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ABSTRACT

The present study fits within the framework of sustainable management of sludge generated from wastewater
treatment in industrial network. The studied sludge comes from an industry manufacturing sanitary ceramic
products. Physical, chemical and mineralogical characterization was carried out in order to give an identity card
to the sludge. We noted the absence of metal pollution. In order to evaluate its pozzolanic character, the
industrial sludge has been subjected to thermal activation at various temperatures (from 650°C to 1000°C). The
pozzolanic activity was evaluated by physico-chemical and mechanical methods. Pozzolanicity measurement by
conductivity, Frattini and Chapelle Test revealed the existence of pozzolanic properties of calcined samples.
The best pozzolanic reactivity was obtained for the sample calcined at 800°C. We noticed a decrease in the
reactivity of the samples calcined from 850°C. In addition, analysis by means of X-ray diffraction and Fourier
transform infrared spectroscopy showed that sludge recrystallization begins at a temperature of 850°C.
Pozzolanicity index of the thermally treated samples was determined by measuring the mechanical resistance of
mortar specimens previously kept in a saturated lime solution for 28 days. The best pozzolanic activity index
was obtained for the sample calcined at 800°C (109.1%). The study of mechanical performances and resistance
to chemical attacks of mortars incorporating sludge (calcined at 800°C) with different percentages and at
various ages showed an improvement of mechanical and chemical resistance compared to the control mortar
(100% cement) . This work is a contribution to the research for new supplying sources of raw materials and
additives in the field of construction. It presents a proposition of a promising solution for the valorization of
waste material as an additive instead of being discharged into open air dumps causing a major environmental
problem.

Keywords: Thermal activation, Industrial sludge, Pozzolanic activity, Valorization, mortars, durability.

I. INTRODUCTION
The residual sludge generated by
treatment of industrial effluents in sewage

ceramic products. This material was activated by
heat treatment; its pozzolanic activity was assessed
before and after treatment by direct methods such

treatment plans are recognized as significant
contributors to environmental pollution, their
elimination is a major challenge to find a solution
that is both economic and ecologic. There are
several ways to evacuate this waste; the widely
used one in Morocco is landfilling. Among
proposed alternative solutions is the use of this
waste as a pozzolan in the field of construction
(Ahmadi and Al-Khaja, 2001).

According to the standard ASTM C125
(ASTM, 2007), the pozzolan is a siliceous and
aluminous material devoid of specific hydraulic
properties, but which can react in the presence of
water with calcium hydroxide to form compounds
exhibiting cementitious properties. Pozzolan can be
natural (Pekmezci and Akyiiz, 2004; Senhadji et
al., 2012) or artificial obtained from industrial by-
products (Frias et al., 2008).

The aim of this study is to elaborate a new
artificial pozzolan from an industrial sludge
coming from a manufacturing industry of sanitary

as Chapelle test, and indirect methods such as
strength activity index and conductivity (Donatello
et al, 2010). The mechanical (compressive
strength) and chemical (resistance to acid attack)
performances of this artificial pozzolan as a partial
substituent of cement in mortar were evaluated too.

Il. MATERIALS AND METHODS
The cement used for this study was the Moroccan
CPJ 55 produced by the cement company
LAFARGE. Its physical properties, chemical and
mineralogical composition data are presented in
Table 1.

The industrial sludge used for this research as an
artificial pozzolan was obtained in an industry
manufacturing sanitary ceramic products. Its
chemical composition was carried out by X-ray
fluorescence (XRF); the results obtained are given
in Table 1. They show that the industrial waste is
formed mainly by silica (59.3%) and alumina
(26.3%). The mineralogical composition of the
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sludge was carried out by X-ray diffraction (XRD)
and is presented in Figure 1, According to the
diffractogram main phases present in the sludge
are:

o Kaolinite AI2(S|205)(OH)4

o Ilite (K,H3O)A|ZSI3A|010(OH)2
e Quartz SiO,
e Calcite CaCO;

The physicals properties of the pozzolan are given in Table 1.

Table 1. : Chemical and physical characteristics of cement (CPJ 55) and industrial sludge.

Raw sludge CPJ 55
Chemical composition (%) (XRF)
SiO, 59.30 20.53
Al,O3 26.30 4.73
Fe,0s 0.39 321
CaO 0.99 62.71
MgO 0.45 194
Na,O 0.58 0.06
K0 1.16 0.73
SO; 0.09 217
LOI 5.00 3.57
Mineralogical composition (Bogue calculation)
C2S (%)
C3S (%) - 14.30
C3A (%) - 59.07
CA4AF (%) - 7.84

- 10.47
Physical properties
Specific gravity (g/cm®) 2.30 3.06
Specific Surface area (Blaine) (cm?g) 7944 3437
Medium particle size (um) 4.18 -
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Fig 1. X-ray diffraction pattern for raw sludge
Traces elements were assessed by to the allowable threshold values (NF U44-041)

inductively coupled plasma-mass spectrometry
(ICP-MS). Table 2 gives the obtained
concentrations. The results show that the sludge
doesn’t exhibit high concentrations of heavy
metals. The content of heavy metals was compared

standard (NF U, 1989) and the (Decree of
December 8, 1997) about the sewage sludge.

We found that the content in trace elements was
lower than the threshold values.
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Table 2.: Concentration of heavy metals in raw sludge in mg/kg on dry material compared with threshold
values of sewage sludge.

Trace elements Raw sludge (mg/Kg | Decree of December 8, 1997 | Standard NFU 44-041 (mg/Kg
on dry material) (mg/Kg on dry material) on dry material)

Cr 54,54 1000 2000

Cu 32,65 1000 2000

As 36,14 - -

Ni 31,96 200 400

Zn 2180 3000 6000

2.1. Thermal activation and pozzolanic activity
tests

In order to obtain amorphous material; the
raw sludge was subjected to heat treatment at
different temperatures of 650, 700, 750, 800, 850,
900, 950 and 1000°C for 5 hours, the obtained
samples were labeled Bcal650, Bcal700, Bcal 750,
Bcal800, Bcal850, Bcal900, Bcal950, Bcall000,
respectively, and the raw sludge was labeled
Bbrut40. They were characterized by XRD and
Fourier transform infrared spectrometry (FTIR)
and their pozzolanic activity was evaluated by
various methods; Chapelle test, Frattini test,
electrical conductivity and strength activity index
(SAI).

2.1.1. Chapelle test

The aim of the Chapelle test is to
determine the amount of lime fixed by the material
tested in specific conditions by measuring the
amount of residual calcium hydroxide by titration
(Pichon, 1994). The test involves heating a solution
of 1 gram of CaO and 1 gram of pozzolanic
material mixed with 200 ml of deionized water at
90°C for 16 h, the suspension is then filtered and
the filtrate is analyzed for Ca®* by titration with
Ethylene diamine tetra-acetic acid (EDTA)
solution, the result expressed in mg Ca(OH), fixed
by the studied material.

2.1.2.  Frattini test

For this test, the procedure used is
specified in EN 196-5 (NF EN, 2006a); 20g of test
samples were prepared consisting 80% of CPJ and
20% of the pozzolanic material and mixed with
100ml of deionized water. After preparation,
samples were left for 15 days in a sealed plastic
bottle in an oven at 40°C. After 15 days, samples
were filtered and allowed to cool to ambient
temperature in sealed Buchner funnels. The filtrate
was analyzed for [OH] by titration against dilute
HCI with methyl orange indicator and for [Ca?*] by
pH adjustment to 12.5, followed by titration with
0.03 mol/1 EDTA solution using Patton and
Reeder indicator.

Results are presented as a graph of [Ca%'],
expressed as equivalent CaO in mmol/1 on the y-
axis versus [OHT in mmol/l on the x-axis. The
solubility curve of Ca (OH), is plotted. Test results

lying below this line indicate removal of Ca®* from
solution which is attributed to pozzolanic activity.
Results lying on the line are indicative of zero
pozzolanic activity and results above the line
correspond to no pozzolanic activity.

2.1.3.  Electrical conductivity test

The objective of the test is to classify
pozzolanicity material depends on its effect on the
electrical conductivity of a water-lime system,
because there is a good correlation between the
pozzolanic reactivity of the material immersed in a
solution of lime and the decrease in conductivity of
this solution. The principle of this method
considered as a rapid and efficient (Luxan M P
Madruga F Saavedra J, 1989) is to measure the
conductivity of a saturated solution of lime in a
water bath thermo-stated at 40°C before and after
addition of 5g of the studied material (pozzolan),
and calculate the difference. The conductivity of
lime-pozzolan-water system stabilizes after 2
minutes.

2.1.4. Strength activity index (SAI)

The strength activity index is the most
representative judgment strategy for the pozzolanic
activity evaluation (Sinthaworn and
Nimityongskul, 2009), it was determinate
according to ASTM C618 (ASTM, 2003), it’s the
ratio of the compressive strength of mortar test
specimens prepared with 20% artificial pozzolan-
80% CPJ mixture, to that of control specimens
prepared with 100% CPJ according to EN 196-1
(NF EN, 2006b), all mortars prepared were placed
in a saturated lime water bath for 28 days.

The SAl is calculated as in equation 1:

SAI (%) =
(A/B) * 100 (Eq
1)
A: The compressive strength of the mortar
containing the artificial pozzolan (MPa).
B: The compressive strength of the control mortar
(MPa).
ASTM C618 (ASTM, 2003) specifies that the test
specimen must have a minimum of 75% of the
strength of the control (SAI >75%).
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2.2. Substitution of cement by artificial pozzolan
in mortars

The preparation of mortars mixtures was

realized according to EN196-1 (NF EN, 2006b) the

blends were prepared with a constant

binder/sand/water proportion of (1/3, 2/3, 0.5)
throughout this investigation. The binder consisted
of cement and artificial pozzolan, the detailed mix
proportion of the mortars are shown in Table 3.

Table 3 : Mixture proportions of mortars prepared.

Code mortars binders Sand (g) Water (ml)
CPJ 55 (g) AP (g)
Control 450 - 1350 225
Bcal800 10% 405 45 1350 225
Bcal800 15% 382.5 67.5 1350 225
Bcal800 20% 360 90 1350 225
Bcal800 25% 3375 1125 1350 225
Bcal800 30% 315 135 1350 225

2.2.1. Compressive strength

Prismatic mortar specimens (4*4*16 cm?)
were used for the study of compressive strength.
Specimens were cast in steel molds and kept in a
moist room at 20+2°C for 24h. Demoulding took
place after 24h and specimens were placed in water
at 20+2°C for a curing period of 7, 28, 90 days.
Each compressive strength value was calculated as
the average of the results from three specimens.
Compressive strength was determined at 7, 28 and
90 days according to EN196-1 (NF EN, 2006b).

2.2.2.  Acid attack

Because the durability of cementitious
materials is as important as their mechanical
resistance, the performance of mortars containing
artificial pozzolan in aggressive media was studied
and compared with control mortars according to
ASTM  C267(ASTM, 2001). The mortars
specimens (4*4*16 cm®) were cured in water at 20
+ 3 °C for 28 days before being subjected to acid
attack. Three specimens of each mortar mixture
were immersed in 5% sulfuric acid (H,SO,), 5%
nitric acid (HNOjz) and 5% hydrochloric acid
(HCI). The mortar specimens were extracted from
the aggressive solutions at 7, 28, 50 and 90 days of
immersion and rinsed with deionized water; the
chemical resistance was evaluated then by
measuring the weight loss of the specimens using
Equation 2:

Weight loss (%) = (Wl —w2)/w1l ) %= 100

(Eq 2)

W1: weight of the mortar before immersion in
acid solution.

W2: weight of the mortar after immersion in acid
solution.

The acid solutions used were refreshed every 7days
and the cumulative weight loss was calculated at 7,
28, 50 and 90 days.

I1l. RESULTS AND DISCUSSIONS

2.3. Thermal activation and pozzolanic activity
tests

2.3.1. X-ray diffraction study
The X-ray diffraction analysis was conducted on
the samples calcined at different temperatures to
follow the evolution of their mineralogical
structures and to determinate the amorphization
state of these samples after thermal treatment; the
results are presented in Figure 2, the XDR patterns
obtained show the following  structural
transformations:

- At 650°C, all peaks corresponding to kaolinite
have disappeared; this means that kaolinite has
undergone decomposition process
(dehydroxylation) that leads to the disordering
of the crystal structure and the transformation
to amorphous phase (metakaolinite). Peaks
corresponding to calcite have disappeared,
from 700°C.

- Quartz and Illite are identified in the XRD
patterns of all samples calcined at different
temperatures and their structures have not
been altered.

- At 850°C, new crystal phase appeared such as
Albite and Anorthoclase, at this temperature
the sludge recrystallization begins.

- At 1000°C, appearance of  peaks
corresponding to Mullite (recrystallization of
metakaolinite).
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Fig 2. XRD patterns of studied sludge; raw and calcined at different temperatures.

2.3.2. Infrared spectroscopy study
The IR analysis completes the characterization by
X-ray diffraction; Figure 3 contains the IR

spectrums obtained for the raw and calcined sludge
at different temperatures.
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Fig 3. IR spectrum of the raw sludge and calcined at different temperatures (from 650°C to 1000°C).

The spectrum of the raw sludge exhibited

the following typical bands for kaolinite:
3694, 3670, 3654 and 3621 cm* (O-H stretching
vibrations); 1106, 794 and 754 cm™* (Si-O-Si
stretching and bending vibrations); 1020, 694 and
469 cm™* (Si—O vibrations); 937 and 916 cm™* (Al-
OH bending vibrations); and 538 cm™* (Al V)-0—
Si bending vibrations) (Saikia et al., 2003; Van der
Marel and Beutelspacher, 1976; Vizcayno et al.,
2010).

Heat treatment of the sludge beyond
650°C entails a dehydroxylation by transformation
of kaolinite to metakaolin (Al,Si,O;), as can be
seen in Figure 3; this transformation is

characterized by the disappearance of the O-H
bands between 3694 and 3621 cm™, the breaking
of bands at 937 and 916 cm*, associated to Al-OH
bending hydroxyl modes (inner surface and inner
hydroxyls respectively), and that at 538 cm™
(assigned to AIV'-O-Si), the characteristic bands of
the Si-O at 1118 cm™ are transformed into a single
large band localized around 1087 cm™, is a
characteristic band of amorphous silica. A new
band at 820 cm* appeared which can be assigned
to AI'V-0 (Kakali et al., 2001; Rahier et al., 2000).

The results of this analytical technique
confirm those obtained by XRD. Indeed, the
majority crystalline phases present in the sludge
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are calcite (CaC0s), kaolinite (Al,O3 2Si0O, 2H,0),
these phases undergo during calcination some
decomposition or total disappearance determined
by the absence of the characteristic bands.

2.3.3. Strength activity index (SAI):
According to ASTM C 618 (ASTM,
2003), for a material can be used as pozzolanic

addition in Portland cement, SiO,+Al,O3+Fe,03
weight must represent at least 70% of total weight;
the values of the chemical composition of the
sludge presented in Table 1 show that the total
silica, alumina and iron oxide content is 85.9%
which is higher than the minimum requirement
prescribed by the standard.

70
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H 28 days

Fig 4. Compressive strength of mortars containing 20% of raw and calcined sludge at different temperatures.

The results of the evolution of the
compressive strength of mortar samples stored in
saturated lime water are grouped in Figure 4; there
is a continuous increase in compressive strength
after 28 days for mortars containing calcined
sludge at 650-800°C compared to the control; a fall
of resistance is registered for the mortar containing
the sludge calcined at 850-1000°C.

The strength activity index of the resulting
material is a function of his mineralogical

composition (Vizcayno et al., 2010). Figure 5
shows that the calcined sludge has a pozzolanic
activity whatever the temperature of calcination
with a strength activity index higher than 75%, the
sludge calcined at 850, 900, 950 and 1000°C show
a slight pozzolanic activity, the best result is
obtained with the sludge calcined at 800°C (SAI=
109.1%), however the raw sludge show no
pozzolanic activity (SAI=65.84%).

strength activity index [%)

SAI= 75 %

28 days

Fig 5. Strength activity index of studied sludge (raw and calcined at different temperatures) after 28 days.
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2.3.4. Frattini test:

According to EN 196-5 (NF EN, 2006a),
Frattini test consists to prepare samples containing
16g of cement plus 4g of studied sludge mixed
with 100ml of deionized water. The results
obtained are reported in Figure 6, it indicates that
samples containing sludge calcined at 650, 700,
750, 800 and 850 show a positive result because
the found concentration of calcium ion in the
solution for each sample is lower than the
saturation concentration, which means that the
sludge calcined at this temperature present a
pozzolanic activity. Whereas the raw and calcined
sludge at 900, 950 and 1000°C are inactive.

The theoretical maximum [CaO] concentration
can be calculated using the formula (equation 3)
given in EN 196-5 (NF EN, 2006a) to plot the lime
solubility curve.

Max [Ca0] = 350/([0H] — 15)

(Eq3)

The sample calcium concentration [CaO] may be
compared to the theoretical maximum [CaQ] and
the result quantified as the difference between the
two values. Result is expressed as a percentage of
the theoretical maximum [CaQO] removed.
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Fig 6. Frattini test results for studied sludge (raw and calcined at different temperatures) after 14 days curing at

Results presented in table 4 shows that the
pozzolanic activity of sludge calcined at 800°C is
high with 55% lime removal, and that of sludge
calcined at 650, 700 and 750°C is considerable
with 40, 35 and 39% lime removal respectively,
calcined sludge at 850°C is also active but to a
reduced extent with 17.5% lime removal. Raw

40°C

sludge and calcined at 900, 950 and 1000°C
present a negative values of % CaO removal, this
results should be normalized to 0% equivalent CaO
removal (Donatello et al., 2010) and the samples
are considered as not pozzolanic according to this
test.

Table 4: Frattini test results for studied samples quantified using Equation 3.

Samples [OH] mmol/I [CaO] mmol/l Theoretical max [CaO] mmol/I [CaO] reduction %
Bbrut40 66 9.70 6.86 NR*

Bcal650 42 7.68 12.96 40.74

Bcal700 48 6.84 10.60 35.47

Bcal750 47 6.60 10.93 39.61

Bcal800 40 6.30 14 55

Bcal850 52 7.80 9.45 17.46

Bcal900 58 8.10 8.13 NR

Bcal950 62 8.04 7.44 NR

Bcal1000 64 8.22 7.14 NR

*Negative results.
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2.3.5. Chapelle test:

In accordance with the Chapelle test, pozzolanic
activity of the studied sludge is assessed by the
amount of lime (Ca(OH),) fixed during the

pozzolanic reaction. Figure 7 show the amount of
calcium consumed by the samples containing raw
and calcined sludge at different temperatures.

Consumed calcium [Ca?*] %

HEDTA

Fig 7. The percentage of consumed calcium by 1g of studied sludge (raw and calcined at different
temperatures).

For Bcal650, Bcal700, Bcal750 and
Bcal800 samples, pozzolanic activity (fixation
capacity of Ca?") increases with increasing the
calcination temperature, it reaches the maximum
value of 64% for the calcined sludge at 800°C; this
is due to the amorphous structure that obtains the
sludge after heat treatment. A decrease in reactivity
is observed for samples containing sludge calcined
from 850°C, whereas raw sludge can be considered
as not reactive.

2.3.6. Electrical conductivity test (EC):
This test is considered as a rapid method
for evaluation of pozzolanic activity by

conductivity measurement, according to Luxan and
al (Luxan M P Madruga F Saavedra J, 1989) the
time taken to obtain reliable results is 2 minutes.
The results obtained for different samples are
presented in Figure 8.

The electrical conductivity of saturated lime
solution after adding the studied materials is
experiencing a decrease due to the reduction of
Ca?* and OH ions in the system, which is
attributed to the fixation of dissolved Ca(OH), by
the sludge (raw and calcined at different
temperatures).

conductivity difference pm/fem
o]
5]

pozzolanic

variable

pozzolanicity

Fig 8. Pozzolanic activity of studied sludge (raw and calcined at different temperatures) determinate by the loss
in conductivity.
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According to the classification of
pozzolanicity by the Variation in conductivity
realized by Luxan and al (Luxan M P Madruga F
Saavedra J, 1989), sludge calcined at 650, 700,
750, 800 and 850°C are considered as pozzolanic,
and raw sludge and calcined at 900, 950and
1000°C  present a variable pozzolanicity
(conductivity difference between 0.4 and 1.2
mS/cm). The highest reactivity (A=1557uS/cm) is
attributed to the sludge calcined at 800°C.

The pozzolanicity of the raw and calcined
sludge was classified from higher to lower in Table
5, according to the results obtained in each test
method used. The calcined sludge at 800°C
presents the highest pozzolanic activity for all test
methods; this is the optimum calcination
temperature of the studied material. At this
temperature, the artificial pozzolan presents a great
reactivity manifested by the reaction with
portlandite (CH) which results from the hydration

of cement to form calcium silicates hydrates (C-S-
2.3.7. conclusion: H).

Table 5: Classification of pozzolanic activity of studied sludge (raw and calcined at different temperatures).

Test SAI Chappelle Frattini EC
NG Bcal800 Bcal800 Bcal800 Bcal800
E Bcal750 Bcal850 Bcal750 Bcal750
g—, Bcal700 Bcal750 Bcal700 Bcal700
g. Bcal650 Bcal700 Bcal650 Bcal850
2 Bcal850 Bcal650 Bcal850 Bcal650
g’: Bcal900 Bcal900 Bcal900 Bbrut 40
< Bcal950 Bcal950 Bcal950 Bcal900
Bcal1000 Bcal1000 Bcal1000 Bcal950
Bbrut 40 Bbrut 40 Bbrut 40 Bcal1000

2.4. Substitution of cement by artificial pozzolan in mortars
2.4.1.  Compressive strength:

The compressive strength was selected in order to study the influence of artificial pozzolan (Bcal 800)
on the mechanical behavior of blended mortar; Figure 9 shows the evolution of the compressive strength values
Versus curing time.

The obtained results show that the strength of all mortars increased with age, the substitution of cement
with 10, 15, and 20% of artificial pozzolan leads to significant increase in strength in comparison to control
mortar from 7 days. This increase is explained by the pozzolanic character of the sludge that reacts with CH
during cement hydration to form additional C-S-H, which can fill the pore structure of blended mortar, and thus
improving the mechanical properties (Fernandez et al., 2011).
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Fig 9. Compressive strength of mortars.
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For blended cement containing 25% and
30% of artificial pozzolan, the strength decreases
slightly with 1.8% and 3.6% respectively in
comparison to control mortar at 90 days, this
variation is lower than the percentage of
substitution used, which demonstrates that the
pozzolanic reaction of activated sludge in this case
compensates almost all of the dilution effect.

The best mechanical performance is achieved for
blended cement containing 20% of artificial
pozzolan with a value of strength 58.5MPa.

2.4.2.  Acid attack:

The results of weight loss for specimens exposed to
different acid solutions are shown in Figure 10, 11
and 12.

90

80

70

60
50
40

e Temoin

e=fil==10% Bcal800
ey 15% Bcal800
20% Bcal800

weight loss %

//,
X/

25% Bcal800

30
20 A

==@==30% Bcal800

10

7 days 28 days

50 days

90 days

Fig 10. Weight loss of different

For mortars immersed in sulfuric acid (5%
H,S0,), a continuous loss of weight is observed
with time, the results show the same tendency of
deterioration for the first 7 days of immersion for
all samples, from 28 days the difference became
remarkable; the control mortar and mortars
containing 25% and 30% of artificial pozzolan
exhibit the highest loss of weight equal to 81%,
80% and 83% respectively; This can be explained
by the erosive action of the acid solution on the
surface of mortars, also the formation of gypsum
and ettringite causes expansion and disintegration

mortar mixtures immersed in 5% H,SO,

of cement pastes (Colak, 2003), followed by
mortars containing 10% and 15%, the mortar with
20% of substitution is the less damaged with a
weight loss of 71% at 90 days, lower than the
control mortar by 12.5%; This chemical resistance
to sulfuric acid is due to the pozzolanic reaction
responsible of the formation of secondary C-S-H;
that are less leachable than the portlandite, thus
reducing the amount of the resultant portlandite of
cement hydration and increasing densification of
the cured paste cement, which makes the
penetration of sulphates difficult.
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Fig 11. Weight loss of different mortar mixtures immersed in 5% HNOs.
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The results of weight loss of mortar
specimens exposed to nitric acid are presented in
figure 11, they show that the weight loss of mortars
with artificial pozzolan is less than the control
mortar at 50 and 90 days; this is caused by the
reaction of acid which causes a progressive
leaching of portlandite and C-S-H gel. The mortars
containing 25% and 30% of artificial pozzolan
exhibit a slight increase in the weight loss
compared to that containing 20%. As for other tests
of durability, mortar with 20% of substituent is the
most resistant to this acid attack, its weight loss at
90 days of immersion is 21.7%, lower than that of
control mortar by 21%, this is can be attribute to
the incorporation of optimal amount of pozzolan in
mortar which is responsible of the reduction in

quantity of Ca(OH),, increasing the density and
impermeability of the mortar.

Figure 12 show the effect of hydrochloric
acid on the mortar specimen, the control mortar
presents the biggest weight loss at 50 and 90 days,
22.7% and 24% respectively. For mortars
containing 10, 15, 20, 25 and 30% of artificial
pozzolan, the reduction of weight loss at 90 days
compared to control mortar is 35, 35.5, 36, 13.5
and 12.8% respectively; it is noted that the mortar
specimen with 20% of addition present the greater
resistance with the lowest weight loss. The partial
substitution of cement by the artificial pozzolan in
mortar reduces the capillary pores by a secondary
C-S-H gel produced by the pozzolanic reaction
which improves the resistance of the cement paste
against acid attack.
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Fig 12. Weight loss of different mortar mixtures immersed in 5% HCI.

By comparing the aggressiveness of
sulfuric acid, hydrochloride acid and nitric acid we
conclude that the mortars present more weight loss
in sulfuric acid than in the other acid solutions, as
is clearly seen in figure 13, after 90 days of
immersion in 5% H,SO,4, mortar have totally lost
its form (loss of more than half of sample); the
abundance of gypsum formed in the surface,
facilitates its dissolution in water which explains
the mechanism of deterioration of mortar.
However, for mortars kept in 5% HCI and 5%
HNO;3, a small change is observed.

Fig 13. Deterioration of specimens after 90 days of
immersion.

The use of this artificial pozzolan with the
optimal amount of 20% in mortars improves their
resistance against acid attack; several studies in
agreement with this work have demonstrated the
influence of the partial substitution of cement by
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pozzolan on the improvement of the durability
(Kaid et al., 2009; Makhloufi et al., 2014)
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1V. CONCLUSION

The objective of this work was the
thermal activation of an industrial sludge, the
evaluation of its pozzolanic activity and the study
of its influence as a partial substituent of cement on
the mechanical and chemical properties of mortars.

The XRD and IR analysis of the raw
sludge has shown that it contains mainly Kaolinite,
Quartz, Illite and Calcite, after thermal treatment at
different temperatures ranging from 650°C to
1000°C, its mineral composition has undergone
some decompositions and transformations, from
850°C it was noted the appearance of new
crystalline phases (mullite, albite ..), its therefore
the beginning of recrystallization temperature. The
estimation of the pozzolanicity by several tests
such as SAl, Frattini test, Chapelle test and
conductivity has shown that calcined sludge at
different  temperatures  exhibits  pozzolanic
properties with different degrees; according to the
results, The optimum calcination temperature is
800°C, at this temperature the activated sludge has
the highest pozzolanicity manifested by the high
consumption of portlandite during cement
hydration with a SAI equal to 109%. The raw
sludge is considered as inactive and that calcined at
850, 900, 950 and 1000°C show a low power
pozzolanic because of its crystalline structure
resulting of thermal treatment at high temperatures
( T°C >850°C). The activated material at 800°C
can be considered as a suitable pozzolanic addition
for Portland cements.

Several blended cements were prepared
with different percentage of substitution (10, 15,
20, 25 and 30%), the evaluation of mechanical
properties has shown that mortars containing 10,
15 and 20% of artificial pozzolan (activated sludge
at 800°C) have a higher values of compressive
strength than control mortar for all curing times (7,
28 and 90 days), a slight decrease in resistance is
recorded for those containing 25 and 30% of
addition at 90 days. The optimal pozzolan amount
that can be used to achieve maximum strength is
20% of cement replacement which give the value
of 58MPa at 90 days, higher than that obtained for
control mortar by 8%.

The incorporation of the industrial sludge
as addition (cement substituent) in mortars is
beneficial to the resistance to aggressive agents.
The obtained results showed that whatever the

percentage of substitution or acid solution used
(5% H,SO,; 5% HCI, 5% HNO3), mortars
containing activated sludge are less degraded than
that containing only cement, however the values
recorded for mortar mixtures with 25 and 30% of
substitution are close to that obtained for the
control mortar. The optimal percentage which
leads to a better resistance to chemical attack is
20%.

Thus the use of this waste as an artificial
pozzolan in cementitious materials represents a
promising solution that solves the problem of
waste evacuation and the creation of new raw
material supply resources.
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