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ABSTRACT: This study is a preliminary attempt to present the preparation and the first time a κ-carrageenan/
PVA/eggshell nanostructure is used as a novel biodegradable and homogeneous nanostructure in cement com-
position. In order to clearly understand the effects these additives have on the mechanical properties of cementi-
tious composites, they were synthesized in double and triple combinations and added into mortar mixtures. 
Three different cement mortar specimens were prepared by integrating the additives in ratios of 0, 0.1, 0.5 and 
1% by cement weight and flexural and compressive strengths of the specimens were determined at the ages of 7 
and 28 days. The flowability of the presented nanostructures was also discussed. The results revealed a 10–11% 
increase in both compressive and flexural strengths for the specimens prepared with the triple combination of 
the proposed additives. Moreover, strain capacity was enhanced as a result of the efficient dispersion of addi-
tives in the cement matrix. 

KEYWORDS: Nanocomposites; Nanoeggshell; κ-carrageenan; PVA; Cement mortar.

Citation/Citar como: Sanrı-Karapınar, I; Pehlivan, A.O.; Karakuş, S.; Özsoy-Özbay, A.E.; Yazgan, A.U.; 
Taşaltın, N.; Kilislioğlu, A. (2020) Application of novel synthesized nanocomposites containing κ-carrageenan/
PVA/eggshell in cement mortars. Mater. Construcc. 70 [340], e235 https://doi.org/10.3989/mc.2020.06720

RESUMEN: Aplicación en morteros de cemento de nuevos nanocompuestos sintetizados que contienen 
κ-carragenano, PVA y cáscara de huevo. Este estudio es un intento preliminar de introducir la preparación y el 
uso de κ-carragenano/PVA/cáscara de huevo como una nueva nanoestructura homogénea y biodegradable en la 
composición de cemento. Para comprender claramente los efectos de estos aditivos en las propiedades mecáni-
cas de los compuestos cementantes, se sintetizaron combinaciones dobles y triples de éstos, y se agregaron a las 
mezclas de mortero. Se prepararon tres muestras diferentes de mortero de cemento integrando los aditivos en 
proporciones de 0, 0.1, 0.5 y 1% en peso del cemento y se determinó la resistencia a flexión y a compresión de las 
muestras a 7 y 28 días de edad. También se discute la fluidez de las nanoestructuras presentadas. Los resultados 
revelaron un aumento del 10-11% en la resistencia a compresión y a flexión de las muestras preparadas con la 
combinación triple de los aditivos propuestos. Además, la deformabilidad se mejoró como resultado del papel 
de dispersión eficiente de los aditivos en la matriz de cemento.
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1. INTRODUCTION 

Recently, the use of natural wastes such as 
rice husks, sugar canes, wheat straws, corn stalks, 
groundnut shells, coconut shells and eggshells have 
been preferred due to their environmentally ben-
eficial and high economic potential in construc-
tion applications (1–5). Given the problem of waste 
disposal and management, researchers have been 
investigating the suitability of using some of these 
wastes as a replacement for conventional aggregates 
in concrete.

Eggshell, a natural biological waste, has an 
important place among household and food indus-
try wastes. As a low-cost agricultural byproduct that 
is produced at the rate of several tons per day, egg-
shell contains high amounts of calcium carbonate, 
1% of magnesium carbonate, 1% of calcium phos-
phate, and 4% of organic material (6–8). Because 
the calcium compounds in its composition are simi-
lar to those in lime, the use of fine eggshell powder 
for partial replacement of cement or as a filler in 
cementitious composites can prevent the depletion 
of natural lime and reduce environmental impacts. 
The potential use of eggshells has been investigated 
in an attempt to obtain alternative construction 
material for the production of ceramic wall tiles (9) 
and soil bricks (10). It has also been suggested that 
eggshells in ash be used in road stabilization practice 
to reduce the setting time of stabilized road pave-
ments (11). Moreover, the calcium oxide found in 
eggshells has an accelerating effect on hydration 
and reduces the setting time in cement paste (12). 
Earlier studies on the addition of eggshell powder in 
cementitious composites have revealed that partially 
replacing cement with eggshell powder leads to an 
increase in compressive strength up to a level of 5% 
eggshell substitution by weight of cement (13–17). 
The reduction in strength that is observed at higher 
eggshell powder contents is attributed to the dilu-
tion of cement within the composition (18).

A detailed review of the literature illustrates that 
the primary interest is the use of the powder form 
of eggshells, usually hand-crushed, in the cementi-
tious materials. Moreover, eggshells are good can-
didates for synthesizing high-performance materials 
(19–21). Therefore, the synthesized formulation of 
eggshells in nanoscale can be a promising achieve-
ment in concrete technology and construction 
applications due to its engineering properties (22). 
It has been reported that the inclusion of nanosized 
eggshell in cementitious composites can provide a 
denser cement paste, leading to improved perfor-
mance for cement-based composite materials. The 
research presented in this article is based on a previ-
ous study by the authors in which a novel hierarchi-
cal nanoeggshell was prepared using an eco-friendly 
technique in order to apply it to construction for the 
first time (22). 

Polyvinyl alcohol (PVA) is a non-ionic, syn-
thetic polymer that is water-soluble, tasteless, color-
less, odorless, and anti-toxic. It is one of the main 
polymers used in different fields of application in 
construction. The use of PVA in cement-based com-
posite materials has many advantages. Studies in 
this area of application have focused primarily on 
improving the cement matrix of mortar and concrete 
by using PVA (23–27), and research has revealed 
that adding PVA to ordinary Portland cement leads 
to a clear improvement in the properties of cement-
based composites (24, 28). One such advantage is 
workability, which was found to be enhanced by 
adding PVA to the cement matrix (23). The litera-
ture also contains many examples of PVA’s effect on 
the mechanical properties of cement-based compos-
ites. Studies have observed different results for the 
compressive strength of cement-based composites 
with added PVA (23, 27). Even though one study 
found that the compressive strength decreased by a 
moderate amount in the cement mortar with PVA 
(23), another reported an improvement in strength 
(27). The reduction in the compressive strength in 
the former was claimed to be caused by the increase 
in the number of air voids due to addition of 
PVA, whereas the improvement in the compressive 
strength in the latter was attributed to the reduction 
in porosity due to PVA being used with rice husk 
ash. Moreover, some studies have pointed out that 
the flexural strength of the cement with PVA was 
higher than the unmodified cement (23). In another 
study, the influence of the curing conditions on 
the flexural and splitting tensile strengths was also 
underscored and a dry curing condition for cement 
mortar with PVA was suggested (29). Also, the water 
absorption rate was observed to be much slower in 
cement mortar with PVA (23). Previous studies have 
examined the durability performance of PVA added 
cement-based composites with PVA as well (24, 
28, 30). As the pores were filled with PVA, poros-
ity was reduced and an improvement in durability 
was observed. Due to the lubricating effect of PVA, 
dispersion becomes easier and the agglomeration of 
cement particles is avoided. Therefore, pore volumes 
decrease and a denser microstructure forms. 

The use of PVA fibers as reinforcement in 
cement-based composites is another important 
application in the field. Taking advantage of their 
high strength and high modulus of elasticity, high-
performance in the production of cementitious 
composites is feasible (31–33). The studies showed 
that mechanical properties were attributed to the 
type of PVA fiber and the amount used in the com-
posites (34–36). The findings of one study indicated 
the effectiveness of different PVA fibers that have 
different lengths and volume fractions (37). It was 
noted that as the volume fraction of PVA fibers in 
composites increased, there was a reduction in flow 
(36, 37). On the other hand, enhancement in the 
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fracture toughness, impact resistance and ductility 
were observed in fiber-reinforced composites (32). 
Also, more recent evidence revealed that PVA fibers 
in cementitious composites including nanosilica 
improved the microscopic structure and increased 
the tensile strength significantly (38–40). While the 
substitution of both nanosilica and calcium car-
bonate nanoparticles increased the durability of 
PVA fiber reinforced cementitious composites, they 
also decreased flowability (40). Further experimen-
tal investigations also showed that the mechanical 
properties like compressive, flexural, and tensile 
strength and fracture toughness in cementitious 
composites having PVA fibers and nanosilica 
changed due to particle size (41).

κ-carrageenan, a unique cement mixture addi-
tive  introduced in this study, is a water-soluble 
biopolymer. It has emulsifying, gelation and thick-
ening properties based on disaccharide units of 
d-galactose and 3,6-anhydro-d-galactose linked 
by α-1,3 and β-1,4-glycosidic linkages (42–44). The 
κ-carrageenan-based systems are an FDA-approved 
food additive and have been used in pharmaceuti-
cal applications and the food industry (45–48). 
In the literature, to the best of  our knowledge, 
κ-carrageenan has not yet been applied in con-
struction applications. One of  the first attempts to 
synthesize and characterize a bio-based superab-
sorbent copolymer from κ-carrageenan and poly-
acrylic acid reported that early age behavior of 
Portland cement paste can be enhanced as a result 
of  the noted swelling behavior and autogenous 
shrinkage findings (49).

In this study, a polymer blend of  water-soluble, 
anti-toxic, and biocompatible polyvinyl alcohol 
(PVA) polymer was prepared with κ-carrageenan. 
κ-carrageenan/PVA-based nanostructures have 
been studied in the removal of  dyes (50), in con-
trolled drug release systems (51), and in biosensor 
applications (52) in limited studies. The modi-
fied eggshell was added to the polymer mixture 
using an ultrasound effect to obtain a homoge-
neous nanostructure. With this simple, green and 
low-cost method, high-yield nanostructures were 
obtained at room temperature and at a frequency 
response of  20kHz. The sonochemical method, 
which is based on high-energy ultrasonic irradia-
tion, creates a temperature of  up to 500°C and 
a pressure of  50MPa within a few microseconds 
(53–57). The sonochemical method is preferred 
in synthesizing nano-sized materials and various 
colloidal systems (54, 58–62). 

As stated above, there have been studies on 
whether the engineering properties of cement-
based composites can be improved by additional 
substances. There is evidence that the properties of 
cementitious composites can be improved by using 
the nanoeggshell additive that the current authors 
proposed in a previous study, and the primary 

findings have spurred the use of this nanostructure 
in future research (22). In consideration of the fore-
going, reviewing the advantages of using eggshell 
(a waste material) and PVA in cement-based com-
posites led to the present study’s aim of investigat-
ing the effect of combining a series of proposed 3D 
flower-like nanoeggshell, PVA and κ-carrageenan 
on the mortar. Given this aim, double and triple 
combinations of these additives were used in mortar 
mixtures. Three different cement mortar specimens 
were prepared by adding nanoeggshells in ratios of 
0.1, 0.5, and 1% by weight, and flexural and com-
pressive strengths of the specimens were determined 
at the ages of 7 and 28 days.

This study is the first investigation to propose an 
optimum combination of nanoeggshell, PVA and 
κ-carrageenan in cement mortar for mechanical 
analysis. The result indicate that this novel nano-
mixture is an environment-friendly, safe and low-
cost alternative in construction applications.

2. MATERIALS AND METHODS

2.1. Materials

Ordinary Portland cement PC 42.5 R with the 
specific surface of 0.35 m2/g and acquired from 
cement producer Akçansa (Turkey) was used as the 
binder in this study. River sand (0–5mm) was used 
as fine aggregate. The white eggshells used were 
obtained from a local farm in Pendik (Istanbul, 
Turkey). Additionally, κ-carrageenan, a sulfated 
plant polysaccharide, was purchased from Sigma 
Aldrich (Germany) and polyvinyl alcohol (PVA, Mw 
of 60000 gmol−1), acetic acid (Glacial, 100%) and 
ethanol were purchased from Merck (Germany). All 
reagents were of analytical grade.

2.1.1. Preparation of PVA/Eggshell

Five grams of PVA were dissolved in 50 ml of 
deionized water at 80°C and the solution was allowed 
to stand at room temperature for 3 days. 0.1 grams 
of eggshell were added to 50 ml of %1 glacial acetic 
acid solution and sonicated using a probe sonicator 
for one hour in an ultrasonic homogenizer. PVA and 
eggshell solutions were sonicated for one hour at 25 
± 2°C and 35% amplitude. 

2.1.2. Preparation of κ-carrageenan/Eggshell 

κ-carrageenan (0.1 grams) was dissolved in 50 
ml of deionized water on a magnetic stirrer at room 
temperature. Eggshell (0.1 grams) was added to 50 
ml of %1 glacial acetic acid solution and sonicated 
using a probe sonicator for one hour in an ultrasonic 
homogenizer. κ-carrageenan and eggshell solutions 
were sonicated for one hour at 25 ± 2°C and 35% 
amplitude. 
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2.1.3. Preparation of κ-carrageenan/PVA/Eggshell 

The white eggshell was cleaned with ultrapure 
water several times at room temperature and placed 
in a microwave oven (720 W) at 25°C for 10 min. Then 
50 mL of water/ethanol (1/1, v/v) solution was mixed 
with the eggshell and the solution was placed in the 
microwave oven for 5 minutes. Next, the eggshell solu-
tion was added to 50 ml of glacial acetic acid/ultra-
pure water (1:49, v/v) solution and sonicated for 1 h 
at 35% amplitude (25 kHz frequency, 400 W). Five 
grams of PVA were mixed in 50 ml of water at 80°C 
and kept at room temperature for 5 days in a dark 
medium. 0.1 grams of κ-carrageenan were dissolved 
in 50 ml of water at room temperature. The PVA 
and κ-carrageenan were mixed and the eggshell was 
added to the κ-carrageenan/PVA blend. The solution 
was sonicated for 1 h at 20kHz (viscosity: 8.12 cP, pH: 
3.8). The κ-carrageenan/PVA/eggshell nanostructure 
was filtered through a sterile filter (0.22 micron) and 
stored in a sterile container at 25°C.

2.1.4. Characterization

Scanning electron microscopy (SEM) (FE-SEM, 
JEOL 63335F) (gold coating, 20 kV accelerating 
voltage), zetasizer analysis (Malvern Ins. Zetasizer) 
and Fourier transform infrared spectrometry (FTIR) 
(PerkinElmer spectrum two FTIR spectrometer; KBr 
powder, 4000 cm–1 to 500 cm–1 with a resolution of 
4 cm–1 using 8 scans) were used to determine mor-
phological properties and chemical functional groups 
of the nanostructure. The Brunauer–Emmett–Teller 
(BET) specific surface area of the nanostructure was 
determined using a Micromeritics ASAP 2020 model.

2.1.5. Preparation of mortar specimens

Mortar specimens were cast in steel molds with 
the dimensions 40 x 40 x 160 mm. All mixtures tested 
within this study had the same water–cement ratio, 
and mix proportions were held constant within a 

standard ratio of cement:sand:water (2:2:1). No 
admixture was incorporated for workability or 
any other use.  Double and triple combinations of 
κ-carrageenan (k), PVA (P) and nanoeggshell (NES) 
were used in the mortar specimens with different per-
centages (0, 0.1, 0.5, 1%) by cement weight. Table 1 
shows the mixture compositions of the combina-
tions. Since the proposed additives were in solution 
form, water content was adjusted to avoid variations 
in water–cement ratio. Thus, the amount of solution 
was decreased from the water content to stabilize the 
water–cement ratio as 0.5.

Mixtures were prepared in accordance with the 
specifications given in TS EN 12390-6 (63) using a 
Hobart mixer. The dry mixture was made by mixing 
cement and river sand for 1 minute with no water. 
A separate water mixture was prepared by adding 
the triple additive combination kP-NES to water 
and mixing until it was uniformly distributed in the 
water. The water mixture and dry mixtures were sub-
sequently added together and mixed for 2 minutes. 
All specimens were demolded after 24 hours under 
laboratory conditions and transferred to water tanks 
stabilized at a curing temperature of 20°C.

2.1.6. Flowability tests of mortar specimens

The flowability of the mortar mixtures was tested 
within the specifications given in ASTM C1437-15 
(64). Tests were performed with an Abrams cone, 
filling it with the mortar mixtures to its full height 
(50 mm) in two layers on top of a flow table. After 
lifting the cone filled with mortar mixture, the flow 
table was dropped 25 times in 15 seconds, and the 
diameter of the mortar was measured along two 
perpendicular directions. 

2.1.7. Mechanical testing of mortar specimens

Mortar specimens were taken out of the water 
tanks on the 7th and 28th day and left in ambient 
laboratory conditions prior to mechanical testing. 

Table 1.  Compositions of mortar mixtures.

Additive Content (%) Cement (g) Sand (g) Water (g) Additive (g)

Control 0 1000 1000 500 0

κP-NES1 0.1 1000 1000 499 1

κP-NES5 0.5 1000 1000 495 5

κP-NES10 1 1000 1000 490 10

κ-NES1 0.1 1000 1000 499 1

κ-NES5 0.5 1000 1000 495 5

κ-NES10 1 1000 1000 490 10

P-NES1 0.1 1000 1000 499 1

P-NES5 0.5 1000 1000 495 5

P-NES10 1 1000 1000 490 10
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Flexural and compressive strength tests were car-
ried out on the same specimens in accordance with 
TS EN 12390-7 (65). Flexural strength was mea-
sured using an MTS closed-loop servo-hydraulic 
mechanical testing device. Flexural loading was 
performed under a three-point loading test proce-
dure with displacement-controlled flexural load-
ing at a rate of 0.5 mm per minute for all mixtures. 
Displacement-controlled loading was applied using 
the displacement data obtained from a linear vari-
able transformer placed under the midspan of the 
prismatic specimens. The displacement loading 
sequence was selected to observe any change in 
strain mechanism as the amount of kP-NES addi-
tive was increased. Testing the ultimate compressive 
strength was executed according to TS EN 196-1 
(66). Also in line with the aforementioned stan-
dard, specimens cracked into halves under three-
point bending were used for compressive strength 
analysis. Specimens were placed between 40x40 mm 
loading plates in the compressive testing apparatus. 
The compressive strength loading sequence was 
implemented at a speed of 0.5 MPa/sec. Since fail-
ure detection mode was activated, specimens were 
compressed until a 20% decrease after the maximum 
compressive strength peak. All mechanical testing 
data were recorded at 10Hz with an integrated data 
acquisition system. Flexural stresses and strain val-
ues for three-point loading were calculated from the 
Equations below [1] and [2]:

	  PL
bd

3
2 2σ = 	 [1]

	
Dd
L

6
2ε = 	 [2]

where σ is the flexural stress, ε is the flexural strain, 
P is the maximum flexural load, D is the maxi-
mum deflection at the midspan, d is the height 
and b is the width, and L is the span length of  the 
specimens. 

2.1.8. Rheological testing of the nanostructure

The intrinsic viscosity ([η]), the voluminosity 
(VE), and the shape factor (υ) of the κ-carrageenan/
PVA/eggshell nanostructure were calculated to 
understand its rheological properties (Equations [3], 
[4], [5] and [6]). The viscosity analysis was performed 
for 50 ml of the sample at 25 ± 0.5 °C and measured 
three times. The intrinsic viscosity was determined 
by measuring the values of the relative viscosity 
(ηrel) and the specific viscosity (ηsp) (56, 57, 67–70). 
The Huggins parameters of intrinsic viscosity and 
model constant (k) were calculated to understand 
the viscosity properties of the nanostructure.

	
C

1
C

t
t

1

C
 sp rel 0[ ]η =

η
= η − =

−
	 [3]

where t0 is the flow time of the pure solvent and t is 
the flow time of the solution.

	
C k C sp 2[ ] [ ]η = η + η 	 [4]

	 uVEη[ ] = 	 [5]

	
1

C  1.35 0.1
rel
0.5

rel
0.5( )γ = η −

η −
	 [6]

3. RESULTS AND DISCUSSION

3.1. Characterization

Zetasizer and scanning electron micros-
copy (SEM) analyses of the κ-carrageenan/PVA/
nanoeggshell nanostructure were performed for 
surface morphological characterization and are 
presented in Figure 1 at two magnifications (x-250 
and x-5.000). The Zetasizer analysis measured 
the hydrodynamic diameter and surface potential 
of the κ-carrageenan/PVA/eggshell nanostruc-
ture. According to the results of this analysis, the 
κ-carrageenan/PVA/eggshell nanostructure exhib-
ited a very good distribution and the hydrodynamic 
diameter and surface potential of the nanostructure 
were measured as 299.7 nm and 29.8 mV, respec-
tively. According to the SEM results, the interaction 
and homogeneous distribution of the eggshell with 
the polymer mixture matrix on a nano-scale were 
clearly shown. The surface morphology of the egg-
shell had an irregular fiber shape (5000× magnifi-
cation), which is in line with the literature (71, 72). 
The κ-carrageenan/PVA/eggshell nanostructure was 
in irregular shape and consisted of porous globu-
lar aggregates smaller than 1 micrometer. A previ-
ous study reported that the specific surface area 
of the eggshell modified with the ultrasonic effect 
was 9.84 m2/g (73). In this study, the surface area 
of the κ-carrageenan/PVA/eggshell nanostructure 
and unmodified eggshell were obtained as 129.9 
m2/g and 6.27 m2/g, respectively. The specific gravity 
of the κ-carrageenan/PVA/eggshell nanostructure 
is 1.80. Furthermore, the characterization results 
achieved in this study proved that the sonication 
method played a major role in the synthesis of high 
surface area CaCO3 nanoparticles, as stated in other 
studies (73, 74).
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A FTIR analysis was used to study the chemical 
characterization of all samples. In Figure 2, a FTIR 
spectrum of the κ-carrageenan/PVA/nanoeggshell 
nanostructure is presented. FTIR peaks of 
κ-carrageenan/PVA/nanoeggshell nanostructure were 
observed at 3400 cm−1 -3199 cm−1 (–OH functional 
groups), 2913 cm−1- 2856 cm−1 (–CH stretching), 
1726 cm−1 -1640 cm−1 (–C=O groups), 1455 cm−1–
1412 cm−1, 1369 cm−1, 1100 cm−1 and 1050 cm−1 due 
to C=O bonds from carbonates. The FTIR peaks of 
the carbonate groups obtained here are similar to 
the results reported in the literature (75, 76). Results 
showed that the eggshells and κ-carrageenan/PVA 
had a chemical interaction due to the -OH and C=O 
groups.

3.2. Viscosity studies

Determining the rheological property of the 
κ-carrageenan/PVA/eggshell nanostructure is a 
major factor in understanding its physical prop-
erties. The physicochemical parameters such as 
small dimensions, shapes, homogeneous distribu-
tion and stability of nanosystems play a significant 
role in increasing the performance of new materi-
als (77–80). In order to characterize the rheological 

properties of nanodispersions, the viscosity of 
nanodispersions needs to be measured and these 
physicochemical parameters need to be calculated 
(56, 81). 

In order to obtain a homogenous nanostruc-
ture, synthesized materials were examined in dif-
ferent conditions such as polymer blend ratios, salt 
effect and sonication time. Rheological parameters 
[η], volumetric (VE) and shape factor (υ) of the 

Figure 1.  SEM micrographs and particle size for κ-carrageenan/PVA/eggshell nanostructure at two magnifications  
(x-250 and x-5.000).
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Figure 2.  FTIR spectrum of κ-carrageenan/PVA/
nanoeggshell nanostructure.
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nanoeggshell were calculated using Huggins models 
with a high correlation constant (R2). 

In this study, κ-NES, P-NES and kP-NES solu-
tions were prepared to take measurements in rhe-
ological analysis. Besides, kP-NES consisting of 
binary polymer mixtures was prepared in different 
volumetric ratios (v/v) (1:1, 1:2 and 1:3). Viscosity 
measurements of different formulations kP-NES 
and κ-NES, P-NES solutions were analyzed at room 
temperature. Figure 3 presents the changes in [η] in 
different formulations of kP-NES (v/v) (1:1, 1:2, 
1:3), P-NES and κ-NES. 

The intrinsic viscosities of kP-NES (v/v) (1:1, 1:2, 
1:3), κ-NES and P-NES were calculated using the 
Huggins model with a high correlation constant (R2), 
and the results were 0.9957, 0.9961, 0.9890, 0.990 and 
0.9923, respectively. According to the experimental 
measurements, kP-NES (1:1) homogeneous distribu-
tion was observed and precipitation was observed in 
solutions prepared in a 1:2 and 1:3 volume ratio. In a 
previous study, increasing the amount of biopolymer 

κ-carrageenan in the binary polymer system has 
proven to be advantageous in synthesizing a homoge-
neous nanostructure due to the interaction between 
the anionic sulfate groups on κ-carrageenan and the 
hydroxyl groups of PVA (50).

The viscosity measurements were continued with 
the kP-NES (1:1) nanoformulation. Figure 4 pres-
ents the changes in [η] at different sonication times 
for kP-NES (1:1). This variation in the rheological 
parameters was justified by using the Huggins model 
with a high correlation constant (R2). As sonication 
time increased, the intrinsic viscosities of κP-NES 
(v/v) (1:1, 1:2, 1:3), κ-NES and P-NES decreased. 
The Huggins parameters for κP-NES are com-
pared across different sonication times in Table  2. 
The intrinsic viscosities of the samples synthesized 
at different sonication times (10 min, 30 min, and 
1 h) were calculated using the Huggins model with 
a high correlation constant (R2), and these results 
were 0.9922 for 10 min, 0.9861 for 30 min, and 
0.9957 for 1 h (Table 2). 

According to the experimental data, the value 
of [η] decreased with increasing sonication time by 
employing the Huggins model (Table 2). kP-NES 
was found to have the lowest [η] value at 1h sonica-
tion time. Previous research (82) reported that the 
sonication method, which is a green method, had 
an effect on viscosity and yielded a homogeneously 
dispersed nanostructure; the results of the current 
study are consistent with prior findings.

It has been reported in the literature that the 
shape of nanoparticles plays a major role in the 
mechanical behavior and performance of nano-
structures (83, 84). In this study, and in line with 
the literature, the shape factor was determined by 
changing the physicochemical parameters. The vis-
cosity method, which is a simple and economical 
technique, was used to determine the shape of the 

Figure 3.  Huggins models of kP-NES (v/v) (1:1, 1:2, 1:3), 
κ-NES and P-NES.

Figure 4.  Huggins models of kP-NES with different sonication times.
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nanomaterial and, consequently, the optimization 
conditions required to obtain the specific character-
istics of the nanomaterial. Shape factor (υ) values 
were calculated for kP-NES and this value was cal-
culated to be less than 2.5. Accordingly, it was con-
sidered that the structure had a spherical shape and 
that the volume of the sample (VE) decreased as the 
sonication time increased (Table 3).

In Figure 5, the change in [η] at different concen-
trations of NaOH is given. The findings reveal that 
the κ-carrageenan/PVA/eggshell nanostructure had 
the lowest [η] value at room temperature in 0.1 M 
NaOH solution. It was found that the decrease in 
[η] with the addition of NaOH solution is similar to 
reports given in the literature (85).

3.3. Flowability of mortar mixtures

Flowability tests were carried out on 10 differ-
ent mixtures; flow diameters are shown in Figure 6. 
The best results were observed in the specimens with 
additives incorporating κ-carrageenan. The increase 
in workability for all specimen configurations can 
be attributed to the use of nanoeggshell, since all 
specimens contain nanoeggshell particles. The use 
of both κ-carrageenan and nanoeggshell in the same 
combination seemed more effective. When mixtures 
of kP-NES and κ-NES were compared, the increas-
ing k content had a bigger effect on the workabil-
ity than did increasing PVA content. In addition, 
the results proved that PVA presence in additive 
formation adversely affected mixture workability. 
On the other hand, the contribution of the P-NES 

combination seemed to be lower relative to other 
specimen configurations, whereas in the literature 
PVA inclusion in mixtures resulted in an increase 
in workability, which was attributed to ball-bearing 
action and the dispersing effect of the PVA polymer 
(86). Therefore, the fact that better workability was 
found with k compared to PVA is an important con-
tribution to the literature in light of earlier studies 
showing only an effect for PVA (86, 87). At the same 
time, in previous research by the current authors, 
nanoeggshell structure was found to be effective in 
increasing flowability of mixtures with similar com-
positions (22). Therefore, within this study, even 
though the improved results on workability seem to 
be due to k, the observed increase could be mainly 
attributed to nanoeggshell inclusion. 

When Figure 6 is inspected, it is evident that the 
increase in the diameters is related to the increase 
in the additive amount. Mixture series containing 
only 0.1% cement by binder had similar workability 
results with control specimens, but P-NES1 mixtures 

Table 2.  Huggins parameters for κP-NES.

Sonication time Huggins model

10 min [η] (dl/g) 2.4

b 268.75

R2 0.9922

30 min [η] (dl/g) 1.6

b 53.91

R2 0.9915

1 h [η] (dl/g) 0.8

b 17.01

R2 0.9957

Table 3.  Voluminosity and shape factors for kP-NES.

Time VE (dL/g) ʋ Shape

10 min 2.23 2.5< Spherical

30 min 1.45 2.5< Spherical

1 h 1.02 2.5< Spherical

*Values are means ± standard deviation (SD) for triplicate 
determination.

Figure 5.  Huggins models of κ-carrageenan/PVA/eggshell 
nanostructure in different concentrations of NaOH.

Figure 6.  Flowability of all mixtures with the different 
additive amounts.
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were the only series that were less workable than the 
control series. The 0.1% additive condition did not 
alter workability much; however, higher amounts 
like 0.5 and 1% enhanced workability properties 
and was found to be promising for creating a denser 
cement matrix. 

3.4. Mechanical tests

Mechanical tests were carried out for each speci-
men to obtain the compressive and flexural strengths, 
and the results are given in Figures 7–10. Taken 
together, the findings of 7- and 28-day mechanical 
tests indicate that there was a clear improvement 
both in the compressive and flexural strength results 
for all the specimens containing the additives. The 
observed increase was satisfactory, especially in the 
compressive strength results of specimens with a 
higher amount of additives. 

The 7- and 28-day compressive strength results 
are compared and illustrated in Figure 7. For the 
specimens with a lower amount of additive (0.1%), 
the inclusion of the additives does not appear to 
affect the ultimate compressive strength of the speci-
mens. On the other hand, increasing additive content 
resulted in noticeable improvements in compressive 
strength; the largest improvement is observed for the 
kP-NES mixtures. kP-NES10 specimens attained 
an 11% increase in compressive strength, and this 
increase is the largest in the compressive strength 
results. κ-NES specimens exhibited superior perfor-
mance with respect to P-NES specimens, which can 
be attributed to the improved workability of these 
specimens, which was also observed in flowability 
results. Higher workability should result in a more 
homogenous matrix structure in mortar specimens 
and correspondingly better mechanical properties. 
This result may be also claimed for kP-NES speci-
mens since these specimens also contain k particles. 
The κ-NES results were very close to the results 

for kP-NES, which can be asserted because PVA’s 
contribution to compressive strength was compara-
tively low. Findings from previous research indicate 
that PVA modification in cement mortars caused a 
reduction in compressive strength (87). On the other 
hand, the improvements in the flexural strength of 
the PVA modified mortars were found to be sensi-
tive to curing conditions and the water-to-cement 
ratio (86). When standard deviation values were 
inspected, P-NES specimens showed greater devia-
tion, whereas the specimens that incorporated k par-
ticles showed better distribution. This behavior in 
the PVA containing mixtures may be related to more 
air voids formed after PVA inclusion (87). It may 
also be noted that lower deviations monitored for 
κ-NES specimens were similar to deviations derived 
from control specimens. Nanoparticles contain-
ing κ-carrageenan polymer seemed to be effective 

Figure 7.  7- and 28-day compressive strength results for all 
specimen series, with standard deviation error bars.

Figure 8.  7- and 28-day flexural strength results for all 
specimen series, with standard deviation error bars.

Figure 9.  Flexural stress vs. strain curves for 4 different 
specimens from each set.
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when dispersing in the cement matrix, subsequently 
enhancing the effect of nano-sized eggshell in the 
interfacial transition zone.

In terms of the 7-day compressive strength 
results, increasing the amount of additive did not 
affect the results, except for the P-NES specimens. 
For the P-NES specimens, increasing additive con-
tent had an adverse effect on early strength develop-
ment. As illustrated in Figure 6, P-NES specimens 
exhibited lower workability features, which can be 
attributed to the decrement observed in the 7-day 
results. Having lower flowability induced more 
unhydrated particles in the early days and this 
most likely led to the delayed formation of hydra-
tion products in the P-NES specimens. However, 
a 28-day curing period seemed to be sufficient for 
decreasing the amount of unhydrated particles and 
enhancing the final mechanical properties of these 
specimens. Additionally, as the additive amount 
was increased the standard deviations for the 7-day 
results increased as well, especially for the P-NES 
specimens. For the control specimens, however, the 
standard deviations were smaller.

The results of the flexural tests for all specimen 
types and additive amounts are shown in Figure 8 
for both 7 and 28 days. As can be seen, the 28-day 
flexural test results were found to be affected by the 
increasing additive amount. The results for the speci-
mens containing 0.1% additive are very similar to the 
results for the control specimens. As for specimens 
incorporating PVA particles, they displayed supe-
rior flexural performance with respect to the control 
specimens. Moreover, similar to the results of the 
compressive strength test, the kP-NES10 specimens 
had a 10.32% increase in flexural strength. On the 
other hand, P-NES specimens exhibited an increase 
of 7.65%, resulting in a higher level of improve-
ment in flexural strength compared to compressive 

strength, which is consistent with previous studies 
(86, 88). Specimens with higher additive amounts 
showed larger deviations with respect to the control 
specimens. Deviations in the flexural results was 
observed to be generally higher than the deviations 
in the compressive strength results.

The 7-day flexural strength results given in 
Figure 8 confirm that no significant alterations were 
observed in the early flexural strength results. The 
results for the three specimen series are similar to 
the control specimens, and the standard deviation 
values are similar as well. Here, the clear distinction 
between the 7-day and 28-day specimens may be 
related to the fact that adding κ-carrageenan during 
cement hydration slows the release of the ionic pore 
solution, serving as an internal curing agent (49).

Flexural stress-strain curves for the control speci-
men and three specimen series with the higher addi-
tive amounts are compared in Figure 9. From each 
specimen set, the flexural stress-strain curve of one 
specimen closest to the average maximum strain 
value is given. When the control specimen is com-
pared with the other specimen sets, it is apparent 
that additive inclusion significantly increased the 
strain capability under bending stresses.

The average maximum strain values for all speci-
mens in each series are given in Table 4. Higher strain 
capability is an important issue for cementitious 
materials since concrete is inherently weak under ten-
sile loads. The data in the table show that as amount 
of additive is increased, the deformation capacity 
of the beams under bending increases. Therefore, 
a notable feature of this study is that all specimens 
displayed ductile behavior under stresses due to the 
existence of the novel synthesized nanoeggshell 
(22). It was demonstrated that the incorporation of 
several nanoparticles increased strain capacity by 
delaying the initiation of microcracks in the cement 

Figure 10.  SEM analysis results for kP-NES10 specimens at (a) X 7000 (b) X 5000 magnification.
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matrix; this result was found in previous research as 
well (89). Moreover, among all the combinations, 
the kP-NES specimens were revealed to be the best 
combination with the improved results in compres-
sive and flexural strength analyses. The strain values 
of the κ-NES and P-NES specimens were found to 
be very close to each other. In general, it should be 
noted that the kP-NES specimens showed a 48% 
higher strain capacity under bending forces coupled 
with a 10% increase in ultimate flexural strength. 
Therefore, considerable insight has been gained in 
terms of strain capacity and flexural strength with 
regard to the use of all three additives together in 
cementitious composites.

3.5. Microstructural investigation of mortar specimens

Figure 10 shows the SEM micrographs for the 
kP-NES specimens. When the mechanical prop-
erties were examined, the best performance was 
detected for the kP-NES specimens. In SEM visu-
alizations, more homogenous C-S-H formation was 
observed, which was probably the result of better 
dispersed nanoeggshell particles, an advantage that 
emerges from the synthesized k particles. In the lit-
erature, nanoparticles are reported as having a high 
specific surface area, which reflects an enhanced 
hydration process and consequently a better disper-
sion of C-S-H particles (80). In the current study, 
a synthesis of a novel nanocomposite containing 
κ-carrageenan, PVA and eggshell particles demon-
strated that the nanocomposite is a suitable com-
bination for creating an ultra-high specific surface 
area via the likely creation of improved bonding 
within the interfacial transition zone.

The improved dispersion of C-S-H particles was 
noted to be effective in mortar specimens. Hence, 
in the visual scanning in SEM observations, more 
homogenous C-S-H formation was observed. When 
interfacial transition zones were investigated, the 
Ca/Si ratios of C-S-H particles were found to be 
higher compared to control specimens. Better work-
ability has probably led to better formation of the 

inner structure, creating a more compact matrix. 
Additionally, as seen in Figure 10, different configu-
rations of C-S-H structure were detected when kP-
NES specimens were investigated by SEM analysis. 
Here, more fibrous types of C-S-H were detected, 
which may be related to better nanocomposite struc-
ture that was formed through the novel synthesis of 
κ-carrageenan, PVA and eggshell particles.

4. CONCLUSIONS

In this study, a novel κ-carrageenan/PVA/eggshell 
nanostructure was prepared via a green sonication 
method and characterized using FTIR, SEM, BET 
and Zetasizer techniques. The viscometer technique 
was used to calculate the intrinsic viscosity, volumi-
nosity, and shape factor of the nanoeggshell.

Regarding the workability of the mortar mix-
tures, the κ-NES mixture which is the combination 
of nanoeggshell formulation and k particles was 
observed to be effective. A similar advantage was 
also detected for the triple combination kP-NES 
specimens. These findings can be interpreted as the 
positive effect of k on the workability of the mix-
tures, similar to the effect of nanoeggshell.

The mechanical tests revealed that both compres-
sive and flexural strengths increased for kP-NES10, 
the triple combination with 1% additive content, 
at a rate of 11% and 10%, respectively. Another 
noteworthy result to emerge from the data is that 
the maximum strain capacity of all specimens with 
additives was better than that of the control speci-
mens, and thus the ductility of the mortar prisms 
under bending stresses were improved. Among all 
the additive combinations, the triple combination 
specimens, kP-NES specimens, were found to be the 
best practice. It is very likely that the k and PVA par-
ticles in the nanoeggshell in the triple combination 
may have led to efficient dispersion in the cement 
matrix, which in turn brought positive changes in 
overall performance. For all three types of additive, 
the results reported were superior compared to con-
trol specimens; however, 0.1% inclusion of additive 
content was not found to be sufficient for enhancing 
any properties of mortar specimens. 

This study is the first attempt to use the innova-
tive κ-PVA-nanoeggshell combinations in mortar 
mixture specimens, and results so far can be inter-
preted as a very promising improvement for concrete 
technology. In addition to the increase in compres-
sive and flexural strength, the decisive advantage of 
the presented nano-mixture is the enhanced strain 
capacity. Therefore, this study presents a viable 
alternative to the environmentally-friendly nano-
mixtures that can be produced on an industrial 
scale. It is hoped that the prospect of being able 
to use the nano-mixture proposed in this study for 
cementitious composites will spur future work on 

Table 4.  Averages of maximum strain values under 
bending.

Specimen Series
Average Maximum Strain

(mm/mm)

Control 0.003365

κP-NES10 0.005050

κP-NES5 0.004301

κ-NES10 0.004345

κ-NES5 0.003941

P-NES10 0.004210

P-NES5 0.003910
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using differently synthesized alternative additives in 
concrete technology.
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