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The aim of the study involves determining the added value of shells of sunflower
seeds ash (SSA) as a mineral admixture in concrete and the effects/mechanisms
through which it affects the concrete microstructure. The chemical effect of this
type of ash was estimated by examining its chemical composition, pozzolanic
activity index, and SEM investigation while its physical effect was observed at the
level of concrete with ash incorporated. Four concrete mixtures with different
shares of cement replacement by ash were prepared (0, 5, 7.5, and 10%). The water
to binder ratio was 0.5, and binder content 400 kg/m3 in all mixtures. The proper-
ties of fresh and hardened concrete with ash incorporated were compared with the
corresponding properties of the reference concrete. The results indicate that SSA
achieved all the known possible effects of mineral admixtures; filler effect, hetero-
gonous nucleation effect, dilution effect, and a certain degree of chemical effect.
However, replacing more than 5% of cement mass with SSA will adversely affect
mechanical properties of concrete.
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1 | INTRODUCTION

Directive 2009/28/EC on the promotion of the use of energy
from renewable sources1 sets 20% energy from renewable
sources for the EU by 2020 as a mandatory target. Based on
the directive, the renewable energies correspond to wind
energy, solar energy, aerothermal energy, geothermal
energy, hydrothermal and ocean energy, hydropower, land-
fill gas, sewage treatment plant gas, biogases, and biomass.
Biomass refers to any organic material that is derived from
plants or animals2 that are currently living or lived in the
recent past. Biomass is derived from botanical (plant spe-
cies) or biological (animal waste or carcass) sources or from
a combination of the same. Common sources of biomass are
as follows3:

• Agricultural: food grain, bagasse (crushed sugarcane),
corn stalks, straw, seed hulls, nutshells, and manure from
cattle, poultry, and hogs.

• Forest: trees, wood waste, wood or bark, sawdust, timber
slash, and mill scrap.

• Municipal: sewage sludge, refuse-derived fuel, food
waste, waste paper, and yard clippings.

• Energy crops: poplars, willows, switchgrass, alfalfa,
prairie bluestem, corn, soybean, canola, and other
plant oils.

• Biological: animal waste, aquatic species, and biological
waste.

When biomass is used as a fuel in the industry, the inor-
ganic solid residue left after biomass is completely burned,
and is termed as biomass ash. Numerous researchers
attempted to determine the possible use of biomass ashes in
the field of civil engineering. In road applications, most
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studies focused on the use of biomass ash in soil
stabilization4–6 owing to its cementing and pozzolanic prop-
erties, and promising results were obtained. In addition, vari-
ous types of biomass ashes (including woodchips, shells,
rice husk, wood, refuse-derived fuel, straw, barks, and
sludge ashes) were examined as aggregate fillers for bitumi-
nous mixtures in Ref. 7 and it is concluded that most ashes
can be considered as potential replacements for natural
fillers. According to Cuenca et al.8 when biomass ashes are
used as a filler in self-compacting concrete, they maintain
the compressive strength at the same level as that of refer-
ence concrete or can even increase its value. However, the
most widely investigated topic in scientific studies corre-
sponds to the possibility of applying this type of ash as a
partial9–15 or complete substitute for cement.16–18 Cement
replacement with 10, 20, and 30% of various types of ashes
was examined by Shrivas and Jain15 and the results indicate
that rice husk ash, sugarcane bagasse ash, and wheat straw
ash, in which a maximum of 10% cement is replaced, main-
tain the compressive strength of concrete at the same level as
that of reference concrete. The durability properties involv-
ing corn stalk, wheat straw, and sunflower stalk ashes in
amounts corresponding to 2 and 5% relative to the cement
mass were investigated in Ref. 9 and it is concluded that all
the ashes improved the resistance of concrete to abrasion
and freeze–thaw cycles. Improvement in the durability of
composites containing wheat straw in terms of resistance to
magnesium sulfate and sodium sulfate attack as methods for
freeze–thaw resistance estimation is confirmed in Ref. 11.
When wheat straw ash is combined with rice husk ash and
used to substitute cement for a total of 15%, the composites
containing ashes exhibited higher compressive and flexural
strengths than control composite. This is explained in terms
of a synergy that exists between these ashes because of the opti-
mization of the pozzolanic reaction and filler effect.12 Although
no biomass species were specified, it was observed in Ref. 14
that biomass ashes increase the setting time and reduce the heat
of hydration. The increase in setting time is confirmed in
(Aliyu). In Ref. 13, the authors suggest that these types of ashes
may exhibit high alkali content. However, the characteristics of
ashes are influenced by biomass characteristics, combustion
technology, and the location where the ashes are collected.19

This implies that each ash should be individually investigated in
a specific application area.

The addition of admixtures mainly affects concrete in
two ways, specifically, chemically, or physically, through
the heterogonous nucleation, filler, and dilution effects.20–29

If the admixture is chemically active, new reaction processes
during hydration are introduced or existing reactions are
modified. Even if an admixture is inert, the chemical effect
is involved in a few hydration reactions.22,28 In case of the
heterogonous nucleation effect, the added particles enhance
the hydration reaction by acting as nucleation sites and
become an integrated part of the cement paste. The addition

of filler also dilutes the cement particle system, influences
the average distance between cement particles, and influ-
ences the water content available for cement hydration.
Finally, the filler effect causes the filling of small pores
between cement particles by finer powder particles based on
the particle size distribution of the cement and filler. All
these effects influence the properties of the cement paste,
and thereby those of concrete.

Sunflower seed shells are used as a substitute for com-
monly used fuel in a Croatian oil factory Čepin, cca 7 t of
ash per month, and thus, 84 t of ash per year are generated.
It is fly ash given its nature, and its only application to date
is as a fertilizer for soil enrichment in agriculture.30 Hence,
the present study examines the use of this fly ash as a min-
eral admixture in concrete to determine added value for the
ash that also simultaneously lowers the final price of con-
crete. The present study explores the possibility of applying
fly ash generated by the combustion of shells of sunflower
seeds in a Croatian oil factory as a partial replacement for
cement in concrete. This is part of a wider study that investi-
gates the possible application of certain types of biomass ash
in civil engineering structures.

2 | EXPERIMENTAL PROGRAM

2.1 | Material characterization

2.1.1 | Aggregate properties

All concrete mixtures examined in this study were prepared
with dolomite aggregate (fractions corresponding to 0–4,
4–8, and 8–16 mm) in which the particle size distribution
that was determined according to Ref. 31 is given in
Figure 1.

The density of crushed dolomite aggregate was
2.75 kg/dm3 and was tested according to Ref. 32. Aggregate
fractions that were used for preparing concrete were first sat-
urated and then surface-dried. This was achieved in an artifi-
cial manner by dipping aggregates into a water tank for
24 hr, removing the same, and then wiping excess water
from their surfaces.

FIGURE 1 Particle size distribution of the aggregate
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2.1.2 | Binder properties

The cement used was ordinary Portland cement, CEM I
42.5 R, according to.33 The chemical and physical properties
of the cement and ash from sunflower seeds combustion are
listed in Table 1. The chemical analysis of binders was per-
formed based on Ref. 34 by using XRF measurements, while
the reactive silica content was determined by wet chemistry
based on the same standard. The density and Blaine surface/
fineness were measured according to Ref. 35 and the activity
index (AI) for sunflower seeds ash (SSA) at ages corre-
sponding to 7 , 28, and 90 days were measured according to
Ref. 36.

The chemical composition of SSA (Table 1) indicates a
very low content of total and reactive SiO2, and this is char-
acteristic of low-pozzolanic ashes. The content of MgO,
K2O, SO3, and Cl− ions exceed the proposed values given in
Ref. 36. A high value of MgO results in volume instability
of the cement paste in which SSA is incorporated (37,38).
High values of K2O and SO3 can influence the hydration
process. The high concentration of K2O can lead to alkali–
silica reactions, and the SO3 content can lead to the forma-
tion of different forms of sulfates while the chloride ion con-
tent can contribute to the acceleration of binder hydration.
Loss on ignition is commonly attributed to the amount of
unburned carbon, and thereby indicates the low efficiency of
the combustion process. Its SSA value is considerably high,
and this typically reduces its pozzolanic activity.19 Accord-
ing to Ref. 36, an activity index of 0.8 is required for

materials to be considered as pozzolanic, and the activity
indices for SSA are below 0.8.

The particle size distributions of binders (cement and
SSA) were determined by the laser diffraction method based
on Ref. 39 by using a Malvern Mastersizer 2000 particle size
analyzer that can analyze particles between 0.01 and
2,000 μm. The Malvern Mastersizer 2000 records the light
pattern scattered from a field of particles at different angles.
The recorded intensity at a certain angle is the sum of the
intensity of light scattered from the surface of the particles
and the intensity of the secondary scattered light because of
refraction while passing through the particle, and this is
important for particles smaller than 50 μm. The device uses
an analytical procedure to determine the particle size distri-
bution that created the patterns. Applied Mie light scattering
theory assumes that particles are spheres, and thus, the
results obtained for particle diameters specifically corre-
spond to equivalent sphere diameters. The measurements
were performed with an automated dry dispersion unit Sci-
rocco 2000. Prior to measurement, several tests were per-
formed to select optimal measuring conditions, namely feed
rate and nozzle pressure. The selected feed rate provides
adequate obscuration in the range of 3.26–4.15%. The
selected nozzle pressure of 2 bar results in good reproduc-
ibility of results for all the samples. The sample was ana-
lyzed in three replicates. The results were recorded as
particle volume percentages and presented in Figure 2, while
Table 2 lists the values of d10 (with particle diameters corre-
sponding to 10% of the cumulative undersize distribution by
volume), d50 (median particle diameter corresponding to
50% by volume of the particles smaller than this diameter
and 50% larger), and d90 (particle diameter corresponding to
90% of the cumulative undersize distribution by volume) for
both samples.

The particle size distribution analysis implies that SSA
includes finer particles than cement, and thus, the SSA could
play the role of a filler. The median diameter of particles,
d50, for cement and SSA correspond to 16.192 and

TABLE 1 Physical and chemical composition of the binders

Constituent Cement SSA

Chemical composition (% by mass)

SiO2 20.56 2.03

CaO 59.48 23.33

Al2O3 5.25 0.41

Fe2O3 1.91 0.73

MgO 2.62 7.73

MnO 0.12 0.12

Na2O 0.23 0.33

K2O 0.60 21.35

SO3 3.25 14.51

Cl− 0.002 0.709

S2− — 0.00

P2O5 — 3.48

Insoluble residue (HCl/KOH) — 1.24

Reactive SiO2 — 0.50

Loss on ignition (LOI) 6.17 25.54

Physical properties

Density (g/cm3) 3.00 2.15

Blaine surface (m2/kg) 243.9 337.4

AI at the age of 7 days — 0.58

AI at the age of 28 days — 0.51

AI at the age of 90 days — 0.48

Note. AI: activity index; SSA: sunflower seeds ash.
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FIGURE 2 Particle size distribution of binders
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5,817 μm, respectively (Table 2). The d10 value is subtracted
from d90, and this result is divided by d50 to calculate the
distribution span value. The higher value of the SSA span
indicates a broader particle size distribution.

Size frequency distribution (that is presented as a volume
percentage) indicates that cement and SSA particles are not
uniform in size. A small volume of agglomerated particles
with mean diameters of approximately 400 (cement) and
200 μm (SSA) were observed.

The SEM image of SSA is presented in Figure 3. This
image shows that SSA contains particles about several
micrometers in size and their aggregates with diameters up
to 208 μm. Its surface is significantly porous, thereby

indicating that it impacts cement hydration as a mineral
admixture. Hence, SSA is not expected to correspond to an
inert mineral admixture due to the contents of K2O, SO3,
and Cl¯ ions. Given the high amount of SO3 and K2O, it is
highly likely that the formation of different forms of sulfate
occurs. At this stage of research, it is concluded that SSA is
neither a pozzolanic active nor a completely chemically inert
admixture.

2.1.3 | Preparation of concrete mixtures

In this study, four concrete mixtures with different shares of
cement replacement by ash from the combustion of shells of
sunflower seeds were prepared (0, 5, 7.5, and 10%). Table 3

TABLE 2 Particle size distribution of binders

d10 (μm) (%) d50 (μm) (%) d90 (μm) (%) Span of distribution

Cement 2.193 16.192 53.378 3.161

SSA 0.941 5.817 25.352 4.196

Note. SSA: sunflower seeds ash.

FIGURE 3 SEM image of sunflower seeds ash particles (×100)

TABLE 3 Composition of the mixture

Characteristics M0 M5 M7.5 M10

Water/binder ratio (w/b) 0.5 0.5 0.5 0.5

Cement (kg) 400 380 370 360

Sunflower seeds ash (SSA) (kg) — 20 30 40

Water (kg) 200 200 200 200

Aggregate (kg) 1,764 1,764 1,764 1,764

Dolomite 0–4 mm (%–kg) 42 741 42 741 42 741 42 741

Dolomite 4–8 mm (%–kg) 19 335 19 335 19 335 19 335

Dolomite 8–16 mm (%–kg) 39 688 39 688 39 688 39 688
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lists the proportions of all constituents in the mixtures. With
respect to all the mixtures, the water to binder ratio (w/b)
was 0.5 with water from the water supply and a binder con-
tent of 400 kg/m3. Aggregates, binder, and water were
mixed together for 5 min in a pan mixer (DZ 100VS, Diem-
werke, Hörbranz, Austria).

2.1.4 | Testing of fresh concrete

The density was tested based on Ref. 40), air content was
tested based on Ref. 41, and consistency was tested based on
Ref. 42.

2.1.5 | Testing of hardened concrete specimens

Three specimens were prepared to determine each property.
Specimens of all concrete mixtures were cast and compacted
by using a vibrating table. All specimens were extracted
from the molds 24 hr after the casting and placed in a water
tank for 27 days at a temperature of 20 � 5�C based on Ref.
43. The properties of the hardened concrete specimens were
tested as follows:

• The compressive strength was tested on cube specimens
with an edge length of 15 cm with a constant rate of
loading of 0.5 MPa/s based on Ref. 44 at ages corre-
sponding to 28 and 90 days.

• Flexural strength was tested on prism specimens with
dimensions of 10 × 10 × 40 cm3 by loading the same
with a constant rate of 0.05 MPa/s based on Ref. 45 at
the age of 28 days.

• Static modulus of elasticity was tested on prism speci-
mens with dimensions of 10 × 10 × 40 cm3 based on
the procedure described in Ref. 46.

• The morphology of the cross section of samples was
assessed by SEM.

3 | RESULTS AND DISCUSSION

The fresh concrete properties are listed in Table 4. The
results of hardened concrete properties are listed in Table 5.
Figure 4 shows the compressive strength of concrete mix-
tures with SSA incorporated relative to the strength of refer-
ence concrete at age corresponding to 28 and 90 days. The
results of the SEM analysis of the concrete specimen M0 are
shown in Figure 5. Figure 6 presents the morphology of
matrices that consist of hydrated cement and SSA as mineral
admixtures in M5, M7.5, and M10 concretes at age of
28 days.

With respect to the fresh concrete properties listed in
Table 4, the density values evidently decrease with increases
in the SSA content. This result is expected because the den-
sity of SSA is lower than the density of cement (Table 1),
and this, in turn, influences the density of concrete. Given
the lower SSA density and higher value of fineness when
compared to those of cement (Table 1), the total volume of
binder increases while replacing part of the cement mass
with SSA in concrete mixtures, and this further reduces the
workability of concrete mixtures. Cement replacement with
SSA did not significantly influence the air content in
concrete.

As shown in Table 5, the compressive strength and mod-
ulus of elasticity decrease with the increases in the SSA con-
tent. For example, concrete mixtures with 10% SSA
obtained 17% lower value of compressive strength at ages

TABLE 4 Properties of fresh concrete

Characteristics M0 M5 M7.5 M10

Density (kg/m3) 2,433 2,370 2,356 2,343

Air content (%) 2.5 3.0 2.7 3.2

Slump test (mm) 210 30 25 10

TABLE 5 Properties of hardened concrete

Characteristics M0 M5 M7.5 M10

Compressive strength at 28 days (MPa) 40.80 39.70 37.80 33.70

SD (MPa) �1.42 �1.42 �0.47 �1.37

Compressive strength at 90 days (MPa) 47.80 45.20 41.30 39.70

SD (MPa) �1.43 �0.59 �0.72 �1.06

Flexural strength (MPa) 5.00 5.60 4.08 5.06

SD (MPa) �0.27 �0.34 �0.23 �0.27

Modulus of elasticity (MPa) 25,942 25,157 24,753 22,766

SD (%) �120 �79 �265 �740

FIGURE 4 Relative compressive strength for sunflower seeds ash concrete
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corresponding to 28 and 90 days and a 12% lower value of
modulus of elasticity when compared to that of the reference
concrete (Figure 4). The influence of SSA on flexural
strength does not appear significant, and the values of flex-
ural strength vary between the mixtures albeit within the
limits of acceptable measurement error. These facts suggest
that SSA is not efficient as filler although its mean diameter
(d50) is 2.8 times lower than that of the cement.

The fracture surface of the M0 sample (Figure 5) is typi-
cal for a cement mortar with an inhomogeneous distribution
of calcium hydroxide, C–S–H, and ettringite crystals as
shown in Figure 5a (matrix). In this region, CH crystals are
observed adjacent to the aggregate and C–S–H phase further
in the matrix. The details in Figure 5a are enlarged and
shown in Figure 5b. The presence of a loosely porous C–S–
H gel is observed on the surface of the not completely
reacted cement grains in the vicinity of massive column-like
crystals of calcium hydroxide.

The morphologies of concrete matrices M5, M7.5, and
M10 (Figure 6) were compared to the morphology of the ref-
erence matrix M0 (Figure 5). The comparison is focused on
the porosity and formation of sulfate crystals. Specifically,
given the existence of the physical effects of mineral admix-
tures known as the “dilution effect,”47 the replacement of
cement by mineral admixture results in an increase in the
water/cement ratio that affects the degree of hydration of
cement and the compressive strength of the material. Conse-
quently, the porosity of the concretes with SSA increases
while the strength decreases to a greater extent in the
absence of the filler effect and heterogeneous nucleation.
Heterogeneous nucleation is present in the early period of
hydration and strongly depends on the specific surface of
admixture and its surface energy. According to Ref. 47, with
respect to the short-term hydration, the specific surface value
of a quartz powder admixture exceeding 200 m2/g is suffi-
cient for the occurrence of heterogeneous nucleation. The

results of the present study indicate that the obtained specific
surface area value for SSA particles was 337.4 m2/kg, while
the particle size distribution analysis revealed that SSA con-
tains only a low number of particles, with a mean diameter
of approximately 200 μm. The data indicate that the replace-
ment of cement by SSA contributes to the phenomenon.

Comparison of the SEM image of the fractured surface
of sample M0 (Figure 5) to the images in M5 (Figure 6a)
and M10 (Figure 6e) indicates that the replacement of
cement by SSA particles did not decrease the compactness
of the matrices. Thus, it appears to lead to a more homoge-
neous distribution of the hydrated phase and suggests that
heterogeneous nucleation occurred in the hydration process.

Conversely, the existence of large aggregates of particles
(with diameters of approximately 200 μm or higher) as
shown in Figures 2 and 3 could result in the absence of het-
erogeneous nucleation in certain parts of the sample. This is
observed in Figure 6c through the presence of a significantly
porous area containing clusters of SSA particles. Simulta-
neously, the image of the referent sample M0 in Figure 5b
presents the prevailing appearance of C–S–H gel and the
deposits of CH crystals while the C–S–H gel and needle-like
form of the hydrated product (probably ettringite) are pre-
dominant in samples M5, M7.5, and M10, as shown in
Figure 6b,d,f ), respectively. This indicates the possibility
that needle-like crystal forms were created through the reac-
tion of sulfate ions from SSA and calcium hydroxide. It is
highly likely that the needle-like crystal forms correspond to
ettringite. The size and amount of needle-like forms increase
with increase in percentage of cement replacement by SSA
particles. This is potentially caused by the high concentra-
tion of SO3 in SSA.

An alkali-silica reaction was excluded since dolomite
aggregate was used in the study. The content of alkalis
(Na2O + K2O) expressed as the sodium oxide equivalent for
cement was 0.625, in the binder (cement + SSA) was 1.31%

FIGURE 5 SEM images of the referent concrete, M0, after 28 days of curing (a) ×1,000, (b) enlarged detail (×2,000)
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when 5% of cement was replaced by SSA, 1.656% when
7.5% was replaced, and finally approximately 2% when 10%
of the cement was replaced by SSA. The SO3 content in the
binder corresponded to 0.7, 1.1, and approximately 1.45%

when 5, 7.5, and 10% of cement, respectively, was replaced
by SSA. These values are in accordance with the require-
ments specified in standard.33 However, the authors would
like to point out that the replacement of cement mass with

FIGURE 6 SEM images of the concretes with sunflower seeds ash as an additive after 28 days (a) concrete M5 (×1,000), (b) concrete M5 (×4,300),
(c) concrete M 7.5 (×1,000), (d) concrete M 7.5 (×2,000), (e) concrete M10 (×1,000), (f ) enlarged detail from the image, and (e) for concrete M10 (×2,000)
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SSA over 5% will adversely affect mechanical properties of
concrete. Taking into account that SSA is currently available
free of charge at the factory where it is generated, its use in
concrete would definitely lower the final price of concrete
by solving the issue of its disposal at the same time.

4 | CONCLUSION

The results presented in this study indicate that SSA does not
exhibit pozzolanic activity although it does not correspond to a
completely chemically inert admixture. A high content of alka-
lis as well as sulfate ions suggests the formation of ettringite.
In addition to a certain degree of chemical effect, the mineral
admixture SSA certainly influenced the appearance of the dilu-
tion effect. This effect is followed by an increase in the water/
cement ratio that affects the degree of hydration of cement.
The SSA median particle size (d50 = 5.817 μm) as well as
surface area value of 337.4 m2/kg in the mineral admixture
potentially influenced the filler effect and heterogeneous nucle-
ation. The filler effect was less pronounced because the dilu-
tion effect significantly affected the strength. The presence of
heterogeneous hydration is observed given the homogeneous
distribution of hydration products. Based on the results, added
in concrete SSA achieved all known possible effects of min-
eral admixtures including the filler effect, heterogonous nucle-
ation effect, dilution effect, and a certain degree of chemical
effect. The results like these could encourage the construction
industry to use SSA solving thus the problem of its disposal at
factories worldwide, which use shells of sunflower seeds and
other types of biomass as a substitute for commonly used fuel.
However, the authors would recommend the replacement of
up to 5% of cement mass with SSA in concrete. Higher share
of SSA as cement replacement will adversely affect mechani-
cal properties of structural concrete. In their future research,
the authors will focus on cement replacement with SSA by
volume method to investigate whether it will result in higher
consumption of this waste material in concrete production thus
positively affecting the environment.
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