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Abstract

The physical and chemical interaction between a solid industrial waste from aluminium refining and saturated Ca(OH), solution, as
well as the effects of substituting siliceous sand for the waste on the physical and mechanical properties of mortars were studied. The
waste is a solid that contains reactive alumina capable of combining with the calcium hydroxide. These reactions result in stable and insol-
uble compounds. This alumina, together with the halite (also present in the waste composition), chemically react with a saturated solution
of Ca(OH),, giving as a main reaction product the so-called Friedel’s salt (Ca,Al,CL,0O4 - 10H,O). Stritlingite and Si-hydrogarnets were
among other products detected. The waste has a high specific surface area. The cement/waste mixtures therefore require a higher quantity
of mixing water than cement/sand mixtures. The result is a decrease of the mechanical strengths and an increase of the total porosity.

However, a decrease of the average size of the pores occurs, which can have a positive effect on the durability of the final material. © 1999

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Recycling and reutilization of industrial waste and by-
products are a subject of great importance today in cement
and concrete technology. Traditional industrial by-products
used in cement and concrete manufacture include fly ashes,
granulated blast furnace slags, and silicafume. The reactiv-
ity and efficiency of these wastes as active additions (and
even as cement constituents) have been extensively studied
[1-3]. Less reactive wastes are used as load (charges) in the
manufacture of cement or inert aggregates in the production
of concretes and mortars.

Aluminium refining industries generate different solid
wastes. One of them, called PAVAL™ has a high alumina
content and can be used in applications such as raw material
for cement manufacture (clay, bauxite, and kaolin substi-
tutes), and refractory and ceramic materials, among others.
Another application of this by-product is as an addition to
the mortar as a partial substitute for the aggregates. This
new mortar could be applied to make curbs, paving stones,
pavements, and so forth.
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The goals of thiswork are (1) to determine the chemical
interaction between this waste (PAVAL ™) and the Portlan-
dite (the most reactive phase of Portland cement paste) and
(2) to establish the effect on physicomechanical properties
when silica sand is substituted for this waste in mortar.

2. Methods
2.1. Materials

The chemical analyses of the waste and the Portland ce-
ment used are shown in Table 1. The SIO, content in silica
sand used as aggregate was 99% in mass. The mineralogy of
the waste was characterized by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), scanning
electronic microscopy with electron dispersive X-ray analy-
sis (SEM/EDX), and transmission electronic microscopy
with microanalysis (TEM). The cement used was character-
ized by XRD and FTIR.

A previous study [4] had proved that waste reactivity
was related to the size of the particles, and that the maxi-
mum diameter of the particles was about 0.149 mm. The
maximum diameter of the sand particles was set at 0.160
mm for the purpose of studying comparable materias. The
particle size and surface area of PAVAL™ and silica sand
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Tablel
Chemical analysis of the aluminium refining waste and cement |1-F-35A

Determinations

(% mass) Waste Cement I1-F-35A
Lost at 550°C 9.70

Lost at 550-950°C 215

Lost at 25-950°C 3.83
Insoluble residue 0.85
Al,O4 67.3 597
SO, 414 17.63
Fe,0; 1.00 2.59
Ca0 4.83 63.76
MgO 6.03 0.95
SO, 332
TiO, 0.69

MnO 0.18

F 37

Cl 101

Na,O 1.70 0.3
K,0 0.61 0.8
Nitrogen amoniacal 0.05

were determined through laser granulometry and Brunauer,
Emmett, and Teller (BET) method. The results obtained are
presented in Table 2.

2.2. Tests

Two different studies were carried out in the present
work. One test related to the chemical interaction between
the waste and the Portlandite and a second test related to the
physica and mechanical behaviour of mortars that con-
tained the waste as a substitution of sand.

2.3. Waste Ca(OH), interaction

The pozzolanic activity of the waste in accordance with
Standard EN 196-5 [5] was evaluated to determine if there
was a chemical interaction between the solid waste and
Ca(OH), solutions. Samples were analysed using XRD,
FTIR, and SEM/EDX techniques at different ages (1, 3, 7,
15, and 28 days).

2.4. Physical and mechanical properties of waste Portland
cement mortar

To determine the properties and physical and chemical
characteristics of mortars when substituting waste for sand,

Table 2
Results from granulometry and BET methods carried out on sand and
industrial waste

Laser granulometry BET

Sand b <32 pm: 5.83% 0.3254 =+ 0.0068 m?g
& <45 pm: 8.80%
¢ <90 pm: 30.55%

Waste b <32 pm: 55.26%
b <45 pm: 63.39%
b <90 pm: 71.95%

19.1611 + 0.1518 m?/g

[OH-] mm/I
0
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Fig. 1. Evolution of OH™ in calcium hydroxide solutions in contact with
the waste, as afunction of time.
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Fig. 2. Evolution of C2" in calcium hydroxide solutions in contact with the
waste, as afunction of time.
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Fig. 3. Diffractograms of the wastes at the different ages of testing.

cement/waste mixtures were prepared with a mass ratio of
1/1.5, and cement/sand mixtures were prepared with an
equal ratio. The following tests were carried out:

1. Determination of water/cement ratio for normal consis-
tency of the mortar according to Standard UNE-102-96.

2. Setting time, according to Standard UNE-80.102-96.

3. Compression and flexural strengths at 3, 15, and 28
days. Prismatic samples of 1 X 1 X 6 cm were pre-
pared according to Standard UNE-80.101.

4. Total porosity and pore size distribution through mer-
Ccury intrusion porosimetry.

Finally, a calorimetric study on mixtures of cement/
waste and cement/sand in equal proportion and of water/ce-
ment ratios equal to those used in the physicochemical tests
was carried out. A JA.F. conduction calorimeter (Wexham
Developments, Berks, UK) was used and the final testing
time was 45 hours.

3. Results
3.1. Mineralogical characterization of the waste

Results obtained using XRD and FTIR mineralogical
characterization showed that the major compound of the
waste is Al,O; (corundum). The following minor com-
pounds were also detected: spinel of the type MgAI,O,,
CaF, (fluorine), NaCl (halite), and Al (OH); (bayerite).

3.2. Interaction between solid waste and saturated solution
of Ca(OH),

In Figs. 1 and 2 the evolution of OH~ and C&* in cal-
cium hydroxide solutions in contact with the waste as a
function of time is represented. Both figures show that the
concentrations [OH™] and [Ca?'] decrease as the contact
time of the waste in the saturated solution increases. This
fact indicates that Ca(OH), is chemically combining with
the product.

In Fig. 3, the X-ray diffractograms of the solid waste
samples at the different ages of the test are represented. The
diffractogram of the original product is represented as well.
Analysis of the diffractograms show that the characteristic
lines of the halite (NaCl) present in the waste disappeared at
early contact with the calcium hydroxide saturated solution;
also, the reflections from AlI(OH); (bayerite) were dightly
affected.

After 1 day of interaction, Frieddl’s salt (Ca,Al,Cl,Op -
10H,0) formed, as indicated by d spacings at 8.66 and 3.95
A (Cu radiation). The intensity of these lines increased with
interaction time, and after 28 days of reaction the peaks of
Friedel’ s salt were the highest in the diffractogram.

At 7 days reaction the presence of some diffraction lines
appeared at 12.50, 6.26, and 4.18 A; these correspond to
strétlingite (Ca,Al,SIO; - 8H,0). This compound is also
known as “hydrated gehlenite.” The amount of this phase
increased after 28 days of interaction.
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Fig. 4. PAVAL™ sample: large particlerichin Al.

After 3 days of interaction other lines of a very low in-
tensity were observed at 5.08, 2.27, and 1.66 A, which are
probably due to the presence of a phase Si-hydrogarnet with
agenera formula: CagAl,Si5,O45.(OH),, [6].

Results obtained through FTIR confirm the observations
described above. There were some changes in the bands, as-
signable to the vibration of bayerite OH groups in the zone
3000-3700 cm™1. This probably means that most of the alu-
minium, which had been combined during the treatment, came
from an amorphous auminium not detectable through XRD.

Microstructural analyses carried out on the origina solid
waste and on samples that had been in contact with
Ca(OH), solutions support the results already obtained
through XRD. The origina waste is a very heterogeneous
material made up of agglomerated particles rich in aumin-
ium (such is seen in Fig. 4). These particles made up the
majority in the sample. Close to them are other needle-

Fig. 5. PAVAL™ sample: needleswith Al, Ca, and Si.

Fig. 6. PAVAL™ sample: TEM image, noncrystalline aluminum.

shaped particles with high contents of Si, Ca, and Al (whose
chemical composition is close to that of gehlenite but they
have not been identified through XRD). In Fig. 5 a micro-
graph of such particles is shown. The presence of halite
(NaCl), fluorite, and spinel was a so confirmed.

Analysis through TEM and electron diffraction revealed
that the waste contains a noncrystalline aluminium-rich
phase. This phase is found mainly in thicker particles, as
seenin Fig. 6.

The morphology of the reaction products formed as a
consequence of the interaction of the waste with the
Ca(OH), solution is presented in Figs. 7 and 8. Big crystals
(over 20 wm) appearing in Fig. 7 have an elemental compo-
sition that correspondsto Friedel’ s Salt. Hexagonal plates of
about 5-10 pm are identified according to their composi-
tion as strétlingite (Fig. 8).

3.3. Influence of the substitution of the sand for solid waste
on the physical and mechanical properties of the mortars

From the results presented in Table 2 is inferred that al-
though the maximum diameters of the sand particles and

e

20kVU X3,500

Shm 000180

Fig. 7. Friedel salt particles. Sample of interaction between Ca(OH), and
PAVAL™ (28 days).
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Fig. 8. Strétlingite particles. Sample of interaction between Ca(OH), and
PAVAL™ (28 days).

waste are basically the same, there are big differencesin the
particle size distributions and the surface areas of the mate-
rials. The amount of small size particles in the waste is
much higher than in sand. Moreover, the surface area of the
waste is 59 times larger than that of the sand.

Table 3 shows the results regarding the water require-
ments (water/cement ratio) for anormal consistency in mor-
tars and values of initial and final setting times. The smaller
size and the larger surface area of the waste particle size
compared to those of the sand justifies the higher water re-
guirements in cement/waste mixtures.

The results obtained after testing prismatic samples in
compression and flexural tests are shown in Fig. 9. Mechan-
ical strengths of cement/sand mixtures are, at al ages,
higher than strengths developed by the cement/waste mix-
tures. This behaviour is more remarkable in flexural tests
where the difference in strength values increases as the
breaking age increases.

The total porosities of the mortars obtained through mer-
cury intrusion porosimetry are shown in Table 4. Pore size
distributions of these mortars are shown in Fig. 10. Thetotal
porosities of the cement/sand mixtures decrease dightly as
the testing time increases, and they are always less than
those in cement/waste mixtures. Total porosities of these
mixtures remain constant for all the testing times. This be-
haviour is identical to the one observed in mechanica
strengths.

The higher total porosities in mixtures containing
PAVAL™, and their lower mechanical strengths are due to
a higher water/cement ratio in the cement/waste mixtures

Table3
Water/cement ratio and setting times

Setting times
Mixture Water/cement Initial Final
Cement/sand 0.54 2h59min 3h 24 min
Cement/waste 0.73 4h54 min 5h55min

COMPRESSIVE STRENGTH mPa)
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Fig. 9. Mechanical strength determinations for the standard cement-sand
mortar and for the waste-substituted cement mortar.

vs. 0.73 to 0.54 for the cement/sand mixtures. However, the
pore size distribution indicates that although the total poros-
ities in the mortars with PAVAL™ are higher than in mor-
tars with sand, the pore sizeis slightly smaller (Fig. 10).

3.4. Calorimetric studies

In the curves of heat evolution rate in cement/waste and
cement/sand mixtures, the first peak of the curve cannot be
seen clearly (Fig. 11a). This first peak is related to the heat
released in the initial dissolution process of the anhydrous
cement. After the induction period, the second peak ap-
pears, and it lasts longer and is more intense in cement/
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Table4
Total porosity

Mixture and age of test % Total porosity

Cement/sand
3days 18.72
15 days 17.12
28 days 16.46
Cement/waste
3days 27.33
15 days 27.99
28 days 27.30

waste mixtures. Table 5 shows the values of intensity and
time at which the maximum of the second peak of the curve
of heat evolution rate appear. The maximum intensity in the
heat evolution rate in the cement/waste mixtures indicates
that join to chemical reactions that are taking place in the
cement-water mixture, other reactions are involved due to
the waste. This is confirmed by the higher heat release ob-
served (Fig. 11b). However, the presence of PAVAL™ re-
tards the cement hydration reactions.

4. Discussion

From the results of this study it is inferred that thereis a
chemical interaction between PAVAL™ and calcium hy-
droxide generated during the hydration of the clinker phases
in Portland cement. Studies carried out through TEM on the
solid waste revealed that it contains a significant amount of
potentially reactive very low crystalinity alumina. As a
consequence of the interaction of the waste with the
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Ca(OH), saturated solution, the NaCl and a portion of this
reactive aluminain the waste move toward the solution.

The conditions necessary to cause precipitation of
Friedel’s salt were reached quickly. It can be identified
through XRD from the first reaction day. The amount of
Friedel’s salt in samples increased as the reaction time in-
creased up to 28 days.

The waste contains 4.14% SiO,, the composition of
which is partly amorphous. No crystalline phase containing
this oxide has been identified through XRD. It is areactive
SiO, since strétlingite is produced as a result of the chemi-
cal interaction between waste and calcium hydroxide solu-
tion. This compound was identified through XRD only after
7 daystesting, and its content increased with reaction time.

Strétlingite formation was observed in studies of alumi-
nous cement hydration in presence of blast furnace slags or
other material carrying SIO, [7-12]. Different postul ates try
to explain the formation of this phase. In some cases forma-
tion of strétlingite is supposed to form through hexagonal
auminates (mainly C,AHg) and other cases through the cu-
bic (C;AHg). The different origins are supported because
the mechanical behaviour of the paste differs from one an-
other. Accordingly, strengths would be higher in the case
where strétlingite comes from hexagonal aluminate than
from cubic phase.

No intermediate compounds have been observed that
would justify strétlingite formation through the evolution of
hydrated calcium aluminates either hexagonal or cubic. Ac-
cording to Damidot and Glasser [12], strétlingite can be in
equilibrium with a series of Si-hydrogarnets, aluminium hy-
droxide, CSH gel, as well as with an agueous solution of
very similar composition. However, strétlingite is not stable
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Fig. 10. Pore size distribution of the (a) standard mortar and waste-substituted mortar (b).
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Fig. 11. Caorimetric data: (a) rate of heat evolution in function of time; (b)
total heat in function of time.

in the presence of Ca(OH),, which would react to give hy-
drogarnets (in the absence of chloride ions). Given that the
initial solution is saturated Ca(OH),, and even if aumina
and silica would dissolve under these conditions, the re-
quired thermodynamic conditions for the precipitation of
the strétlingite are not present. However, conditions for pre-
cipitation of the Friedel salt were reached in the first 24
hours of reaction. As a consequence of this precipitation,
the concentration of Ca2™ and OH™ ions from the initial so-
lution decreased, satisfying the required conditions for a
joint precipitation of the strétlingite and the Friedel’s salt.
These conditions were reached after 7 days of reaction.
Also, conditions for Si-hydrogarnet precipitation observed
through XRD were reached.

The Friedel’s sdt is a reaction product that generally
does not contribute to an increase in mechanical strength.
Some authors [8,9] indicate the formation of strétlingite is
associated with an increase of strength.

Physical characteristics of the PAVAL™ (high surface
area and very small particles) explain its behaviour in cement
mortar. Mixtures of cement/waste need a water content (for

Table5
Heat evolution rate of the second peak and time when peak appears

Time Maximum heat
Mixture V,(Kj/Kg - h) (hours) (Kj/Kg)
Cement/sand 1.58 6.20 91.74
Cement/waste 2.34 9.40 96.92

normal consistency) much higher than those required by ce-
ment/sand mixes. This accounts for the lower mechanical
strengths (flexural and compression) and for the total porosity
values. In addition, the high surface area of the waste makes it
ableto absorb arather large amount of liquid. The presence of
Cl and Naionsin the liquid modifies the activity of solution,
decreasing the hydration rate of the main clinker phases.

Nevertheless, in mortars with waste (although having
higher porosity) the pore size distribution is characterized
by having a higher proportion of small pores than the mixes
without waste. The maximum sizes of the waste and sand
particles are similar. The smaller pore diameters in the
waste samples are due to the chemical interaction that oc-
curs between the waste and cement and the surface charac-
teristics of the waste itself. This small size of the average
pore size in mixes with waste can affect the mortar perme-
ability and consequently its chemical durability. More stud-
ieswill be carried out to determine this influence.

5. Conclusions
The main conclusions drawn from this work are:

1. PAVAL™ contains reactive alumina that can com-
bine with calcium hydroxide and form stable and in-
soluble compounds. This aumina, together with hdlite,
chemically reacts in a Ca(OH),-saturated solution,
giving as main reaction product the Friedel’'s salt
(Ca,AlLCl,0Of - 10H,0). Other products, like strétling-
ite and Si-hydrogarnets, have al so been detected.

2. Cement/aluminium-rich waste mixes require a higher
water/cement ratio than cement/sand mixes. The re-
sult is that cement/waste mixes show a decrease of
mechanical strengths and an increase of the total po-
rosity. However, their average pore size decreases.

3. A calorimetric study revealed that the waste retards
hydration reactions in cement. There is an extension
of more than 2 hours for the initial and final setting
time. The high surface area of the waste makesit able
to absorb a rather large amount of liquid. The pres-
ence of Cl and Naions in the liquid modifies the ac-
tivity of the solution, decreasing the hydration rate of
the main clinker phases.

Calorimetric curves of cement/waste mixtures show
longer peak of heat evolution rate than those of cement/sand
mixtures. In addition to the heat released from cement hy-
dration reactions, there is another additional heat source
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from the interaction between waste and cement paste com-
pounds.
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