Pozzolanic improvements to fly ash when removing unburned carbon
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Abstract

Through a very simple washing process with water, the unburned carbon is separated and removed from the fly ash. In this work, mixtures of
mortar with 30% Portland cement replacement are made by different additions: integral fly ash (obtained from thermoelectric), washed fly ash
(removing unburned carbon by washing), unburned carbon and limestone filler (limestone rock dust). To determine better the pozzolanic
contribution of the additions, 5% gypsum (with respect to the weight of the binder) is added to the mixtures not hardened. With these mixtures,
specimens are made for tests to rupture at 7, 28 and 90 days of age, kept submerged in water and also special specimens kept in similar condition
measuring length variations. It is detected that the substitution of portland cement by unburned carbon, significantly reduces the mechanical
resistance at any age and does not contribute to protection against sulphate attacks. It is concluded that the unburned carbon does not possess
pozzolanic properties and its withdrawal generates benefits to the fly ash in the search to improve the pozzolanic performance in concrete
mixtures.
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Flying ash has recognized pozzolanic properties that can be used in the preparation of cementitious mixtures in
replacement of Portland cement (Metha and Monteiro, 2006 & Malhotra and Metha, 1996). The reduction of Portland
cement in the concrete helps to reduce the pollution associated with the production of cement (Raggiotti, Positieri,
Locati, Murra, & Marfil, 2015); the replacement of cement by fly ash reduces costs (Roldan. 2011) and helps solve
environmental problems in the accumulation of waste in the industrial processes of electricity production (Pavez,
2012).

However, the fly ash contains carbon particles, which for some reason have not been completely incinerated in the
home and which are also dragged by the flow of incandescent gases to the chimney of exit in the plant thermoelectric,
where they are trapped by electro-static precipitators together with the fly ash (Velasquez, de la Cruz, Sanchez &
Marin, 2007). The presence of this unburned material in the fly ash is variable and depends on the origin and quality
of the carbon; its presence causes unwanted spots and reduces the resistant capacity of the concrete (Pavez, 2012).

Some research indicates that the removal of unburned carbon is factible, but they do not account for the pozzolanic
benefits that this withdrawal represents; rather they do it to reuse and re-burn (Velasquez et al, 2007). Others realize
that the unburned carbon content is important, since it acts as a strong adsorbent reducing workability (Lorenzo,
1993), so its content must be strictly delimited.
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For which the study seeks to achieve the following objectives: Check that removal of unburned carbon improves the
pozzolanic condition of fly ash. The specific objectives is: Define the effect of the presence of unburned carbon in
flying ash on mechanical resistance; Check that the removal of unburned carbon from the fly ash improves the
durability conditions providing better protection against sulphate attack; and Quantify objectively the improvement of
pozzolanity conditions when removing unburned carbon from fly ash from the point of view of the mechanical
strength of compression and from the point of view of durability conditions.

An experimental plan is developed with mortar mixtures using binder 100% portland cement and, similarly, mortars
with binder type "portland cement-pozzolan", where 30% of portland cement is replaced by a pozzolanic addition.

For the achievement of the objectives, different specimens are prepared with the use of pozzolanic addition in the
binder, which are subjected to mechanical strength tests and measurements of length changes, curing them in an
environment of humidity saturation (under water) and in an environment aggressive (sulfate attack); results that are
compared with mortar specimens using binder 100% portland cement, which provide reference values.

As a pozzolanic addition, in principle integral fly ash is considered, as it is extracted from thermoelectric, without
removing unburned carbon; then the pozzolanic addition is changed to washed fly ash (unburned carbon has been
removed). To prove that the unburned carbon harms the cementing mixture that contains it, 30% of portland cement
is also replaced by unburned carbon, as if the unburned carbon was pozzolanic material and to prove that the charcoal
does not have pozzolanic properties, 30% is also made of portland cement replacement by calcareous filler (rock dust)
that does not possess pozzolanic properties.

Used Materials
Obtaining unburned carbon by washing fly ash

The integral fly ash, as obtained from the thermoelectric, is subjected to a simple washing process with water with the
purpose of separating unburned carbon particles. Density differences are exploited since the fly ash particles oscillate
between 2.4 and 2.9 g/cm3, while the unburned carbon between 1.3 and 1.5 g/cm3. The procedure has allowed to
separate approximately 25 grams of unburned carbon from 1000 g of integral fly ash; this amount will depend on the
origin characteristics of the fly ash.

Figure 1. Unburned carbon extracted and dried after the wash treatment
to fly ash. Own-elaboration.

During the wash the unburned carbon is concentrated as foam in flotation, which facilitates the separation through a
procedure that is described below.

a) In a container, integral fly ash is poured up to 2/3 of the capacity. Pressurized drinking water is added to almost fill
the container. It is stirred with a metal spatula, trying to dissolve any material agglomerations, letting decant for 15
minutes.

b) The unburned carbon remains floating on the surface and can be removed by suction with the use of a washing
flask, taking care not to extract the fines from the fly ash that has not yet decanted. The removed unburned
carbon should be deposited in a temperature resistant container. The unburned carbon adhering to the walls of
the washing container can be removed manually using a metal spatula. The unburned carbon adhering to the
spatula is washed off and added to the container that receives the unburned carbon.
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c) Once the previous separation process has been carried out, both the washed fly ash and the unburned carbon
should be dried as they remain with saturation humidity, so the drying of these materials must be carried out in an
oven at a temperature of 90 °C for a 24 hours time. The dry state is obtained during a time in which the weight is
controlled with differences of 0.1% between successive weighings.

Chemical properties of fly ash and unburned carbon

X-Ray Fluorescence Spectrometry (xRF) tests are carried out on integral fly ash FA(i) from the thermoelectric plant in
Tocopilla, Chile; the results are described in Table 1, together with the analysis carried out on the washing derivatives,
such as the washed fly ash FA(w) and the unburned carbon removed Cr.

Table 1. XRF analysis to cementing materials used. Source: Applied Geochemistry Laboratory. U. Catélica del Norte. Antofagasta, Chile.

Compound FA(i) FA(w) Cr CF OPC
Si02 (%) 54.8 55.8 49.1 5.35 14.02
Al203 (%) 21.2 21.4 241 3.88 3.23
Fe203 (%) 7.5 8.1 9.6 0.98 2.08
Ca0 (%) 3.9 3.7 53 48.3 73.2
MgO (%) 2.7 2.7 4 0.59 0.58
K20 (%) 2 2 2.2 0.7 0.6
Na20 (%) 14 1.2 1.9 0.18 0.48
SOz (%) 0.3 0.1 1.4 - 2.56
LOI (%) 3.3 24 1.5 39.51 0.4
Otros (%) 29 2.6 0.9 0.51 -

FA(i): Integral Fly Ash— FA(w): Washed Fly Ash — Cr: Unburned Carbon — CF: Calcareous Filler — OPC: Portland
Cement.

The integral fly ash FA(i), the washed fly ash FA(w) and the unburned carbon Cr, individually meet requirements for
chemical composition (ASTM C618-17), which in principle is indicative of having pozzolanic properties. The loss of
ignition LOI, allows indirectly estimate the amount of unburned carbon, although there are technically more precise
ways to quantify it (Mohebbi, Rajabipour & Scheetz, 2015), since the amount LOI is not only due to the burning of
organic carbon, but also to other possible reactions such as the calcination of some compounds, the physical and
chemical desorption of molecular water and the release of gases.

Characteristics of the Portland cement used

Table 2. Anhydrous phases of Portland Cement OPC. xRD analysis and Rietveld
quantification. Source: Applied Geochemistry Laboratory. U. Catdlica del Norte.
Antofagasta, Chile.

Compound %
CsS 56.1
C.S 4.2
CA 17.8

CaCOs 12.6
C4AF 9.3

Water
The water used in the preparation of mortar specimens is potable, from the network of the LIEMUN.
Arid used

Siliceous sand is used whose properties are indicated in Table 3.
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Calcareous Filler CF

Limestone rock powder is used; it is a material without pozzolan property (Lawrence, Cyr & Ringot, 2003 & Diaz, Mejia
de Gutierrez, Izquierdo & Gordillo, 2013) that is obtained by grinding using a pulverizing mill and sieving under 80 pm.
The xRF analysis performed is indicated in Table 1 above.

Table 3. Properties of sand used. Source: Own elaboration.

Density Real dry Kg/m?3 2,630
Density Real saturated Kg/m3 2,650
Density Apparent loose Kg/m3 1,650
Density Apparent compact Kg/m?3 1,850
Absortion (%) 1.1

Fineness Modulus 3.02

Gypsum

For the addition of calcium sulphate to the binder, white gypsum type plaster is used, with hemi-hydrated calcium
sulfate contents between 73-90%, calcium carbonate between 5-16% and less than 1% free crystallized silica. It has a
grinding fineness of more than 60% under 149 um and more than 96% under 44 pm.

Experimental laboratory development

For compression strength tests, a set of three prismatic specimen of 40x40x160 mm are prepared for each type of
mixture. Also for each type of mixture a set of 2 prismatic specimens of 50x50x250 mm is made, with cylindrical teflon
rods of 5 mm in diameter, which are placed at the ends of each specimen, to measure the variation of length with the
comparator of lengths. Dosage is established according to the following proportions (by weight): water/binder/sand =
1/2/6.

As a binder 100% portland cement OPC or the combination "70% OPC + 30% Pozzolans" is used, as appropriate. As a
pozzolan in replacement of Portland cement, the addition of FA(i), FA(w), Cr and CF in the indicated proportion is
indistinctly considered; to emulate severe attack by sulfates conditions, gypsum is added to the fresh mortar mixture
in amount of 5% of the weight of the binder. Table 4 describes the amounts of material used in the preparation of
mortar specimens for the different binder mixtures.

Table 4. Dosages used to make mortar specimens (quantity in grams). Source: Own elaboration.

Binder mixture OPC Sand Water FA(w) FA(i) Cr CF G
100% OPC 450 1,350 225 - - - - -
70% OPC + 30% FA(w) 315 1,350 225 135 - - - -
70% OPC + 30% FA(i) 315 1,350 225 - 135 - - -
70% OPC + 30% Cr 315 1,350 225 - - 135 - -
70% OPC + 30% CF 315 1,350 225 - - - 135 -
100% OPC + 5% G 450 1,350 225 - - - - 22.5
70%0PC + 30%FA(w) + 5%G 315 1,350 225 135 - - - 22.5
70%0PC + 30%FA(i) + 5%G 315 1,350 225 - 135 - - 22.5
70%0PC + 30%Cr + 5%G 315 1,350 225 - - 135 - 22.5
70%0PC + 30%CF + 5%G 315 1,350 225 - - - 135 22.5

OPC: Portland Cement; FA(i): Integral Fly Ash; FA(w): Washed Fly Ash; Cr: Unburned Carbon; CF: Calcareous Filler; G: Gypsum

The specimens are demold to 24 hours and kept submerged in water in a room with humidity and controlled
temperature.
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Mechanical resistance to compression

Results of resistance to compression at age 7, 28 and 90 days of curing, are indicated in Table 5.

Table 5. Mortars. Mechanical compression resistance. Source: Own elaboration.

Compression Resistance [MPa]

Binder Mixture 7 days 28 days 90 days
100% OPC 45.3 55.6 57.2
70% OPC + 30% FA(w) 36.6 47.3 58.3
70% OPC + 30% FA(i) 37.0 45.4 54.0
70% OPC + 30% Cr 22.8 29.7 37.0
70% OPC + 30% CF 28.8 39.2 44.7
100% OPC + 5% G 40.7 50.2 52.5
70%0PC+30%FA(w)+5%G 331 44.8 55.4
70%0PC+30%FA(i) + 5%G 30.2 42.1 50.8
70%0PC +30% Cr + 5%G 18.0 25.9 335
70%0PC + 30% CF + 5%G 24.7 34.6 40.2

Mortar expansion

It is known that sulfates damage the cement matrix, which degrades mechanical strength. The sulphate's
aggressiveness manifests itself in a high humidity environment to form expansive compounds (Zhao, He, Gao & Li,
2008). On the other hand, the protection benefits reported by pozzolans in environments with sulphate are known
(Paya, Borrachero, Monzo, Peris-Mora & Bonilla, 2002); then, to properly study the pozzolanic contributions of the
additions that make up the different conglomerating mixtures, similar mortar specimens are exposed to high humidity
conditions (submerged in water), without gypsum and with gypsum in the binder. When adding gypsum to the interior
of the mass, the specimens are subjected to severe attack of calcium sulfate, observing and comparing the expansive
reactivity with the curing time.

To observe the development of volumetric changes, the expansion of the mortar in a principal direction is measured,
measuring the variation of length "Al [%]" as an average of two expansion specimens using the length comparator.
This procedure starts immediately after demolding, keeping a record of measurements over time until the age of 90
days of curing, compatible with the mechanical resistance record.

Al [%] =100 e (Lt — L1)/L1 (1)
were:
L1: Average effective length of the specimen at the age of 1 day (after the demolding)
Li: Average effective length of the specimen at age "t" days
It is understood by "Effective length", the length of the central segment of the specimen comprised between extreme

rods. The following graphically shows results of measured expansions for the different mortar mixtures, without
gypsum and with gypsum in the binder.
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Figure 2. Longitudinal expansion of mortars, according to the age of curing; without addition of gypsum. Source: Own

elaboration.
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Figure 3. Longitudinal expansion of mortars, according to the age of curing; with addition of gypsum. Source: Own

elaboration.
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The previous figures show the variation in length experienced by the specimens with different binder mixtures and
show the expansive effect that causes a severe attack by sulphate inside the mass, in a high humidity environment.
Proof of this is that the mortar specimens made with 100% OPC change their expansive behavior with the
contributions of gypsum to the clinker showing a moderate and controlled expansion when no gypsum is added (see

Figure 2), to a condition of growing expansion over time, without apparent limit, product of the addition of 5%
gypsum to the binder (Figure 3).

The previous figures show remarkable differences in expansion when a material with pozzolanic properties
participates in the binder. The specimens that contain active pozzolana, such as washed fly ash FA(w) and integral fly
ash FA(i), in an environment with a lot of sulphate as the present experience, show a lower expansive behavior than
the specimen of well-known pozzolanic activity that contains calcareous filler CF (Figure 3).

Another significant condition is highlighted, as a result of the attack by sulphates, the specimens with active
pozzolanic material develop expansion from an early age but at a certain moment the expansive development stops,
continuing with a contractive process; at the same time, the specimens with calcareous filler CF, of no pozzolanic
condition, before the attack of sulphate, the expansion develops always increasing in time, without apparent limit.

The expansive development of the specimens with unburned carbon Cr, is similar to specimens with calcareous filler
CF; this allows to assert that the unburned carbon also has no pozzolanic condition.
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The present investigation demonstrates that the removal of unburned carbon improves the pozzolanic properties of
fly ash; in addition, it proposes a simple system of extraction by washing with the idea of facilitating the removal since
its presence reduces conditions of mechanical resistance and durability to cementitious mixtures.

Regarding compression strength

In all cases, the mechanical resistances of the specimens increase with the age of curing, in the same way as with
traditional portland cement mixtures.

The attack of sulphate carried out with the addition of gypsum to the fresh mortar, reduces the mechanical
resistance with respect to similar mortars without gypsum, stating that at all ages the sulphate degrades the
cementing mixture.

The unburned carbon as a replacement of Portland cement in the mixtures, significantly impairs the mechanical
resistance, demonstrating that the unburned carbon does not possess pozzolanic properties.

The unburned carbon present in the integral fly ash FA(i), even in small quantities, harms the development of
mechanical resistance, which is evident when comparing compression resistance results with the use of washed
fly ash FA(w).

The mortars that present a smaller reduction in the mechanical resistance at all ages before the attack of
sulphates, have turned out to be those that use washed fly ash FA(w), demonstrating that the removal of
unburned carbon made improves pozzolanic conditions to the fly ash.

The calcareous filler CF, even though material without pozzolanic properties, shows better mechanical resistance
than unburned carbon Cr; most likely, CF as an addition material manifests in a better way the nucleation effect
or particle effect in this type of mixtures (Soriano, 2007).

Regarding the expansion

The concept of durability can be quantified by the behavior and record of expansions since, by adding gypsum to
the mortar mix, an environmental condition of highly contaminating and degrading performance is represented.
The effect of a pozzolanic addition can be observed through the expansive behavior shown by the samples in a
humid environment with sulfate as the one produced here.

According to the previous comments, of all the additions tested in Portland cement replacement, the FA(w) in
sulphate environment, is the addition that generates smaller expansions, demonstrating having better pozzolanic
active conditions.

The addition of unburned carbon Cr in an environment with sulphate develops a growing expansion over time,
with a tendency similar to calcareous filler CF, proving not to be an active pozzolan.

The specimens with addition of integral fly ash FA(i), also show to have pozzolanic properties since they control
the expansion in a similar way to the washed fly ash FA(w); however, having unburned carbon, they show an
expansive development greater than FA(w), which shows that the presence of unburned carbon impairs the
durability performance of the fly ash that contains it, validating the recommendation to extract the unburned
carbon to improve the pozzolanic condition of fly ash.

General conclusions

In general, the pozzolanic addition slows down the development of compression resistance up to 28 days of age,
which is the one used to refer values of mechanical resistance; it is evident that the development of pozzolanic
hydration compounds that contribute, require more time and depending on the percentage of portland cement
replacement, can exceed 100% cement, as it has been shown here.

Given that the best mechanical strength results at 90 days of age are obtained for mixtures with FA(w),
exceeding mixtures with FA(i) and given that the smaller expansions in time are also obtained for mixtures with
FA(w), it is demonstrated that the removal of unburned carbon improves the pozzolanic condition of the fly ash.
It is demonstrated that the presence of unburned carbon Cr impairs pozzolanic action reducing mechanical
resistance and affecting durability in aggressive environmental conditions, it is considered appropriate to
recommend the removal of this inert material in the fly ash by washing treatment.

The unburned carbon Cr despite having high contents of SiO2, Al203 and Fe203, these lack pozzolanic reactivity
so the mineralogical composition alone (Table 1) is not an indicator of the pozzolanic condition of a material; it is
essential to demonstrate reactivity, a condition that can indirectly be detected through tests of mechanical
resistance and expansion in an aggressive environment such as those carried out here.
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