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Abstract: Omni Processors (OP) are machines which use sludge as a fuel to generate electricity and clean water, but create ash at the same time. In the present study, fly ash and bottom ash are investigated as materials for potential reuse in the construction field. First, the granular size, density and Blaine finesse are determined. Then, the chemical composition and microstructure are obtained by means of X-ray fluorescence and Scanning Electron Microscopy-Energy Dispersive Spectroscopy (SEM-EDS), respectively. Finally, ashes reactivity is determined by two chemical methods (modified Chapelle test, bound water content R3) and a mechanical method (pozzolanic activity index). The characterization results indicate two material types: fly ash similar to cement and bottom ash similar to fine sand. That’s why the mortars mechanical strength with fly ash 0%-30% is better than that with bottom ash at the same rate. Fly ash slightly decreases the mechanical strength of mortars while bottom ash induces a much more significant decrease.
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Nomenclature



	CVOP
	Cyclone ash of Omni-processor



	CFOP
	Bottom ash of Omni-processor



	OP
	Omni-processor



	
ρap

	Apparent density, kg/m3



	
ρabs

	Absolute density, kg/m3



	Ssp
	specific area, cm²/g



	M
	weight, kg



	k
	Blaine constant



	ŋ
	dynamic air viscosity



	e
	porosity



	t
	time s



	v
	volume en l




1  Introduction

Today a new method of waste management is being tested in Senegal by Bills and Melinda Gates Foundation. This method valorizes dry sludge thanks to Omni-Processor. OP is a machine which uses sludge as a fuel to generate electricity and clean water, but it creates ash at the same time. This ash must be managed to completely eradicate the waste in the environment. Previous studies have shown that sludge ash is mainly composed of silica, iron, calcium, alumina, magnesium oxide and phosphorus pentoxide [1–3]. This chemical composition confers it the potentiality to be valorized in the agriculture [4], in the chemistry [5], and in the construction [6]. While the presence of heavy metals traces slows down its valorization. Nevertheless, the use of ash in construction is encouraged because the cementitious matrix stabilizes heavy metals [7] and it reduces the consumption of cement, the solicitation of natural career as well as environmental pollution [8]. Minerals addition in the cementitious material is often known with coal ash or metakaolin [9,10]. In recent years, with the strong urbanization which increases the amount of sludge worldwide on the one hand and the gradual disappearance of coal power plants on the other hand, leads to many research works are invested in sludge ash valorization in cementitious materials [11–14]. Sewage sludge ash has been used as an alternative material to small diameter aggregates like sand and wire mesh in concrete [15–18]. In cement production sludge ash has been used as a raw material for clinker production or as a direct cement component [19–21]. In opposition to coal ash sludge ash has a wide variety depending on its origin, treatment and incineration system [22]. That is why sludge ashes characteristics are specific to each particular ash. A large review of sludge ash characterization has been done by Lynn et al. [23]. It was found that sludge ash specific gravity is generally in the range of 1800 kg/m3 to 2300 kg/m3 [24], and its average bulk density is 805 kg/m3 [25,26]. Grain size is identical to silt grain spindle and fine sand [27,28]. Blaine fineness is in the range of 500 m²/kg to 3900 m²/kg [29–31]. This large specific area is due to the irregular shape of the particles and the porosity of the microstructure [32–34]. Sludge ash loss on ignition is between 3.5% and 13% [35,36], and its mineralogical composition consisting mainly of quartz and hematite [20,37] as well as other low percentage oxides such as iron oxides, iron phosphate, calcium phosphate, aluminum phosphate. The P2O5 content influences C3S and C2S formation which are the main clinker components by reducing the rate of C3S/C2S and delays the cement setting [38–41]. Ash compatibility with cement matrix is due to its pozzolanic activity according to Donatello et al. [42]. Thus, it has been demonstrated that 10% substitution of cement by sludge ash does not change the characteristic strength of the cement [43]. The mechanical strengths obtained with 30% substitution of cement by sludge ash exceed control strength in the short time [44]. Other studies suggest that sludge ash reactivity depends to the particles thinness. This is the case of Monzó et al. [45] who reports a strength increase of mortars which are incorporated of small diameters ash (20 µm, 40 µm and 80 µm). Pan et al. [46] showed that the grinding time of sludge ash increases the mechanical strength of mortars with ash. On the other hand, Cyr et al. [47] observed a mechanical performance decrease of mortars containing ash, due to the presence of an oxide in crystalline form that hinders the pozzolanic activity of sludge ash. On the other hand, Cyr et al. [47] observed a decrease in the mechanical performance of mortars containing ash, due to the presence of an oxide in crystalline form which slows down the pozzolanic activity of the sludge ash. This study highlighted the characteristics of OP ash and their possibility of reuse in cementitious materials.

2  Materials and Methods

2.1 Materials

The materials used in this study are the ashes from the Omni-processor, the ashes are showed out in two types: an ash which coming from cyclone (Fig. 1a) and another ash from bottom (Fig. 1b).
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Figure 1: a: Fly ash of Omni-processor. b: Bottom ash of Omni-processor

The sand used is a standardized silica sand (EN 196-1). A Portland cement CEM 1 52.5 R, is used.

2.2 Methods

2.2.1 Physicochemical Characterization

Density and porosity were measured in conformity with the French standards NF ISO 11272 and NF ISO 11508. First the bulk density was determined by measuring a mass of sample contained in 500 ml test tubes, flowing Eq. (1). The experiment was repeated 3 times.


ρap=mv
(1)

Then the absolute density is defined as the ratio of the mass of the sample to the absolute volume of sample. For this measurement, a dry sample was weighed (m2) and introduced into a pycnometer half full of water and the pycnometer was filled with demineralized water and weighed (m1). Finally, the pycnometer was emptied, filled only with demineralized water and weighed (m2). The real density (ρ) is given as the ratio of the mass of the dry sample (m) to the volume of liquid displaced by that mass, according to Eq. (2).


ρabs=mm2+m−m1
(2)

Thus, the porosity of the material will be deduced from the apparent and absolute densities by Eq. (3).


porosite´(p)=1−ρapρabs
(3)

The specific area of Blaine was determined using the Blaine permeabilimeter NF196-6. It means to determine the time of air passage through a compacted layer of the material and with the Eq. (4) we can calculate the specific area.


Ssp=k⋅e3⋅tρabs(1−e)η
(4)

Ash grain size was measured with a Cilas particle size analyser 1064 laser granulometer. It allows to measure fine particles generally lower than 500 µm. A suspension of the sample in a solution is necessary to realise the test. A portable XRF device Niton XLT900s was used to analyze the chemical composition of the sludge ashes in terms of major and minor elements.

2.2.2 Reactivity and Microstructure

Chapel Test

It makes it possible to determine the pozzolanic activity of a material. 1 g of ash was mixed with 2 g of CaO in the presence of H2O for 16 H at a temperature of 90°C.

Bound Water R3

R3 pastes were cured at 40°C in sealed plastic containers for 7 days. They were then placed again in the oven at 105°C for 24 h and cooled in a desiccator after 2 h. The cooled hydrated sample is finally heated to 350°C for 2 h.

Pozzolanic Activity Index

Pozzolanic activity index was determined according to ASTM C618. It is the substitution of 25% of cement by ash. The Table 1 gives the formulation used to determine the pozzolanic activity.
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Microstructure

Ashes were viewed under a scanning electron microscope to determine particle morphology and microstructure.

2.2.3 Mechanical Characterization

Composition of the standard mortar according to the standard (EN 196-1) was adopted. The water/binder ratio (w/b) is equal to 0.5 and the sand/cement ratio is equal to 3. In all, seven different mortars were produced, a control mortar containing no ash and mortars containing 10%, 20% and 30% ash as a substitute for Portland cement. Prismatic specimens 40 mm × 40 mm × 160 mm were made and then stored in a humid room at 20°C and 97% relative humidity. Flexural and compressive strength of each formulation was measured at 7, 28, 90 and 365 days of curing, using a Controlab press with a loading rate of 0.05 KN/s for flexure and 2.4 KN/s for compression.

3  Results and Discussion

3.1 Physical Characteristics

The granular distributions of the two typical of ash are shown in Fig. 2. OP fly ash ranges from 0 to 30 µm with an average diameter of 7 µm and OP bottom ash ranges from 0 to 400 µm with an average diameter of 36 µm.The particle size analysis reveals two materials types, CVOP can be assimilated to cement which has an average diameter of 10 µm while CFOP is similar to silt and fine sand as indicated by the literature. The shape of the particle size curves shows that the bottom ash is more spread out (tighter) than the fly ash (uniform) which can affect the bulk density. Thus, in Table 2, the bulk density of bottom ash is higher than that of fly ash. On the other hand, the absolute density of both ashes is almost identical because it is the same material. The difference in bulk densities makes the fly ash more porous than the bottom ash. The Blaine fineness is three times higher for the fly ash. Indeed, the fineness of a material participates in the reactivity.
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Figure 2: Distribution of ashes particles size
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3.2 SEM and Chemical Composition of Ash

Scanning electron microscope images of ashes show that the fly ash is composed of both spherical and irregular particles (Fig. 3) while the bottom ash is composed primarily of irregular particles (Fig. 4). In Table 3, we can see that the sum of the pozzolanic agents SiO2, Al2O3 and Fe2O3 is 43.39 for the cyclone ash and 54.69 for the bottom ash. These values are less than 70% of the material. This means that the material is not pozzolanic according to ASTM C618. The content of P2O5 and Zn content can also delay the setting of sewage sludge ash incorporated materials. The presence of sulphate can be a concern if dissolution is slow as it can cause delayed ettringite formation.

[image: images]

Figure 3: Picture of fly ash obtained by SEM
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Figure 4: Picture bottom ash obtained by SEM
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3.3 Reactivity

To appreciate the pozzolanic activity of the ashes two chemical and a mechanical method were adopted. The lime amount fixed by the material gives information on reactivity. For this purpose, Chapelle test modified NF (P18-513) was used to determine the lime consumption of OP ashes. The results obtained by this test are in identical with those obtained previously, as a weak pozzolanic reaction is observed, with 280 mg Ca(OH)2 fixed by 1 g of fly ash and 165 mg Ca(OH)2 fixed by 1 g of bottom ash. The small quantities fixed show that the material is not pozzolanic according to Chapelle. Given that modified Chapelle test is not consistent with the mechanical results of mortars and concrete, the R3 bound water content was realized. The results of bound water shown by this R3 test are also similar to usual ash bound water. The amount of bound water in the bottom ash is slightly higher than the fly ash, with 6% compared to 4%. These results show that bottom ash contains more alumina and silica than fly ash. It is similar of chemical results. This is in perfect harmony with the previous results. To support the chemical results which shown a low pozzolanic reaction potential, we assessed pozzolanicity by the mechanical method. In Table 4 we can see pozzolanic activity of the ashes at 28 days and 90 days. The activity index of fly ash from OP increases over time, whereas activity index of the bottom ash no longer changes after 28 days. The results show that the omni-processor ashes are not a pozzolanic material according to the EN 450-1.

[image: images]

3.4 Mechanical Properties of Mortars with OP Ashes

3.4.1 Compressive Strength

As the mechanical characterization of the binder is obtained with standardized mortar, we made 40 mm × 40 mm × 160 mm mortar specimens with different substitution rates. The results of control mortar and mortar with ash replace pertially cement are given in Figs. 5 and 6. We can see that compressive strength increase with age at the control mortar as well as mortars with ash partially replace cement. The compressive strength decreases when substitution rate increase. This regression is more remarkable in mortars which cement is substituted by bottom ash. This results can be explained by physical characteristics of bottom ash and pozzolanic activity of fly ash. By extending the curing time sufficiently long, the difference between the strength of mortars with fly ash and the control sample is insignificant. The phenomenon can be related to the slight pozzolanic activity of Omni-processor fly ash.
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Figure 5: Compressive strength of mortars with fly ash
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Figure 6: Compressive strength of mortar with bottom ash

3.4.2 Relative Resistances of Mortars

In order to better evaluate the effect of the substitution rate on the strength of the standardized mortar, the compressive strength ratio of the mortar with ash on the strength of the control mortar at a given age is calculated. The evolution of this ratio is plotted in Figs. 7 and 8. These results show that the substitution of 10% cement by fly ash slightly reduces the compressive strength. This decrease lowered over time. At 365 days, the 10% fly ash mortar has a resistance identical to that of the control mortar. At 20% this decrease is more important at a young age but becomes null at 365 days. At 30%, the decrease in resistance is more significant but remains moderate compared to the substitution rate. Indeed, at 30% substitution with fly ash, a 20% loss of resistance compared to the control at 90 days is calculated against a 16% loss at 365 days. The evolution of the relative strength of mortars with bottom ash indicates a significant drop in strength generated by this addition (Fig. 8). In fact, as soon as 10% of cement is replaced by bottom ash, a drop in strength of more than 20% is observed at a young age and in the long term. Substitutions of 20 and 30% result in mechanical performance losses of 40% and 50% compared to the control.
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Figure 7: Evolution over time of the ratio compressive strength of mortar with cyclone ash/compressive strength of control mortar
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Figure 8: Evolution over time of the ratio compressive strength of mortar with bottom ash/compressive strength of control mortar

4  Conclusion

The results of characterizations show a difference between fly ash and bottom ash. They have the same chemical element, fly ash is finer than bottom ash and has a slight pozzolanic activity. Pozzolanic activity of fly ash is better than that for bottom ash. Mechanical results show that the use of bottom ashes of Omni-processor in a standard mortar as partial substitution of Portland cement decreases compressive strength. If the curing time is sufficiently long, the difference between the strength of mortars with fly ash and the control sample is insignificant. In perspective, it would be interesting to complete the characterization with DRX and ATG tests of ashes as well as some chemical elements which are harmful in cementitious materials.
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Table 1: Formulation for determining the pozzolanic index
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Table 3: Chemical composition of ash

Elements Cyclone Ash of OP Bottom Ash of OP
Element majors (%)

Si0, 24.1 33.92
ALO ; 6.69 12.19
Fe,Os 12.6 8.58
CaO 22.2 17.4
MgO 3.90 1.80
KO 3.22 2.51
TiO, 0.66 0.51
MnO 0.10 0.07
SO; 0.92 0.56
P,0O5 5.92 3.86
Element minors (mg/kg)

Pb 357 66
Cu 1264 553
Cr 212 67
Zn 3632 1156

As 16 6
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Table 4: pozzolanic activity index of both ashes (%)

Activity index CVOP CFOP

28 days 79 65
90 days 85 65
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Table 2: Physical characterization of ash

Properties CVOP CFOP
pap (kg/m’) 710 900
pabs (kg/m’) 2400 2460
Sep (M?/kg) 12200 3300
Porosity 0.7 0.63
dsoum 7 36
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