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Abstract 

Alkali-activated materials are a promising type of binder candidate as a substitute to Portland cement. Fly ashes can 
be used as binder precursors giving higher environmental benefits. In the present research, fly ashes (Type F) contain-
ing different amounts of unburned carbonaceous matter have been used to formulate mortars. Serious problems 
concerning the workability in the fresh state have been found when high carbon content are reached. An attempt to 
avoid the preliminary treatments used to eliminate the unburned matter is carried out by exploiting different mix-
design receipts obtained by changing the water/binder ratio, the ratio of the alkaline activators and using different 
types of superplasticizer additives. Data so far collected underline that a high amount of unburned carbonaceous 
matter can not only compromise the mechanical properties of the materials, but also the rheological ones and under-
line the necessity to develop ad hoc additives for this type of binders.
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1 Introduction
Environmental issues are steadily and earnestly driv-
ing the building industry towards the production of low 
impact materials. This goal can be achieved in different 
ways, such as casting new composites using recycled 
aggregates (Manzi et  al. 2013, 2017; Tam et  al. 2018; 
Chen et  al. 2019) deriving from demolished concrete 
or exploiting wastes of different origin as fine aggre-
gates (Bursi et al. 2017; Saccani et al., 2017; Gayana and 
Chandar 2018; Yang and Lee 2019). A further approach 
is based on the formulation of binders that can be either 
traditional Portland mixed with wastes having pozzolanic 
activity (Karim et al. 2011; Hanif et al. 2017; Hemalatha 
and Ramaswamy 2017; Juenger et  al. 2019) or alkali-
activated wastes containing silica and alumina (Mustafa 

Al Bakri et  al. 2011; Bignozzi et  al. 2014; Carabba et  al. 
2016,2017a; Monticelli et al. 2016; Cui et al. 2019; Hwang 
and Shahsavari 2019; Matsuda et  al. 2019; Zhang et  al. 
2019; Saccani et al. 2020). In both cases, fly ashes are usu-
ally found to provide positive effects. However, the chem-
ical composition of fly ashes can largely change because 
of the different chemical composition of the starting fuels 
as well as the different combustion conditions. It has 
already been underlined that high amounts of unburned 
matter can compromise the use of fly ashes as pozzolanas 
(Fernandez-Jimenez and Palomo 2005; Ha et  al. 2005). 
Problems may be faced also in the formulation of alkali-
activated materials. The scanty mechanical strength of 
these low-value fly ashes can be increased by formulating 
blended binders with Portland or granulated blast fur-
nace slag (Mejía et al. 2015; Shearer et al. 2016; Valencia-
Saavedra et al. 2018). Large particles of unburned matter 
can be eliminated by sieving (van Riessen and Chen-Tan 
2013), but smaller particles remain in the binder. The fine 
fraction of unburned carbon was effectively separated 
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in the fraction below 46 μm using an air classifier (Kang 
et  al. 2013). Another possible way of obtaining high 
mechanical properties from high carbon fly ashes was 
found by eliminating the unburned carbon by calcina-
tion (Won and Kang 2015) or applying two-steps mixed 
curing treatment based on hoven and microwave heating 
(Hong and Kim 2019). In the present study, the overall 
performance of two different batches of fly ashes deriving 
from the same plant has been investigated. Strong work-
ability problems have been faced in formulating mortars 
containing the high amount of carbon during the mix-
ing stage. The workability was so low that hindered the 
casting process. A possible solution to the problem was 
attempted through the development of different mix-
designs to provide acceptable workability. Consequently, 
either a change in the ratio of the alkaline activators was 
made, or water-reducing additives, formulated for tradi-
tional Portland composites, were used. These additives 
are usually reported to restore sufficient workability 
when high volume fly ash cement binders are formulated 
with fly ashes with a high loss on ignition (LOI) values. 
Avoiding all the preliminary processes devised to elimi-
nate the unburned carbon could reduce the environmen-
tal impact deriving from the energy consumption related 
to those processes. Properties in the fresh state as well as 
in the cured one have been studied also as a function of 
the curing temperature.

2  Experimental Investigation
2.1  Materials
2.1.1  Fly Ashes
Two batches of fly ashes (Type F), deriving from the same 
plant (Torrevaldaliga, Rome, Italy), have been investi-
gated. One batch, hereafter labelled as FA(LCC) has a 
low carbon content while the second one FA(HCC) has a 
higher carbon content. The specific gravity is 2310 kg/m3 
and 2195 kg/m3 for FA(LCC) and FA(HCC) respectively. 
The chemical composition of the two batches is reported 
in Table  1. The size distribution has been obtained 
through a laser granulometry instrument (Mastersizer 
2000, Malvern), and is reported in Fig. 1. In this range of 
dimension, the FA(LCC) shows a higher dimension than 
the FA(HCC). The highest difference in the composi-
tion is related to the amount of carbon, which is almost 
double in the FA(HCC). A slight amount of sulfur is con-
tained in the same batch probably deriving from the fuel. 
Eventually, the X-ray analysis of batches has been car-
ried out by means of a Philips PW1830 diffractometer. 
The diffractograms are reported in Fig. 2. No remarkable 
differences can be detected between the investigated fly 
ashes, both characterized by a high amorphous content. 
Both the XRD patterns show crystalline phases of quartz, 
mullite and hematite plus a broad amorphous hump.

2.1.2  Alkaline Activators
The sodium silicate solution used was a viscous liquid 
produced for the cement industry with a water content 
of 56 wt%, the  SiO2/Na2O oxide composition ratio of 2.07 
and a density of 1.53  g/cm3. An 8  M water solution of 
sodium hydroxide was used.

2.1.3  Superplasticizer Additives
Two different types of commercially available superplas-
ticizer additives, commonly used in the ordinary Port-
land cement (OPC) concrete industry, were used: (i) an 
acrylic acid copolymer (hereafter named S) with a density 
of 1.08 g/cm3 and a yellow liquid appearance color; (ii) a 
polycarboxylic ether with a density of 1.04  g/cm3 and a 
brown liquid appearance color (named G). The additives 
amounts have been added according to the guidelines of 
the producers.

2.1.4  Aggregate
Normalized silica sand according to EN 196-1 Standards 
(EN 196-1) with a maximum aggregate size dmax = 2 mm 
and density ρ = 2.64  g/cm3 was used as fine aggre-
gate. The fine aggregate has a water absorption of 0.2%, 
according to EN 196-1 Standards (EN 196-1).

2.2  Mix Design and Casting Procedures
In Table  2 the composition and the relative tags of the 
investigated mortars (named M followed by the kind of 
fly ashes, i.e., FA(LCC) and FA(HCC)) are reported. Mix 
design, that is the ratio between fly ashes, sand, activa-
tors and water of M-FA(LCC) was performed according 
to a previous research (Carabba et  al. 2017b) to obtain 
 Na2O/SiO2,  SiO2/Al2O3 and  Na2O/Al2O3 ratios of 0.12, 

Table 1 Chemical composition (elements) of the investigated  
fly ashes.

Element (wt%) FA(LCC) FA(HCC)

Carbon 9.40 19.56

Oxygen 50.47 48.53

Sodium 0.81 0.00

Magnesium 1.08 0.59

Aluminium 9.65 6.70

Silicon 21.8 20.57

Potassium 0.99 0.93

Calcium 2.47 0.43

Titanium 0.65 0.46

Iron 2.68 2.07

Sulfur 0.00 0.17

LOI 10.2 20.5

Blaine  (m2/kg) 282 395
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Fig. 1 Size distribution of the investigated fly ashes.

Fig. 2 Diffractograms of the investigated fly ashes: a FA(LCC) and b FA(HCC) (Q = SiO2, quartz; M = Al6Si2O13, mullite 15–776; H = Fe2O3, hematite 
33–664).
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3.45 and 0.42 respectively. This composition allowed for 
obtaining good mechanical properties. The others mor-
tars have been formulated to obtain the same workability 
as the one of M-FA(LCC), but with the batch of fly ashes 
containing the higher amount of carbon (i.e., FA(HCC)). 
In all the mixes the total amount of fly ash, alkaline acti-
vators and sand was maintained constant. M-FA(HCC)-1 
was prepared with the same amount of NaOH solution 
and sodium silicate solution as in M-FA(LCC), while 
M-FA(HCC)-2 was prepared by changing the ratio of the 
two alkaline activators to have the same overall amount 
of NaOH and sodium silicate solution. This composi-
tion had different  Na2O/SiO2,  SiO2/Al2O3 and  Na2O/
Al2O3. Finally, M-FA(HCC)-S and M-FA(HCC)-G were 
prepared with the same amount of NaOH solution and 
sodium silicate solution as in M-FA(HCC)-1, with the 
further addition of the superplasticizers S and G, respec-
tively. In all the M-FA(HCC) mixes, the amount of water 
was adjusted to maintain the same workability as the one 
of M-FA(LCC). Workability is one of the most impor-
tant parameter in practical application, this is why this 
criterion was selected to compare the different mortars. 
Mortar samples were prepared using a Hobart mixer 
with a procedure similar to the one used for conventional 
cement mortar prepartion. Mixing was performed by 
first adding sodium hydroxide to the fly ashes and sub-
sequently pouring the silicate in the vessel. When neces-
sary, the water reducing additives were added allowing 
one minute of further mixing. After 3 min of stirring, the 
natural sand was added to the paste. The whole proce-
dure lasts for 10 (or 11) mins. The amount of added water 
provided the same workability to all the investigated 
mortars.

After the mixing stage mortars were poured in 
40 × 40 × 160 mm metal molds and vibrated for 1 min 
on a shaker-table and finally kept for 24 h in sealed pol-
yethylene bags at 20 °C. After demolding, samples have 
been cured in two conditions that are (1) 20  °C and 
60 ± 10 R.H. and (2) 38 °C and 90 ± 10 R.H. for 28 days.

2.3  Characterization Tests
2.3.1  Workability
After the mixing process, mortars were cast in a trun-
cated conical mould (Fig.  3) with a circular base 
(100 mm of diameter at the bottom, 70 mm of diameter 
at the top and 60 mm height), according to EN 1015-3 
Standard (EN 1015-3).

After removing the mold the collapsed mortar has 
been shaken by means of a jolting device. The final 
dimension (i.e. the diameter) of the spread mass was 
measured in two perpendicular directions and the 
workability (W) was determined according to Eq. (1)

where dm is the average diameter of the two readings 
and d° is the lower diameter of the truncated conical 
ring, i.e. 100  mm. The mix design reported in Table  2 
allowed obtaining similar workability as subsequently 
reported.

2.3.2  Density and Pore Size Distribution
Mortars bulk density has been determined according to 
the EN 772-13 Standard (EN 772-13) at 28 days of cur-
ing. The pore size distribution in the range from 10 to 
0.004 μm of samples extracted from the prisms at 28 days 
was investigated by means of mercury intrusion poro-
simetry (MIP, Carlo Erba 2000 instrument equipped with 
a macropore unit Model 120, Fison Instruments). Sam-
ples, which had a volume approximately equal to 1 cm3, 
were cut by a diamond saw, dried under vacuum, and 
kept under a  P2O5 dried atmosphere in a vacuum dry box 
until MIP was performed.

2.3.3  Mechanical Tests
Mechanical tests (compression) on all samples were 
performed according to EN 196-1 Standard (EN 196-
1) at room temperature and R.H. 60 ± 10% by means of 
100  kN Volpert Amsler instrument with a 50  mm/min 

(1)W = 100× (dm− d
◦)/d◦

Table 2 Composition and tags of the investigated mortars.

a Water/fly ash ratio = w/b. Water content is the water contained in the alkaline solutions in percentage over all the consituents + water.
b Liquid/fly ash ratio = L/b. Liquid content is calculated considering the total content of NaOH + sodium silicate solution + water + additive.

Sample Fly ash (wt.%) NaOH 
solution 
(wt.%)

Sodium silicate 
solution (wt.%)

Water (wt.%) Sand (wt.%) Additive 
(wt.%)

Water/fly ash 
ratio (w/b)a

Liquid/fly ash 
ratio (L/b)b

M-FA(LCC) 23.7 1.8 8.9 1.7 64.0 – 0.32 0.52

M-FA(HCC)-1 23.1 1.8 8.7 4.3 62.2 – 0.43 0.64

M-FA(HCC)-2 23.4 5.3 5.3 2.8 63.2 – 0.39 0.57

M-FA(HCC)-S 23.1 1.8 8.7 3.7 62.4 0.2 0.41 0.62

M-FA(HCC)-G 23.4 1.8 8.8 2.8 63.1 0.2 0.37 0.58
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displacement rate. The test was repeated on six samples 
at 28 days of curing at both 20 and 38 °C.

2.3.4  Microstructure
Microstructural analysis was performed by means of 
scanning electron microscopy (SEM XL20 type, FEI 
Instruments) on unperturbed fractured samples obtained 
after the flexural test and metallized under vacuum with 
aluminum. Operating conditions were set at 20  kV and 
the vacuum condition was below  10–4 Torr.

3  Results and Discussion
Table 3 reports the workability and the bulk density of the 
tested mixtures. The high amount of unburnt particles in 
the fly ashes caused a decrease in workability. The differ-
ent mix designs proposed have almost the same work-
ability of M-FA(LCC), but have lower values of density. 

To reach the fixed value of workability a higher water/
binder (w/b) is requested, particularly for M-FA(HCC)-1. 
It is important to notice that the use of both superplasti-
cizer additives is not sufficient to reach the M-FA(LLC) 
workability and a further increase in the water amount 
and consequently of the w/b ratio is necessary. The ori-
gin of this effect is presently not fully understood, also 
on account of the unknown structure of the proprietary 
additives. The most probable explanation could be the 
preferential absorption of the additives on the carbon 
particles, de-activating the effect on the binders powders. 
However, considering the original use of the additives in 
Portland systems, a possible effect deriving from the sub-
stitution of calcium ion with sodium ions or the different 
concentration of other anions should be further investi-
gated. Similar results are found in literature concerning 
water-reducing additives (Oderji et al. 2019).

MIP results are reported in Fig.  4. The most evident 
feature is that the M-FA(HCC)-1 sample clearly shows 
a higher total intruded mercury volume, specifically in 
the range from 0.1 to 4 μm typical of capillary porosity. 
This can be explained by the high w/b ratio of the mortar, 
i.e. by the excess of water needed to improve the work-
ability. All the other samples show, among them, close 
results. In accordance with a low w/b ratio and possibly 
to the more favorable conditions of alkalis concentration, 
the M-FA(HCC)-2 mortar shows the lowest capillary 
porosity of all samples. The best conditions as concerns 

Fig. 3 Device used for workability investigation: a truncated conical mould and b jolting device.

Table 3 Workability and  bulk density of  the  different 
mortars at 28 days of curing.

Sample Workability (%) Bulk density (g/cm3)

M-FA(LCC) 60 ± 2 2.15 ± 0.04

M-FA(HCC)-1 59 ± 5 2.01 ± 0.03

M-FA(HCC)-2 58 ± 6 2.11 ± 0.02

M-FA(HCC)-S 61 ± 7 2.07 ± 0.04

M-FA(HCC)-G 58 ± 6 2.08 ± 0.02
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density (Table 3) and porosity (Fig. 4) are thus achieved 
by changing the ratio of the alkaline activators. The effect 
of the superplasticizer additives only partially manages to 
decrease the porosity in the previous range.

Figure  5 summarizes the values of the mechanical 
properties of samples cured at 20 and 38 °C for 28 days.

The decrease in the mechanical strength caused by 
the presence of a high amount of unburned matter on 
samples cured at low temperature is remarkable. One of 

the main causes of this is the different w/b ratio in the 
mortars necessary to obtain suitable workability that 
leads to higher overall porosity, as confirmed by MIP 
measurements (Fig.  4). While the different ratios of 
alkaline activators partially restore the strength, the use 
of superplasticizer additives proves to be rather ineffec-
tive. It should be noted however that other parameters 
can influence the development of alkali-activated gels 
and consequenly affect the mechanical properties. The 

Fig. 4 Pore size distribution of the investigated mortars.

Fig. 5 Mechanical properties of the investigated materials cured at different temperatures.
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change in the activators ratio (sample M-FA(HCC)-2) 
has led to different reaction conditions. It should be 
underlined, however, that previous experiments car-
ried out with low carbon fly ashes had underlined 
how, when keeping the w/b costant, the M-FA(HCC)-1 
provided the higher mechanical strength.Thus the 
improved mechanical strength of M-FA(HCC)-2 should 
derive mainly from different factors.

On observing the difference in the values obtained 
by curing the samples at a higher temperature, it is 
also clear that the unburned fraction strongly delays 
the development of the polymerized structure. Indeed, 
the compressive strength of M-FA(LCC) is almost the 
same at the two temperatures, which means that 3D 
structure responsible for the mechanical properties can 
be almost completely obtained at room conditions. In 
all the other mortars, values increase up to a 140% in 
the case of M-FA(HCC)-1 and reaching a value above 
20  MPa. According to the values, it is clear that for 
samples with high C content the adoption of high-tem-
perature curing has a positive effect.

The increase in the extent of the reactions at higher 
temperature is also qualitatively confirmed by SEM anal-
ysis. As an example, Figs. 6 and 7 report the microstruc-
ture of M-FA(HCC)-2 cured at different temperatures. 
While at 20 °C the smooth surface of fly ashes is almost 
unreacted and some particles tend to easily detach from 
the matrix (Fig. 6), in the samples at 38 °C reaction prod-
ucts become distinguishable on the surface and the ceno-
spheres are more adherent to the matrix (Fig. 7).

Figures 8 and 9 show the microstructure of the mate-
rial close to the external surface of the mortar speci-
mens, i.e. the one not in contact with the mold. Only 
two compositions are reported (i.e., M-FA(HCC)-1 and 
M-FA(HCC)-S), but the same microstructure is found 
also in M-FA(HCC)-2 and M-FA(HCC)-G. 

A thick layer of small roundish carbonaceous par-
ticles is formed. This is a clear evidence of the pres-
ence of a bleeding phenomenon, which compromises 

Fig. 6 Microstructure of M-FA(HCC)-2 cured at 20 °C after 28 days. Fig. 7 Microstructure of M-FA(HCC)-2 cured at 38 °C after 28 days.

Fig. 8 Outer layer of unburned particles in M-FA(HCC)-1.

Fig. 9 Outer layer of unburned particles in M-FA(HCC)-S.
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the homogeneity and possibly the chemical compo-
sition in the bulk of the material. This point seems to 
suggest that the improvement in mechanical perfor-
mance found in M-FA(HCC)-2, where less water was 
added compared to all the other mortars, derives from 
the higher homogeneity of the materials. On adding 
higher amounts of water, the bleeding process is prob-
ably altering the chemical balance between fly ashes 
and activators reducing the reaction product devel-
oped during the curing stage. Moreover, the use of 
a higher amount of silicate, that has a higher viscos-
ity than the sodium hydroxide solution, decreases the 
bleeding tendency of the mixture. It should be outlined 
that the dimension of many of the particles is below 
1.0  μm. These particles are not detected in the results 
of laser granulometry and are probably responsible for 
the reduced workability caused by FA(HCC). The nega-
tive effect of the high amount of carbonaceous particles 
in fly ashes has already been reported in the literature 
(Lee et al. 2010; Kang et al. 2013), but as reported else-
where (Leiva et al. 2008; Valencia-Saavedra et al. 2018) 
it is still possible to produce mortars with acceptable 
properties provided a tailored mix design and curing 
treatment is obtained. The necessity to develop ad hoc 
additives is also underlined since traditional water-
reducing systems used for Portland prove to be quite 
ineffective.

4  Conclusions
High contents of unburned particles in fly ashes com-
promise the properties of the derived alkali-activated 
mortars not only in the cured state but particularly in 
the fresh state, leading to the impossibility to cast the 
materials according to the mix-design of lower unburned 
carbon samples. Acceptable mechanical properties can 
be obtained provided an ad hoc composition and cur-
ing process are formulated leading to reduced bleed-
ing effects, thus creating more homogeneous conditions 
in the material. Traditional water-reducing additives 
designed to be used in Portland cement composites are 
rather ineffective as to what concerns the increase in 
workability. This underlines the need to develop specific 
formulations for this new class of materials.
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