17 64 — - 7
I-TA1 Cretaceous marly lime stone Flysh Gray - - 55 37 8 - -
I-TA2 Cretaceous clay Gray green 23 7 8 13 - - -
I-TA3 Pliocene blue marls Gray 8 - 64 — 36 - -
I-TA4 Pliocene blue marls Reddishbrown - - 59 41 - - -
I-TAS Pliocene blue marls Reddishbrown 22 11 68 22 — - -
I-TA6 Pliocene sandy marls Beige 29 - 84 5 11 - -
V-TA1l Cretaceous clay Gray 48 - =29 - 7 -
V-TA2 Cretaceous clay Gray green 25 - - 33 48 20
V-TA3 Cretaceous clay Yellow 44 - = 34 - 66 -
S-TA1 Pliocene blue marls Light gray 22 - 30 - 70 - -
S-TA2 Pliocene sandy marls Light gray 34 - = = 9 - 4

The analysis of the isotherms was performed according to the methodology of Lecloux (1981)[13], which
provides specific surface area (Sggr), micropores volume calculated by the Dubinin—Radushkevich equation
(VDUB) and total pore volume calculated from the adsorbed volume at saturation (Vp). Bulk density (ps) was
determined by helium pycnometry on the powdered sample, using Micromeritics Accupyc 1330. Textural
analysis (Sggr, VDUB and Vp) was done in the laboratory of Industrial Chemistry (Department of Chemistry,
ULg)

Cation exchange capacity (CEC) was measured using the Schollenberger method [14]. The samples were first
saturated with ammonium acetate (1N) and then the ammonium ions in the supernatant were deprotonated into
ammonia with sodium hydroxide solution (0.1N). The ammonia content was determined by distillation into a
known amount of acid and back-titrated by the Kjeldahl method [15].

The concentration of major elements (Si, Al, Fe, Ca, Mn, Mg, Na, K, Ti, P, and S) in the samples was measured
on 2 g of dried and homogenized loose powder using a Bruker S8 Tiger wavelength-dispersive X-Ray
Fluorescence (WD-XRF) spectrometer equipped with an Rh anticathode. Calibration was made using 35
commercially available certified reference materials of similar matrix (sedimentary rocks, river, lake and marine
sediments, sands, and soils). The accuracy ranged from 3 to 7% except for S (25%) and P (20%).
Reproducibility is above 99% except for S (89%) and P (97%). More details about the method and the
calibration can be found in [16]. Later, the same powder samples were heated to 1000°C for 2h to determine the
Loss on Ignition (LOI).

Differential scanning calorimetry (DSC) and thermogravimetry (TG) were conducted simultaneously using a
NETZSCH STA 409 PC instrument (Industrial Chemistry, Department of Chemistry, ULg). Samples were
heated from room temperature to 800°C at 10°C min-1 under atmospheric air[17].

Technological testing consisting of a simulation of the industrial process was performed on a laboratory scale.
After drying, the samples were ground by crushing (<2 mm),and then each clay sample was wetted with
distilled water to obtain homogeneous paste in order to achieve the proper plasticity for modelling. They were
left to rest for 24 h in sealed nylon bags to obtain homogenous moist distribution. Then the paste was made by
hand in a mold. The samples obtained with these shaping techniques were4cm long, 2cm wide and 2cm thick.
These samples were then dried in a shaded and ventilated room. Their mass and dimensions (measured
diagonally) were measured to calculate the drying shrinkage following different drying times.




The dried samples (48 h in a shaded room, and then during 12 h at 105°C in oven) were kiln-fired at different
temperatures (800, 850, 900, 950, 1000, 1050, and 1100°C) over 1h.The linear contraction (LC) was calculated
as LC (%) = (Li— Lg)/L;x100, where: LC - linear contraction (%); L; - initial length of the specimen; L final
length of the specimen. The water absorption capacity (WAC) was determined in fired clay pieces after each
heating cycle, according to standard procedure UNE [18].After preliminary measurements at the end of firing
and cooling, the bodies of each lot were kept dry in an oven until being subjected to water absorption. Each dry
and cooled specimen was weighed (P1) and then immersed into clean water at 25°C for 24 h. The specimens
were removed from the water, their surfaces were wiped off and the weight (P2) of each was measured
immediately. The water absorption capacity (WAC) was calculated as WAC (%) =(P2—P1)/P1x100.

The analysis of mineralogical phases of the fired samples was carried out by X-ray diffraction (XRD, Bruker
D8-Advance diffractometer with CuKa radiations) on powdered bulk. Diffraction patterns were recorded
between 2 — 45° 20 at a step size of 0.02° 20. The X-ray powder patterns were treated by the DIFFRACplus
EVA software to remove the background noise and to calculate profile parameters such as line position and
intensity peak.

4. Results and discussion

4.1. Physico-chemical properties

The physico-chemical properties of the ceramic materials to be produced depend highly on the raw clay
composition [19] and the textural properties (SSA, CEC, pore volume, micropore values and apparent density).
The specific surface area (SSA) of the clay samples analyzed here was quite variable, and ranged from 13 to 49
m’g” (Table 2).

Table 2: Cation exchange capacity (CEC), Specific surface area (SSA), pore volume (Vp), micropore values
(VDUB), and apparent density of clay samples.

Samples | SSA (m’¢™) Vp (em’g™h VDUB (cm’¢g™) CEC (mEql100 ¢ | Apparent density (g/cm’)
+5 +0.05 +0.01 +5 +0.02
K-TA1 49 0.09 0.02 17 2.72
K-TA2 20 0.08 0.01 21 2.66
K-TA3 17 0.07 0.01 20 2.78
K-TA4 22 0.07 0.01 22 2.68
K-TAS 28 0.07 0.01 18 2.71
K-TA6 27 0.06 0.01 11 2.76
K-TA7 28 0.04 0.01 12 2.8
K-TAS8 27 0.04 0.01 22 2.73
K-TA9 35 0.06 0.02 17 2.68
K-TA10 22 0.04 0.01 13 2.74
K-TA1l1 39 0.10 0.02 24 2.73
K-TA12 13 0.08 0.01 16 2.73
I-TA1 26 0.07 0.01 11 2.76
1I-TA2 35 0.09 0.02 9 2.61
I-TA3 29 0.04 0.01 15 2.7
1-TA4 20 0.03 0.01 13 2.75
I-TAS 24 0.04 0.01 12 2.72
I-TA6 25 0.09 0.01 19 2.74
V-TA1 35 0.06 0.02 21 2.61
V-TA2 19 0.07 0.01 21 2.67
V-TA3 27 0.04 0.01 18 2.71
S-TA1 24 0.04 0.01 13 2.71
S-TA2 40 0.08 0.02 17 2.76

The CEC values of the samples were low and within a similar range from 9 to 22 meq/100 g. Pore volume,
micropore, and apparent density values were almost similar for all clays (Table 2). Generally, kaolinitic and
some illitic and vermiculitic clay samples showed the lowest CEC and SSA values. According to the literature
[20-23], kaolinite has a lower SSA value (10 — 20 m”g™") than illite (65 — 100 m’g") and smectite (50 — 800 m’g"
".The variability of SSA and CEC between samples is due to variable argillaceous clay fractions, the clay
mineralogy and the particle-size distribution [24, 25]. The higher specific surface area of some clays (S-TA2, K-
TA11 and K-TAT1) indicates the need for more water being used in the brick shaping process.

The chemical composition of the samples is presented in Table 3. In all of the samples SiO; (32.8 — 60.2%) and
ALO; (7.1 —30.9%) are the major components, because of the presence of clay minerals and quartz [10]. Fe,O;
is also a main constituent, especially, in the smectitic (8.9 — 15.6%) and illitic clays (5.2 — 18.6%). CaO is




another major component, in the vermiculitic clays (18.9 — 22.1%) and kaolinitic clays (1.1 — 32.3%). Alkali
oxides (K,0, Na,O) are mostly present in smaller amounts, varying between 0.7 — 6.2% and 0.08 — 1.46%,
respectively, for K,O and Na,O. The most marked values of K,O (1.5 — 6.2%) are present in the illitic clays [26,
27]. A relatively high MgO (2.2 — 7.2%) content is also present in the illitic clays, S-TAl and K-TA12. All
clays show a significant LOI, especially for samples rich in CaO; this loss on ignition is associated to carbonate
decomposition [28, 29], and clay dehydroxylation.

Table 3: Chemical analysis (wt. %). LOI: Loss On Ignition.

Samples Si10, Al,Ox CaO MnO MgO Na,O K, O TiO, P,Os SO, L.O.I
% % % % % % % % % % % %
K-TA1 469 303 134 1.1 0.1 1.8 1.1 4.0 0.87 0.17 0.28 11.3
K-TA2 49.2 18.1 7.8 13.6 0.0 0.9 04 1.6 058 0.72 0.02 17.4
K-TA3 459  26.2 11.1 9.0 0.0 1.4 0.7 22 082 0.63 0.02 15.8
K-TA4 50.2  20.1 14.6 11.8 0.1 2.1 0.6 1.9 063 042 0.50 15.0
K-TAS 47.1 21.9 9.0 14.9 0.0 1.0 04 2.1 072 0.63 0.02 19.1
K-TA6 45,6 21.9 10.7 16.7 0.0 1.0 04 22 073 0.67 0.02 19.9
K-TA7 32.8 15.2 104 323 0.0 2.2 0.2 1.2 043 041 0.38 29.1
K-TAS 437  26.8 11.3 12.5 0.2 1.8 1.2 4.0 0.75 021 048 14.8
K-TA9 542 31.0 13.6 1.5 0.1 2.0 1.2 29 093 0.14 0.04 11.7
K-TA10 499 30.7 16.0 2.1 0.1 2.1 1.0 27 1.08 0.26 0.28 9.4
K-TA1l 472 253 9.8 8.8 0.0 1.9 1.0 2.8 077 048 0.30 15.1
K-TA12 44.6 7.1 3.8 21.9 0.2 7.1 0.1 0.7 025 0.73 0.30 24.9
I-TA1 482  26.6 15.6 0.6 0.1 2.2 1.3 50 073 0.19 0.04 9.1
I-TA2 412 204 8.3 14.4 0.1 2.8 0.8 42 0.67 044 0.02 16.6
I-TA3 58.8 17.9 8.0 3.9 0.1 7.0 04 2.7 053 1.08 0.04 11.7
I-TA4 52.6 29.8 18.6 0.5 0.1 24 1.5 6.2 077 027 0.04 7.1
I-TAS 455 238 10.1 6.8 0.1 34 0.8 43 0.68 0.37 0.10 13.2
I-TA6 60.2 11.2 52 9.8 0.2 7.2 0.2 1.5 035 0.67 0.02 17.9
V-TA1 354 14.6 12.5 19.2 0.1 0.9 0.2 1.3 050 047 0.02 22.6
V-TA2 442 18.4 12.2 18.9 0.1 1.2 0.5 1.7 058 0.49 0.02 21.3
V-TA3 38.2 15.6 6.2 22.1 0.0 1.2 0.2 1.5 053 033 0.02 23.8
S-TAl 59.3 19.9 9.0 4.2 0.1 7.4 0.5 2.8 058 0.76 0.44 11.4
S-TA2 49.0  30.8 15.6 2.5 0.1 1.9 0.8 29 098 037 0.12 11.2

The amount of silica and aluminum have a decisive influence on the mechanical resistance of the final products
[30]. The presence of silica prevents cracking, shrinking, and warping of raw bricks and also provides uniform
shape to the bricks (Rajput, 2004). The relatively high amount of Fe,O; gives a red colour after firing. However,
Fe,0; is not the only factor responsible for the coloration of ceramic wares. Similarly, TiO; is also responsible
for the dark colour. CaO, K,O and MgO are alkali and alkaline earth metals acting as flux in relation to clay
minerals, they reaction with increasing temperature results in liquid phase at lower temperature than that of
melting. The alkali and alkaline oxides can induce early vitrification, increase the firing shrinkage, and decrease
the firing temperature, with a corresponding energy saving [31, 32]. The DTA results for the Tangier clay
samples (Table 4 and Fig. 2) revealed that endothermic peak shown around 95 to 150°C was due to the release
of adsorbed water [33]. The broad exothermic peak in the temperature region 243 — 450°C is due to the
combustion of organic materials present in the clay samples [34], the organic matter content was ranging
between 0.96 to 3.50%.

The endothermic peaks at 500 — 700°C, with a maximum at 540 and 650°C, are due to the dehydroxylation of
clays, specifically kaolinite [35, 36]. The TG curves of Tangier clays (Table 4) show a slight mass loss below
150°C, associated with the loss of loosely adsorbed water. A small mass loss was observed between 243 —
450°C and a slight mass loss (2.74 - 7.78%) was observed between 500 and 550°C, followed by a major mass
loss (3.16 — 7.73%) event between 600 — 700°C. The main mass loss for the non-calcareous clay resulted from
dehydroxylation of clays [37]. In general, both kaolinite and illite are dehydroxylated at 450 — 550°C [38], while
smectites are dehydroxylate in the range of 500 — 550°C and 600 — 700°C depending on its composition and the
cis/trans vacancies [39].

4.2. Drying behaviour

The drying capacities suggested by the Bigot curves [40] for the investigated clays were carried out by
drying results obtained in laboratory simulation by drying in air for 48 h. Bigot's curve is mainly used




as preliminary indicators in the choice of raw materials for ceramic industry [41-43]. Bigot’s curves
expressed by mass loss in terms of drying shrinkage variation and critical points (Kt) coordinates are
given in Fig. 3 [42, 44].
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Figure 2: Schematic representation of clay samples transformation by thermogravimetric and differential
thermal analysis (TG — DTA).

The drying process behaves differently for the three categories of clay. The Bigot's curves exhibit the two
characteristic phases of the drying process: the first one is characterized by initial weight loss associated with
shrinkage and the second successive phase is marked by weight loss with no further shrinkage (Fig.3). The
kaolinitic clays show a larger variation in behaviour during the first phase of drying, where we can see two
categories of behaviours. The first one (kaolinitic clays-a) has a mass loss between 5 and 10%; and shrinks
9%during the first phase of Bigot’s diagram (Fig.3). Kaolinitic clays-b) lose 4 to 13% of their mass, while
showing between 4 and 12% of shrinkage. The illitic clays lose between 2 and 15% of weight and shrink by
15%.Vermiculitic and smectitic clays show a larger weight loss (5 - 15%), with a slight shrinkage ranging
between 7 and 9%.All the clay bodies stabilized between 20 and 27% weight loss during the second drying
phase. The highest drying shrinkage value occurred in K-TA7 (15%), which caused a crack on the body surface,
is mainly due to fine grain size of the most Kaolinitic clays-b[9]. There were also small cracks in some smectitic
and vermicultic clays (S-TA1 and V-TA2), due to the presence of swelling minerals. Drying shrinkage occurs
when grains are approaching each other. In the first time of drying, each particle in the body is separated by
water film. The water film becomes thinner until the “critical point”, at which the rate of drying and shrinkage
sharply change, and the particles come into contact, occupying the open space left by the released water[43,
44].The samples having the high drying shrinkage need sand addition to decrease the drying shrinkage and to
prevent cracks. In this way, the reduction in the drying shrinkage brings several advantages; these are: a faster
drying process, a decrease in energy consumption, and a smaller risk of developing cracks and dimensional
effects [30].




Table 4: The mass losses (%) registered on TG curves.

Endothermic peak Exothermic peak Endothermic peak Endothermic peak

Samples
(95 = 150°C) (243 - 450°C) (500 - 550°C) (600 — 700°C)

K-TAl 0.87 2.57 5.52 7.61
K-TA2 1.26 1.99 4.04 5.85
K-TA3 1.35 2.14 5.09 7.29
K-TA4 0.35 1.23 3.31 4.45
K-TAS 0.71 2.45 4.62 6.50
K-TA6 1.59 2.52 3.34 6.04
K-TA7 0.67 1.68 2.80 4.61
K-TAS 0.98 1.75 4.68 6.42
K-TA9 0.93 2.16 4.34 6.00
K-TA10 0.81 1.76 4.17 5.67
K-TAll 0.83 2.20 4.41 6.02
K-TA12 0.32 0.96 2.51 4.05
I-TA1 0.25 1.34 5.97 5.76
I-TA2 0.71 1.31 3.06 3.85
I-TA3 0.72 1.44 3.81 4.47
I-TA4 0.64 1.31 3.65 5.20
I-TAS 0.78 1.07 2.74 3.98
I-TA6 0.89 1.95 3.89 5.52
V-TA1 0.95 3.49 5.23 7.73
V-TA2 0.78 1.53 241 4.48
V-TA3 0.67 1.99 3.12 5.08
S-TA1 0.30 1.14 3.07 3.16
S-TA2 0.75 1.90 7.78 -
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Figure 3: Bigot’s diagram of the examined clay samples,Kt: critical point

4.3. Firing behaviour

The sintered specimens (Fig. 4) showed an increase in firing shrinkage with increasing firing temperature for all
samples. However, the sintered clay samples showed a more significant increase in shrinkage at higher firing
temperatures. The firing shrinkage behaves differently below and above 950°C. This is related to the distinct
sintering mechanisms in these temperature ranges. Between800and950°C, there is a small firing shrinkage (0—




3.3%).At this temperature the clay structures break down and the vitreous phases begin to form, and moreover,
thermal decomposition of carbonates occurs. Above 1000°C, the curves of firing shrinkage show an increase in
firing shrinkage. By comparing firing temperatures of 1000 and 1100°C, the firing shrinkages of illitic, smectitic
and vermicultic, kaolinitic—a, and kaolinitic—b clays increased from 3.2 to 8.1%, 2.7 to 7%, 2.5 to 9.4% and 6.3
to 9.4%, respectively. This sudden change is associated with a more significant liquid phase formation.

The presence of quartz in clay samples will decrease the firing shrinkage [45]. Related to the transition of alpha
to beta-quartz involves a volume increase, on cooling when the reversible reaction back to alpha quartz takes
place it leaves open space on the sintered clay. Shrinkage may increase in the presence of alkali, iron, and alkali
earths [46], This is due to the formation of a liquid phase, which leads to the densification of the ceramic pieces.
With regard to geochemistry (Table 3), illitic, smectitic, and some kaolinitic clays have high alkaline fluxes
(K0 + Na,0), which stem from smectite, micaceous minerals, and feldspars contained in the kaolinitic clays.It
can be seen that the shrinkage at 1100°C tends to be slightly lower for most of the clay samples, except for
kaolinitic clay-b, vermiculitic clays, and I-TA2, due to their high FeO content, which resulted in the
densification (Table 3). Normally, a good quality brick exhibits a total shrinkage below 8% [47], and most of
the Tangier clays have shrinkage values from 2.7 to 7.7%, which are within the limits for industrial brick
production. As an exception, K-TA11 and K-TA12 are slightly above the limit, with a firing shrinkage value of
9.4%. Increasing the firing temperature resulted in an increase in brick weight loss, related to the evolution of
volatiles and the sintering of specimens, which are characterized by the transformation of the crystalline phases

(Fig. 5).
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Figure 4: Influence of firing temperature on the shrinkage.

While it is well known that brick weight loss depends on the inorganic substances in clay being burnt off during
the firing process [8]. A significant weight loss is observed up to 850°C for most of the clay samples and
thereafter we note a slight increase in loss in weight of the fired specimens. At 1100°C, there is a wide variation
in loss on mass from 4.9 to 32.8%. This high loss on weight is observed particularly for K-TA6 (18.9%), K-TA9
(18.2%), I-TA6 (19.1%), V-TA3 (25.1%), and K-TA7 (32.8%), which is due to the high content of CaO (Table
3). The loss of weight criterion for clay brick is 15% [48], and most of the bricks made for this study meet the
weight loss criterion, except for some kaolinitic clays (K-TAS, K-TA6, K-TA7, K-TA9, and K-TA12),
vermiculitic clays (V-TA2 and V-TA3), S-TA2 and I-TA6 which are above the norm. However, it might be
useful to mix these raw clays with other non-calcareous ones, or to add additives in order to dilute their
carbonate content and subsequently reduce their weight loss. During the heatingat 1000°C, the K-TAS8 and K-
TA7 sintered sample (from Pliocene blue marls and Cretaceous marls, respectively) showed small white grains




(~1 mm) that were discernable with the naked eye, and also a domed surface (Fig. 6). A white film of carbonate
covered the upper surface of the K-TA8 and K-TA7 fired bricks at 1000°C and a small crack was observed.
This surface deformation and cracks development can be explained by the reduction of the porosity, which is
related to carbonate decomposition and the formation of CaO. Furthermore, the hydration of CaO can cause the
expansion and the initiation of cracks.
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Figure 5: Firing temperature in terms of the loss on weight variation.
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Figure 6: Powder X-ray diffraction patterns of K-TA8 heated bricks.

If the gases do not have sufficient time to diffuse into or out of the brick during firing, the brick bloats[49].To
explain the formation of small white grains at the surface of the fired brick, K-TA8 specimens sintered at
different temperatures were analysed by XRD in powder form. The white grains were identified as hydrated
calcium carbonates. The X-ray diffraction patterns of the fired K-TAS8 also show greigite (Fe2+Fe3+2S4)
formation from 950°Cwithhighpeakintensity at 1000°C(Fig. 6).The spinel phase is formed at 950°C, followed
by cristobalite formation at 1000°C. Hematite is detected at 1100°C. Small white grains were identified as
hydrated calcium carbonates (Ca(OH)2), which results from the combination of CaO and H,O at high
temperature to form Ca(OH)2, where the Ca is present originally as calcium carbonate in the raw clays. The
calcium carbonate CaCOj; is transformed to CaO at higher temperature. Carbonate decomposition triggers
shrinkage of the brick[50]. In contact with the moisture of the air, burnt lime (CaO) easily transforms into
portlandite according to the following reaction [51]:




CaO(s) + H,O (1) — Ca(OH)2(s)

This process generates crystallization pressure in confined spaces, because the brick pores are occupied by CaO,
which leads to cracks development (Table 5).

It can be assumed that Ca and H,O have combined to form portlandite during heating. CaO is slightly high in
concentration in this raw clay, about 12.5 and 32.3wt%, respectively, for K-TA8 and K-TA7 (Table 3). To make
the K-TAS8 and K-TA7 clays suitable for brick manufacture, the carbonates content must be diluted by blending
these two clays with little or no calcareous clays. Another solution can be to heat these clays at lower
temperature (below 950°C) to avoid the formation of lime (CaO).Water absorption capacity is an important
factor affecting the durability of bricks. The less water that infiltrates the brick affects their resistance and
durability. Water absorption is measured to investigate the extent of densification in the fired body and also
used as an expression for the open pores. The results indicated that water absorption is a function of firing
temperature (Fig. 7). For all clays, the water absorption values decreased when the firing temperature increased,
because of the vitrification of the clay. An increase in sintering temperature causes a decrease in total-pore space
in the structure, and then decrease the permeability [52]. Water absorption is related to the open pores, and then
is related to densification. The water absorption of the clays decreases sharply above the temperature of 1000°C
(Fig. 7), due to the sintering and the formation of the glassy phase. At 1100°C, a remarkable decrease of water
absorption is observed. Most of the clays have values from 0.1 to 8.9% at this firing temperature.
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Figure 7: Variation in water absorption with firing temperature.

As exceptions, I-TA6, I-TAS5, and S-TA2 have high water absorption capacities of 15.2%, 14.2%, and 11.4%,
respectively. The variations observed in the water absorption capacity are partly due to the variation in chemical
composition (Table 2). The high water absorption for I-TA®6 is related to small amounts of flux (Na,O and K,0),
which reflects high permeability associated with high porosity.Above 1100°C, the densification behaviour of the
clay is influenced by the presence of flux materials such as K,0, Na,O, Fe,0;, and CaO in the raw clays, which
may contribute to vitrification [53, 54].According to Milheiro et al., 2005 [9], the acceptable values of water
absorption are lower than 25% for bricks and lower than 20% for roofing tiles, and all of the Tangier clays here
show acceptable values for both bricks and tiles above 1100°C.

4.4. The appearance of bricks bodies
The colour and appearance of the fired ceramic pieces were examined at 1000°C (Table 5). The colour of the

bricks have not been compared to standards colour charts, they are made by our subjective observation. Most of
the fired brick pieces were red or orange red due to the high amount of iron oxide in the clays (Table 3).A light
cream or grey colour is observed in I-TA6, S-TA2, and S-TAI1. The light colour is due to the presence of small
amount of FeO and CaO, which give a buff/yellow colour. Most of the brick pieces do not show any aesthetic
default, with the exception of the appearance of some white spots in K-TAS8 and a fine film of carbonates on the
surface of K-TAS fired brick. It should also be noted the persistence of cracks formed during the drying process
for V-TA3 and S-TAL.




Table 5: The appearance of the brick bodies at 1000°C.

Clay samples Colour The shape of the surface
Kaolinitic-clays-a
K-TA2 orange-red
K-TA3 orange-red
K-TA4 orange-red
K-TAS orange-red
K-TA6 darkgrey
K-TA7 orange-red white film at surface and small cracks at drying and firing
Kaolinitic-clays-b
K-TAl red
K-TAS red small white spots, domed surface and small cracks at firing
K-TA9 orange-red
K-TA10 red
K-TAll red
K-TA12 red
Illiticclays
I-TA1 red
I-TA2 red
I-TA3 red
I-TA4 red
I-TAS orange-red
I-TA6 light cream
Smectitic and vermiculiticclays
V-TAl red
V-TA2 orange-red
V-TA3 orange-red small crack at drying
S-TA1 light grey small crack at drying
S-TA2 light cream
Conclusion

In this research, the suitability of groups of cays from northern Morocco (Tangier region), having a diverse
mineralogical composition as the raw material for brick making was investigated. The clay materials belong to
Cretaceous and Pliocene deposits. The clay fraction consists of kaolinite, illite, chlorite, smectite and
vermiculite. Chemical analysis results of the clay fractions confirmed that A1,O; and SiO,, accompanied by a
significant amount of iron oxides are the major components. CaO is another major component in vermiculitic
and kaolinitic clays. The alkali oxides (K,0, Na,0) are present in small amounts.

The present investigation can help to improve the Cretaceous and Pliocene clays used for bricks as well as
contributing to correct exploration. The studied clays show mostly good drying properties. Furthermore, firing
shrinkage and water absorption of the bricks were in compliance with the criteria for building brick (BIA,
2006). In accordance with the loss of weight criterion for a normal clay brick [48], some kaolinitic and
vermiculitic clays are above the norm.

From the point of view of the industrial application for Cretaceous and Pliocene clays, it can be stated that
according to their composition and behaviour, they are mostly suitable as raw material for fired bricks. The
positive results obtained in this set of preliminary tests lead us to envisage new research focused on testing these
on a semi-industrial scale, and assessing the effective possibility of using them as raw materials for brick
manufacturing in local ceramic industry. But, the high linear shrinkage, high weight loss and cracks observed on
some specimens indicated that degreasers are necessary, in order to reduce their plasticity and to dilute their
carbonates content before using in brick production. Further applied tests on the clays studied have to be carried
out to determine the best formulations for fired brick products.
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