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Sustainable disposal of dealuminated metakaolin (DAK) is a crucial environmental issue for the
alum production industry. In previous studies, DAK was utilized as eco-friendly cementitious
materials, but only 10 wt% was used instead of cement as DAK’s high percentage has a detri-
mental effect on the mechanical properties, so the environmental problem of DAK has not yet
been solved. In this study, commercial titanium oxide (TiO3) was incorporated in a cement matrix
containing DAK that reached 50 wt% to benefit from TiOy’s properties in enhancing the me-
chanical performance of binding materials and producing cementitious blends used as blocking
materials against harmful gamma radiation. Five pastes were prepared to reach the main target;
ordinary Portland cement (OPC), OPC-10%DAK (D10), OPC-30%DAK (D30), OPC-50%DAK
(D50) and OPC-45%DAK-5%TiO2 (D45-T5). By means of a mini-slump test, all fresh blends have
very close flowability using the appreciated additions of polycarboxylate superplasticizer. The
hardened composites were cured in tap water for up to 28-days. Compressive strength results at
28 days for OPC, D10, D30 and D50 were 80, 94.6, 60.8 and 57.6 MPa, respectively. An obvious
turning point in strength value from 57.6 to 88 MPa after replacement of DAK by 5 wt% TiO2
(D45-T5). A gamma-ray shielding test was performed using two radioactive isotopes (Co-60 and
Cs-137). The inclusion of 5% TiO- has a great impact on the development of shielding power of
D45-T5 compared with OPC; the linear attenuation coefficient (u) values were enhanced from
0.127 + 0.003 cm ™! t0 0.199 + 0.007 cm ™ at 661.6 Kev and from 0.118 + 0.003 cm ™! to 0.144
+ 0.005 cm ™! at 1332.5 Kev. The unique properties of specimens containing the anatase phase
may be attributed to the fact that the TiO, may act as a nano-filler and active seeds for the
formation of further hydration products such as CSHs, CAHs and CASHs as detected by X-ray
diffraction (XRD), thermal analyses techniques (TGA/DSC) and scanning electron microscope
(SEM/EDX). TiO5 caused rearrangement of the textural structure of D45-T5 composite to meso
pores, as proved by Ny-adsorption/desorption technique. Moreover, the TiOy’s tetragonal struc-
ture makes it has dosimetric characteristics of high adsorbent for gamma rays.
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1. Introduction

Radiation technology has become closely linked to progress in industry, agriculture and medicine [1]. The radioactive isotopes
used in this technique are known to have unstable and high-energy nuclei that are stabilized by the emission of radiation that interacts
with atoms of surrounding materials and cells of living organisms and humans, causing ecosystem disruption [2]. Therefore, protection
against these hazardous radiations seems essential. Several factors affect the shielding ability of materials, such as radiation energy,
microstructure and density adsorbent materials [3]. Concrete is considered one of the promising materials used in radiation shielding
according to its low cost, mass production, easy fabrication and high durability and strength [4].

Portland cement is the primary concrete binding material [5]. The population explosion led to an increase in cement production,
which resulted in consuming a high amount of natural resources and energy as well as realizing 5-7% of total CO, from burning
limestone and fossil fuel [6,7]. This coincides with the industrial revolution that polluted the environment through greenhouse gas
emissions and the accumulation of huge amounts of waste in landfills, causing water, soil, and air pollution. Significant efforts are
being made worldwide to use by-products and waste materials to enhance the implementation of construction materials and reduce
costs while also promoting environmental concerns [8,9]. According to ASTMC595/08a [10], most industrial by-products can be
categorized as pozzolanic materials such as silica fume (SF) [11], fly ash [12], blast-furnace slag (BFS) [13] and rice husk ash [14], etc.
The chemical composition of these by-products, "siliceous or siliceous and aluminous materials," allows them to react with Ca(OH); to
produce additional hydration products [15]. Generally, the physico-mechanical properties, mix design and curing condition of blended
cement produced from the partial replacement of Portland cement with pozzolanic materials are affected by chemical composition,
particle size distribution, surface area, morphology and degree of amorphousity of the used industrial by-products.

Kaolin is used in various industries due to its unique physico-chemical properties [16]. Kaolin is an unreactive aluminosilicate
precursor; therefore, it is thermally treated between 500 and 800 °C to remove its structural bonded water and form an amorphous
structure with a high reactivity [17-19]. Calcination of kaolin leads to the transformation of stable octahedra AlOg to reactive penta-
and tetra coordinated units and then metakaolin (MK) formation [17, 20-22].

Several studies used metakaolin as building materials either in blended cement or geopolymers. Jagtap S. A., et al., 2017 studied the
effect of MK on concrete properties. It was found that MK caused decreasing in workability. The optimum percentage of MK to replace
cement is 15 wt% as it increased the compressive strength and the flexural strength by 14.3% and 16.5%, respectively, compared with
the control specimen after 28 days; beyond 15 wt% MK, the compressive strength decreased [23]. Muduli R. and Mukharjee B. B., 2019
discussed the beneficial effect of partial replacement of MK, which has been linked to its high pozzolanicity and filling effect [24].
Belaid A., et al., 2021 demonstrated that the optimum conditions (calcination temperature and period) for obtaining MK depend on the
mineral composition of kaolin. Also, it was evaluated that the 15 wt% MK is enough to replace cement to increase the compressive
strength of mortar by 15.6% [25]. Zhang S. et al., 2021 compared the mechanical properties of specimens containing 100 wt% cement,
15 wt% ultra-fine MK and 15 wt% SF instead of cement. It was concluded that there is not much difference in compressive strength
between the specimens containing 15 wt% MK and 15 wt% SF [26]. Zidi Z., et al., 2021 assessed the effect of curing conditions on the
compressive strength of MK-based geopolymer. It was found that activation of MK required 10 molar sodium hydroxide (NaOH) and
sodium silicate (NagSiOs modulus = % SiO2/Nay0 = 2.5); the ratio of Na;SiOs/NaOH = 2 was used to obtain a compressive strength
equal 19.9 and 30 MPa at 28 days of curing at 20 and 80 °C, respectively [27]. Ababneh A. et al., 2022 evaluated the effect of kaolin’s
chemical composition on MK-based geopolymer’s compressive strength. The different kaolin samples used contained SiO wt% from
41% to 52% and Al,O3 wt% from 7% to 28%. After calcination at optimum conditions (temperature and pressure) and activation by the
alkali-activator, the compressive strength was in the range of 15-40 MPa after 28 days [19].

According to the literature shown above, if MK was used as an alternative to cement or as a basis for geopolymers, then it was not
exploited optimally for two main reasons. The first is that many industrial wastes can improve building materials’ physico-mechanical
and durability properties with the same efficiency as MK and even better, such as SF, FA and GGBFS [15,26,28]. The second is that MK
is not waste or by-products; therefore, its engineering values can be well controlled [23], so it must be relied upon in many industries,
such as pigment, plastic, ceramics and alum production [16]. It is more likely to benefit from the waste produced from industries based
on metakaolin and not the metakaolin itself as building materials, first to benefit from metakaolin in essential industries and secondly
to dispose of its waste in a proper manner.

Alum production is one of the leading industries worldwide because of its great importance in many applications such as water
treatment [29]. Alum is produced via dealumination of metakaolin by the sulphuric acid leaching process leaving an acidic silicate-rich
paste called dealuminated metakaolin (DAK) [30]. A massive amount of DAK is disposed of in the landfill, negatively affecting the
surrounding environment [30]. As described above, many studies have been conducted to benefit from MK as a building material. But
unfortunately, few of them have been based on waste from industries based on metakaolin. Mostafa et al., 2001 proved that DAK has a
superb pozzolanic activity compared with SF, as acid leaching led to an increase in the specific area reaching 90.5 m?/g and the
formation of amorphous active silica [31]. Abo-El-Enein et al., 2013 found that the DAK has a high ability to lime fixation than SF and
MK. DAK needed only 12 hrs to fix lime, while MK and SF needed 28 days, which clarifies DAK’s high pozzolanicity [17]. Abdelalim
et al., 2008 studied the effect of partial replacement of ordinary Portland cement (OPC) with 0, 5, 10, 15 and 20 wt% DAK. It was
concluded that DAK led to an increase in the water of consistency reached to 16% increment in specimen containing 20 wt% DAK. For
the same specimen (20 wt% DAK), the flowability decreased by 4%. The mechanical properties results evaluated that the optimum
replacement percentage of OPC by DAK is 10 wt% [30]. Moselhy, 2018 found that replacement the OPC by 5, 10 and 15 wt% DAK
caused a slightly increasing in the compressive strength by 2.7%, 2.1% and 0.6%, respectively [32].

According to the above literature, the first research gap was clarified where only 10 wt% of DAK provided a minor improvement in



M. Ramadan et al. Case Studies in Construction Materials 17 (2022) e01344

the mechanical properties which means that the problem of DAK has not been solved as it is still present in large quantities and is not
exploited yet. Therefore, it was necessary to search for the addition of other materials to improve the mechanical properties of cement-
DAK pastes, especially when replacing cement with large proportions of DAK; also, these materials must have an ability to shield
radiation. Titanium oxide (TiOs3) is such material that can combine these properties. Some studies showed that the presence of TiO; in
cement matrix composite enhances the hydration characteristics [33,34], mechanical performance [35,36], durability [37,38] and
photocatalytic activity [39,40]. Titania has widely participated as a shielding component in different types of glass systems such as
Ti05-CeO2-PbO-B,03, Bi;03-Nas0-TiO2-Zn0O-TeO, and B,O3 —-SiO5 ~LiF-ZnO-TiO,. However, its use in the field of construction and
concrete as a shielding material was very limited [41-43]. Dezhampanah et al., 2021 and Nikbin et al., 2019 studied the effect of
different percentages of TiOy (0, 2, 4, 6 and 8 wt%) on the compressive strength and radiation shielding ability of heavy-weight
concrete (HWC) containing magnetite aggregates. It was evaluated that 6 wt% TiO, achieved the maximum compressive strength
compared with the control specimen (0 wt% TiO5). Liner attenuation coefficient increased with increasing the TiO; percentage (up to
8 wt%) in the concrete matrix [44,45]. Generally, linear attenuation coefficients (u) values decreased by temperature up to 600 °C;
HWC containing 6% TiO2 NPs possessed the highest gamma shielding capacity compared with the control [46]. It was reported that
incorporating TiO NPs with the wall of cement pastes up to 50 cm thickness caused notable development in the shielding performance
against neutrons of different energy levels (thermal, intermediate and slow) [47].

Asillustrated above, the second research gap is that there are very limited studies about the radiation shielding behavior of TiO3 in
construction materials. Most of these studies were conducted on HWC-containing aggregate such as magnetite, which already has a
significant role in radiation shielding. But there are no or limited studies showing the individual role of TiO5 in the shielding process.

Therefore, the main objective of this work is to study how to benefit advantage of the TiO, properties in improving the mechanical
properties and radiation shielding efficiency of blended cement composites that contain high DAK percentages, which reach 50 wt% as
an alternative to cement. This was conducted via measuring the compressive strength, textural characteristics, linear attenuation
coefficient, and investigation of hydration products.

2. Materials and test methods
2.1. Materials

Ordinary Portland cement (OPC), dealuminated metakaolin (DAK), commercial titanium oxide (TiO3) and poly-carboxylate-based
superplasticizer (PCb-SP) were the primary materials used in this work. OPC (42.5 N grade) was obtained from Suez Cement Company,
Suez, Egypt. DAK was collected from the Egyptian Shabba Company, Al Qalyubia, Egypt. Commercial TiO5 was supplied by pioneers
company for chemicals, Giza, Egypt. PCb-SP "Sika ViscoCrete-3425" was provided by Sika Company, Al Qalyubia, Egypt.

X-ray fluorescence (XRF, model PW-1400, Xios) was used to assess the oxide composition of OPC and DAK; the data are summarized
in Table 1. XRF results showed that the main oxide present in OPC were CaO, SiOz and Al,O3 with 62.31, 19.20 and 4.90 wt%,
respectively. DAK was mainly composed of SiO; and Al,03 with 83.83 and 4.52 wt%, respectively. Therefore, according to the Eu-
ropean criteria and specifications, DAK can be considered a pozzolanic material [22,48,49]. X-ray diffraction (XRD, model Xpert-2000,
Philips) was used to demonstrate the phase composition for OPC and DAK using a scanning range from 20 = 10-50°, with a scanning
speed = 1 s/step and resolution = 0.05°/step as in Fig. 1. For OPC, the XRD-pattern composed from sharp peaks indicated to presence
of crystalline phases from tricalcium-silicate (alite, Ca3SiOs, C3S, 20 = 25.8, 30.4, 32.7, 34.9, 38.9 and 41.5°, PDF# 01-070-1846),
dicalcium-silicate (belite, CasSiO4, CoS, 20 = 29.1, 32.9, 36.8 and 41.5°, PDF# 01-077-0388), tricalcium-aluminate (aluminate,
Ca3Al;06, C3A, 20 = 33.3°, PDF# 00-038-1429) and Tetracalcium-aluminoferrite (celite, CasAloFesO10, C4AF, 20 = 34.1°, PDF#
01-071-0667). Silicate phases are drastically responsible for cement matrix strength; alite and belite are the active constituents of
cement. After hydration, they produced calcium silicate hydrate (C-S-H), which significantly contributes to the hardening of cement
[50]. The alite is responsible for early strength (about 7 days of hydration) and the belite is responsible for final strength (about one
year) as it is hydrated slower than alite, while the tricalcium-aluminate phase causes the setting [51]. For DAK, the XRD-pattern attains
a broad hump between 26 = 15-26.5°, which is associated with DAK’s amorphous characteristics (highly amorphous silica), indicating
its high pozzolanicity. The typical result of an acid assault on MK is the release of free silica and the dissolving of aluminum. As a result,
aluminum ions dissolve from the lattice without altering the structure and exposing locations where other metal ions can replace them,
which causes an increase in the surface area [52]. The ill-crystalline peaks present are related to kaolinite (Alo(OH)4Si20s, 20 = 12.2,
19.9, 35.1 and 36.1°, PDF# 00-900-9230), quartz (SiO3, 20 = 20.9, 26, 26.7, 39.3 and 42.2, PDF# 00-005-0490) and anatase (TiOo,
20 = 24.9 and 38.9°, PDF# 01-071-1167). Kaolinite and quartz phases are inactive gradients [53], while the presence of the anatase
phase may be a turning point in DAK utilization in construction and building materials applications such as radiation shielding and
anti-microbial activity [44,45,54,55]. Fig. 2 demonstrates the particle size distribution for OPC and DAK using a particle size analyzer
(PSD: PSS NICOMP Nano analyzer, model N3000); it was noticed that 99% of OPC and DAK particles are less than 14.66 and 11.4 ym in
size, respectively. Physico-chemical properties for TiOy were illustrated using XRD and a scanning electron microscope (SEM/EDX:

Table 1

Chemical oxide compositions for OPC and DAK (mass, %).
Materials Si0, Al,03 Fe,03 CaO MgO TiO, SO Na,O K,0 cr LOI
OPC 19.20 4.90 3.60 62.31 2.41 0.00 2.82 0.41 0.63 0.09 3.63
DAK 83.83 4.52 0.50 0.15 0.09 2.98 0.85 0.03 0.05 0.06 6.94
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Fig. 1. XRD-patterns of OPC and DAK.

ZEISS, model Sigma 300 VP). The XRD-pattern from 20= 10-70° (Fig. 3) show presence of sharp peaks from the anatase phase (TiO,
20 = 25.9, 37.9, 48, 53.8, 55.1, 62.5 and 68.4° with (101), (112), (200), (105), (211), (204) and (216) diffraction planes, respectively,
PDF# 01-071-1167). The average crystallite size for the anatase phase estimated from XRD-pattern is 21 nm, using Debye — Scherrer’s
equation (D= 0.9)\/Bcos0) [56,57]; Where, 0.9: shape factor, A: X-ray wavelength, p: line broadening at half of the maximum intensity
in radian (FWHM), and 0: Bragg angle (in degree). The anatase phase a tetragonal structures have a [TiO6]% octahedra arranged in
zigzag chain along (221) diffraction plane, sharing by 4 edges [58].

Also, the SEM/EDX (Fig. 4) represents that the TiO, particles have a symmetrical shape with a spheroid morphology in the nano
range. According to EDX elemental analysis, the commercial titania contains only titanium and oxygen with 43.2% and 56.2%
indicating its high purity.

2.2. Test methods

Initially, four homogeneous blended cement binders were prepared by mixing OPC with DAK in different percentages in a ball mill
for 2 hrs. The four mixes were designed as OPC: DAK in the ratios 100: 0, 90: 10, 70: 30 and 50: 50, coded as OPC (control), D10, D30
and D50, respectively. Another mix was formulated by replacing 5 wt% DAK in the D50 mix with TiOy (D45-T5), as in Table 2. The
OPC paste was prepared using a water/binder (W/B) ratio equal to 0.27 (by mean of Vicat apparatus). While in DAK-containing
specimens, the W/B ratio increased to 0.3. Also, variable percentages of PCb-SP were utilized to bring the workability of these

100 - [
‘_—’,—-

? y ,——"r"
S ," e
o 804 ’ .
- P ’
0 r U4 ’
- ’
0 ¢ === OPC
0 60+ ) ’
- ¢ - e« DAK
0 ! )
e { '
[ ! )
2 404 ! ’
- (] ¢
2 ' ’ 11.4 14.66
s 1 ’ ' .
E ad! !

o ¢
(&} ,' ’

4

{r »

v,’

7% S —— E— R

Particle size (Em)

Fig. 2. Particle size distribution of OPC and DAK.
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Fig. 3. XRD-patterns of TiOs.

Mag: 2000KX ENY S500av )
WD 73mm Dete 30 Mar 2022
Ti
(b)
Element Weight, %
Ti 43.2
o 568
Purity 100%
o Ti
l Energy (Kev)
o 2.0 4.0 6.0 8.0

Fig. 4. (a) SEM image and (b) EDX image of TiO,.

Table 2

Mix design of the prepared pastes (mass, %).
Composite OPC % DAK% TiO2% W/B ratio SP
OPC (control) 100 - - 0.27 -
D10 90 10 - 0.3 0.15
D30 70 30 - 0.3 0.45
D50 50 50 - 0.3 1.00
D45-T5 50 45 5 0.3 0.80
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specimens closer to the control paste.

The workability was evaluated via a mini-slump test (ASTMC1161-18) [59]. The paste was cast in Abram’s cone with a dimension
of 59 + 1 mm (height), 19 + 01 mm (top diameter) and 39 + 1 mm (bottom diameter), then the cone was vertically removed, leaving
the paste in the form of a pancake. Finally, the pancake’s spread area was measured. For mechanical properties, the control and
different blended cement pastes were molded in 25 mm cubic mold and then cured in a humidity chamber (humidity ~ 98 + 2%) for
24 hrs. After that, the hardened pastes were demolded and cured under tap water till testing times (3 and 28 days). The compressive
strength values were measured using a compression testing machine (maximum load of 60 tons, Controls) according to

Ball milling 2hrs
with and without TiO2
Adding different dose of

superplasticizer

5 fresh pastes have similar workability

- -
OPC D10, D30, DSO D45-T5

Individual Casting
Curing up to 28 days

.
XRD
TGA/DSC Characterization Measuring Compressive
peresn (N E—) oo
SEM/EDX
$
3
:&
<
Radiation Shielding
Beam exit
3mm  samples
s or *Co
& 6.5 cm l Pro>
ﬁ _| Nal(T1) Detector Amp, Amp. MCA
|5—| Lead -
cm Detector Collimator
l | dpeind
15 em

Fig. 5. Block diagram for all experimental work.
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ASTMC109M-20b [60].

Several instrumental techniques were utilized to investigate the phase composition and morphology of hydration products of
hardened specimens, such as XRD, thermo-gravimetric analysis and differential scanning calorimetry (TGA/DSC, Simultaneous
Thermogravimetry, model STA 449 F1 Jupiter, NETZSCH) as well as SEM/EDX. Ny gas adsorption-desorption procedure at 77 K
measured the textural parameters of hardened pastes using an automatic surface area and pore size distribution analyzer (model
BELSORP MINI X, MICROTRAC). The specific surface area (mz/g) was calculated by the Brunauer-Emmett-Teller model (BET). The
average pore diameter (nm) and total pore volume (cm3/g) were estimated by the Barrett-Joyner-Halenda model (BJH).

For gamma radiation shielding, linear attenuation coefficients for some selected specimens were measured at two different gamma-
ray intensities of 661.64 and 1332.51 Kev emitted from *¥Cs and %°Co, respectively. The cubic specimens were located 15 c¢m far from
the isotope source. The influence of specimen thickness on shielding efficiency was measured using different thicknesses (0, 2.5, 5, 7.5,
10, and 12.5 cm) to determine the safe thickness to protect against hazardous gamma radiation. A 3’ x 3’ Nal (TI) detector was used,
and then the linear attention coefficient (u) was calculated using Beer-Lambert’s law (Eq. 1).

I=Ie™* 1

Where; Io and [: incident and transmitted gamma-ray intensities, respectively; u: linear attention coefficient; and x: thickness of the
specimen.
Finally, Fig. 5 displays a block diagram to summarize all of the experimental work.

3. Results and discussion
3.1. Workability of fresh pastes

The spread area of the fresh pastes in the mini-slump test is usually used as an indicator of their workability; the better workability,
the larger spread area is [28,61]. Table 2 and Fig. 6 illustrate the effect of different percentages from DAK and TiO; on the W/B ratio,
PCb-SP wt% and spread area of blended cement paste. It was noticed that the incorporation of DAK in the cement matrix led to
increasing the W/B ratio and PCb-SP wt% to attain approximately the same spread area as the control specimen, which is 154, 156,
157, 153 and 156 cm? for control (OPC), D10, D30, D50 and D45-T5 specimens respectively. Generally, the superplasticizer was
adsorbed on the cement particles, enhancing the flowability by preventing flocculating and coalescing between grains. In PCb-SP,
adsorption of negative carboxylic groups (COO’) on the cement particle created electrostatic repulsion force between grains,
improving workability. The presence of long side chains in PCb-SP would also extend the dispersion of cement particles and hydration
products via a steric hindrance effect [62]. It was clarified that increasing DAK wt% in blended cement is accompanied by increasing
PCb-SP wt%. This may be attributed to the small particle size, high surface area and the pore characteristics of DAK compared with
OPC, which led to entrapped water and decreased workability [30,32]. Therefore, a high percentage of PCb-SP is required to improve
workability. In D45-T5, the PCb-SP wt% needed is less than D50 due to the reduction of the DAK wt%. Similar behavior was reported in
the investigation of Abdelalim et al., 2008; the replacement of OPC by 20% DAK (whether the treated DAK at pH = 8 or received DAK
at pH = 5) caused a notable reduction in the flowability of the fresh mortar due to their higher BET surface areas (40.1 and 42 m?/g,
respectively) [30]. Moselhy, 2018 confirmed that the replacement of OPC by 15%DAK affected negatively on the flow behavior of fresh
concrete by about 25% reduction (using slump test) due to high porosity of DAK [32]. Ouldkhaoua et al., 2020 concluded that the

180

170 +

160 - 156 157 156
! 54 153

-

150 4
140 4

130 4

Spread area (cm?)

120 4

110 4

100 -
OPC D10 D30 D50 D45-TS

Cement composite

Fig. 6. Workability of OPC, OPC-DAK and OPC-45%DAK-5%TiO, fresh pastes.
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replacement of OPC by 15% metakaolin (MK) has required high dose of superplaticizer (1.2%) to give the sample workability of the
control fresh mortar. Moreover, the viscosity of the mortar decreased in presence of cathod ray tubes waste glass as fine aggragates; this
trend was attributed to high water absorption capacity of MK and low water absorpitivity for most glasses [63].

3.2. Mechanical properties of hardened pastes

The compressive strength (CS) for blended cement pasts containing various percentages from DAK (0, 10, 30 and 50 wt%) at
different curing times (3 and 28 days) is graphically represented in Fig. 7. It was detected that increasing the curing time led to a
significant enhancement in CS results. From 3-28 days, the CS magnitudes were increased by 91.2%, 142.1%, 175.2% and 316.3% for
control, D10, D30 and D50, respectively. This may be attributed to a continuous hydration process with curing time that caused the
growth of more hydration products such as around the cement grains, filled pores and then gave high CS. The hydration products
formed were calcium-silicate-hydrate (C-S-H), calcium-aluminum-hydrate (C-A-H) and calcium-alumino-silicate-hydrate (C-A-S-H)
[15,64].

Generally, all blended pastes containing DAK had a lower CS than the control specimen, especially at early hydration age (3 days).
This may be correlated to a reduction in OPC content and the pozzolan-Ca(OH); reaction has not progressed to the extent required to
counteract this effect [65]. Also, it was observed that using 10 wt% DAK in cement matrix enhanced the CS by 16.4% at 28 days. The
increment in CS value may be resulted from several factors. DAK’s higher pozzolanic activity caused by its lower particle size dis-
tribution, higher surface area, and higher pore volume contents resulted in its interaction with Ca(OH); produced from the hydration
of cement and the formation of further quantity from C-S-H that mainly responsible for the increase in CS [17,31]. Also, the further
quantity of DAK may act as an inert filler [66]. The uniform dispersion of DAK resulting from its large dimension sheet prevented its
agglomeration and enhanced the mechanical properties [65,67,68]. DAK may behave as a nucleation site to promote the hydration of
cementitious materials and then generate more binding phases. Furthermore, the remaining active amorphous silica present in DAK
reacts with C-S-H at later ages, produced a low C/S ratio in C-S-H phase which have a high mechanical properties [51,65,69,70]. In
contrast, increasing DAK wt% as in D30 and D5 caused a reduction in CS by 23.7% and 26.7%, respectively than the control specimen
at 28 days. This may result from excessive OPC dilution by DAK and then generation low binding phase. The same optimized per-
centage of DAK was reported in the study of Abdelalim et al., 2008 [30] while 15% DAK was reported in the investigation of Moselhy,
2018 [32]. On the contrary, Majstorovic et al., 2022 confirmed that the replacement of OPC by 30%MK enhanced the mechanical
characteristics; this high content of MK participated strongly in CH-free cementitious mortar that increased fiber-matrix interface bond
[71].

As illustrated above, one of the ways to solve the problem of reduction in CS is using TiO,. Therefore, the effect of DAK replacement
in the D50 specimen with 5 wt% TiO2 (D45-T5) on the CS was investigated. It was found that TiO, enhanced the CS by 49.9% more
than the D50 specimen (0 wt% TiO3). Simultaneously, the CS value of the D45-T5 specimen increased by 9.9% than the control
specimen despite the noticeable dilution of cement with DAK. This highlights the vital role of TiO, in enhancing the mechanical
performance of cement pastes. As will be proved below by XRD, the TiO; does not have cementitious characteristics as it is stable and
inactive [72]. Thus, the increase in the compressive strength may be resulted from (i) the TiO, may act as a non-reactive filler due to its
lower particle size (= 21 nm) that fills the pores and give a compact microstructure [44], (ii) the high surface area of TiO2 make it act
as nuclei and seeds available for sedimentation and growth further hydration products [73] and (iii) the TiO3 led to a redistribution of
pore structure of the hardened pastes from macro to meso pores. These outcomes are in line with the study of Zhang et al., 2020; 5%
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TiO9 NPs accelerated both of hydration reaction and pore-refining, enhanced the compressive strength and mitigated drying shrinkage
of cement mortar [74].

3.3. Phases identification

3.3.1. X-ray diffraction (XRD)

Fig. 8 illustrates XRD-patterns for OPC, OPC-10%DAK (Mix D10), OPC-50%DAK (Mix D50) and OPC-45%DAK-5%TiO5 (Mix D45-
T5) composites at 28 days of hydration. XRD-patterns for OPC pastes show different crystalline peaks for the Portlandite phase (CH, Ca
(OH),, PDF# 01-087-0674) that are located at 20 = 18.16, 34.22, 47.20 and 50.89°; this phase is considered one of the main hy-
dration reaction products that are generated during reaction of OPC with water molecules and the existence of it after 28 days rep-
resents a good indicator for the growth of hydration reaction [75]. Due to the handling process, small quantities of CH are carbonated
and converted into calcite phase (CC, PDF# 01-088-1808) that appears at 20 = 29.56, 41.35 and 47.20 [76]. Calcium silicate hydrate
(C-S-Hs, PDF# 00-033-0306) is an essential binding phase that reflects the mechanical behavior; this phase appears at 26 = 29.56 and
30.19°. Unreacted silicate phases such as alite (C3S, PDF# 01-070-1846) and belite (C2S, PDF# 01-077-0388) have crystalline peaks
at 20 = 28.81, 32.32, 32.77, 34.51, 39.64 and 41.35°. The same findings and explanations were reported in recent publications [77,
78]. Some minor changes have been observed after OPC replacement by 10 wt% DAK (Mix D10). The new crystalline peak appeared at
20 = 35.45° due to the generation of additional amounts of CSHs. The other crystalline peak appeared at 20 = 26.49° due to the
unreacted quartz phase (PDF# 00-005-0490), representing one of DAK’s constituents. The replacement of OPC with 50 wt% DAK led
to noticeable changes. Crystalline peaks, distinguished for the Portland phase, have disappeared and at the same time, other new
crystalline peaks distinguished for quartz appeared at 20 = 20.69 and 50.13°; this is attributed to the dilution process affecting the OPC
hydration negatively [79]. Also, a weak crystalline peak due to the anatase-tetragonal-phase (PDF# 01-071-1167) appeared at 20
= 25.25°. Similar trend was observed in the study of El-Gamal et al., 2017; the replacement of OPC with 20% ceramic waste led to a
marked reduction in the content of portlandite [80]. The replacement of 5 wt% DAK by 5 wt% TiO (Mix D45-T5) led to the disap-
pearance of unreacted silicates and other additional characteristic peaks for anatase also appeared at 20 = 47.85, 53.79 and 54.95°.
The appearance of this phase in abundance was a strong turning point in the mechanical properties of the D45-T5 composite. The
studies of Lee and Kurtis, 2010 and Luan et al., 2022 demonstrated that the addition of TiO2 NPs affected positively the early hydration
of C3S and created more nucleation sites [81,82].

3.3.2. Thermal analysis (TGA/DSC)

Fig. 9(a-d) displays thermo-gravimetrical analysis (TGA) and differential scanning calorimetry (DSC) for OPC, OPC-10%DAK (Mix
D10), OPC-50%DAK (Mix D50) and 50%0PC-45%DAK-5%TiO2 (Mix D45-T5) composites at 28 days of hydration. This technique
gives vital information about the type and concentration of the formed phase. As indicated in Fig. 9-a, the TGA curve for OPC pastes
illustrates three different stages (mass losses) at 50-300, 300-600 and 600-1000 °C, respectively and TG% for the 1st stage was 5.51%
which indicates dehydrated/deteriorated amounts of C-S-Hs, C-A-S-Hs and C-A-Hs as the main binding silicates [83]. TG % of the 2nd
loss was 5.65% due to decomposed amounts of free Ca(OH), in addition to hydrogarnet phase (C-A-S-Hs) [84]. The last stage was about
3.27% due to the de-carbonation process. DSC technique confirmed three endothermic peaks at the mentioned three stages with
energies (enthalpy) of 73.38, 29.58 and 3.23 J/g, respectively. Similar findings were reported in the investigation of Amin et al., 2015
[85]. On the other hand, the TGA curve for OPC paste containing 10 wt% DAK (D10) shows the same three stages. TG% for 1st, 2nd and
last stage was 9.34%, 4.56% and 5.57%, respectively, Fig. 9-b. Moreover, the DSC curve show three endothermic peaks with energies
of 87.72,11.99 and 3.53 J/g, respectively. This date affirmed that the replacement of OPC by 10 wt% DAK increased the amount of
binding silicates/hydrates from 5.51% to 9.34%. Simultaneously, a decrease in the amount of liberated lime from 5.51 to 4.56 due to
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Fig. 9. TGA/DSC thermograms of OPC, OPC-10%DAK, OPC-50%DAK and OPC-45%DAK-5%TiO, composites at 28 days of hydration.

pozzolanic reaction was also noticed [86]. These outcomes are in line with the mechanical behavior of the D10 composite. Fig. 9-c
clarifies the TGA thermogram for OPC paste containing 50 wt% DAK (Mix D50). The figure illustrates the same three losses. TG% was
6.71%, 3.20% and 4.21%, respectively. At the same time, the DSC curve indicates the disappearance of the Portland endothermic peak
while the energies of the 1st and last endothermic peaks were 64.99 and 11.24 J/g, respectively. These results indicate that the high
replacement of OPC by DAK negatively affected the amount of the formed binding silicate (AH decreased from 73.38 to 64.99 J/g) and
the liberated lime (29.58 to zero J/g). Therefore, the compressive strength after 28-days of curing has been suppressed from 80 to
57.6 MPa. The same conclusions were reported by Palou et al., 2016 as the OPC was replaced by 35% SCMs (SF, GGBFS and MK) [87].
Fig. 9-d shows TGA/DSC thermograms for OPC containing 45%DAK + 5% TiO, as the anatase phase. The figure confirmed the vital
role of the anatase phase on the progress of hydration reaction and generation of an extra amount of binding silicate [88]. After
incorporating TiOo, the 1st mass loss increased again from 6.71% to 8.98% and the corresponding energy also increased from 64.99 to
74.23 J/g. Hence, the compressive strength of the D45-T5 composite reached 88 MPa. Similar manner was observed in the study of Ma
et al., 2016; the compressive strength of OPC+ 20% fly ash composite was enhanced in presence of 3%TiO2 NPs which catalyzed the
pozzolanic reaction and helped in the formation of C-S-Hs type of longer chains and higher Al:Si ratio [89].

3.4. Textural characteristics

This part aims to explain the micro-porosity after 28-days of hydration for some selected hardened composites (OPC, OPC-50%DAK
and OPC-45%DAK-5%TiO5) via the Ny-adsorption/desorption technique. The porous structure’s identification may help explain the
fabricated composites’ mechanical properties and gamma-ray attenuation power. Textural parameters such as BET surface area (cm?/
g), BJH-average pore diameter (nm) and BJH-maximum pore diameter (dpmax, nm) were determined. These parameters strongly
reflect the porous structure of the prepared composites. Six isotherms were classified according to IUPAC and three types of pores
(micro, meso and macro). The structure with macro-pores possesses low surface area and high dpmax, while micro-pores containing
structure possess large surface area and low dpmax. Meso-pores is considered intermediate type (4 < dpmax < 100 nm) [90]. Fig. 10
(al-a3) displays adsorption-desorption isotherms for the selected composites. The isotherm type for OPC, OPC-50%DAK and OPC-45%
DAK-5%TiOs, is /11, III and II, respectively. Mixed type (III/II) for OPC with H3-hysteresis loop while the composite containing 5%
TiO4 displays type II with H3-hysteresis loop. The appearance of the hysteresis loop is due to capillary condensation within the
mesopores. OPC-50%DAK composite shows type III without hysteresis. Fig. 10 (b1, b3) illustrates pore size distribution curves for the
selected composites according to the BJH model. It was found that dpmax values for OPC, OPC-50%DAK and OPC-45%DAK-5%TiO4
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were 59.47, 210 and 13.07 nm, respectively. Moreover, Table 3 clarifies the BET surface area for these composites and the values were
5960, 5030 and 14,141 cm?/g, respectively. These results indicate that replacing OPC with 50 wt% DAK negatively affected the
histological characteristics of generated composite (from meso to macro), while the inclusion of the 5 wt% TiO contributed strongly to
porous structure rearrangement from macro to macro meso. The anatase phase acted as a nano-filler which precipitated on the walls of
the macro- pores in a regular manner and, at the same time, worked as nucleation sites/catalysts to generate additional hydration
products (C-S-Hs, C-A-S-Hs, C-A-Hs) that also helped in narrowing the pores [91-93]. This data is very compatible with the mechanical
trend of selected composites. D45-T5 has the highest compressive strength (88 MPa), highest surface area (14,141 cm?/g) and lowest
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Fig. 10. BET isotherm/BJH model for: (al, bl) OPC, (a2, b2) OPC-50%DAK, (a3, b3) OPC-45%DAK-5%TiO, composites at 28 days of hydration.
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dpmax (13.07 nm). Other study confirmed that, by means of BET technique, the inclusion of 2.5% TiO2 NPs could modify the porous
structure of cement-mortar by changing the harmful large pores to the nano-sized pores, causing a lower permeability and higher
durability, Shafaei et al., 2020 [94].

3.5. Morphology

Fig. 11 (al, a2) displays SEM/EDX images for hydrated OPC pastes at 28-days hydration. The mesoporous structure was observed in
the presence of precipitated needle crystals of C-S-Hs. Also, hexagonal shapes of Portlandite were mingled with the generated silicates
[95]. The generated phases (CSHs, CH) are attributed to hydration of unreacted di/tri-calcium silicates ($-C2S and C3S). The shape of
CSHs (needles, fibers, rods, sheets, stacked plates) mainly depends on curing conditions (time, temperature, pressure, curing medium)
as well as starting materials [96]. Almost, needle crystals appears in the first month as in case of OPC hydration and this observation is
in line with the investigation of Hashem et al., 2021 [77]. The replacement of OPC by 10% DAK (Mix D10) led to a notable change in
the morphology of CSHs (stacked plates and rods), Fig. 11 (b1, b2). Phase transformation is one of the most important reasons behind
the development of mechanical efficacy of OPC-10% DAK composite; the same observation was studied by Zhang et al., 2018 [97].
Unreacted granules were observed after high substitution of OPC by DAK up to 50% (Mix D50) in the presence of little amounts of CSHs
rods and calcite phase, Fig. 11 (c1, c2). The unreacted binders may be attributed to the existence of remained/inert kaolinite as a main
phase inside DAK waste as well as unreacted silicates of OPC; the appearance of these phases caused a slight decay in the mechanical
characteristics of D50 composite comparing with other composites; this outcome is matched with the work of Dixit et al., 2021 [98].
The incorporation of TiO, nanoparticles had an effective role in generating extra interlocked CSHs needles, which precipitated within
the open porous structure to convert it into narrow mesoporous structure, so a dramatic development in the strength value of D45-T5
composite, Fig. 11 (d1, d2). The same behavior was reported by Yang et al., 2015 [99]. As displayed in EDX tables, Ca/Si ratios for
OPC, D50 and D45-T5 were 13.29, 0.74 and 1.66, respectively. This means that composite D50 generated the lowest amount of CSHs.
Moreover Al/Si ratios were 1.04, 0.17 and 0.17, respectively. These ratios confirm that composites D50 and D45-T5 have the lowest
percentages of C-A-Hs. This is logical as these composites do not originally contain aluminum oxide [17,100].

3.6. Radiation shielding

Radiation shielding power against y- rays for any shielding material is dependent on the crystallographic structure of included
phases, microstructure (pore type, surface area), mechanical characteristic, source of gamma rays and operating temperature [28]. The
value of the linear attenuation coefficient (u, cm ™) strongly expresses the ability to attenuate gamma rays. The capability to mitigate
gamma rays increases with increasing p value. Only three composites were selected to perform this test: OPC, OPC-50%DAK and
OPC-45DAK-5%TiO5. According to Beer-Lambert law, Fig. 12 (a, b) shows the relation between transmitted intensity and thickness of
the prepared paste. Whatever the source of gamma rays (Co-60 of high intensity and Cs-137 of low intensity), reverse relations with
high fitting (RZ = 0.990-0.996) were obtained for all selected composites. The standard deviation of the measurement did not exceed
0.007. These values confirm the strong validation of the beer-lambert law on the prepared composites. Fig. 13 shows the linear
attenuation coefficient values at low (661.6Kev) and high intensity (1332.5 Kev) for OPC, D50 and D45-T5 composites. The figure
indicates the high replacement of OPC by 50%DAK (D50) affected negatively on the attenuation ability; as the linear attenuation
coefficient values were suppressed from 0.127 + 0.003 cm ™! to 0.105 + 0.003 cm ™! at 661.6 Kev and from 0.118 £0.003 cm ™! to
0.086 £0.002 cm ™! at 1332.5 Kev, Meanwhile, the inclusion of 5% Anatase nanoparticles (D45-T5 composite) has great impact on the
development of shielding power; as p values were enhanced from 0.127 + 0.003 em ! to 0.199 + 0.007 cm ™! at 661.6 Kev and from
0.118 +0.003 cm ™! to 0.144 +£0.005 cm ™! at 1332.5 Kev. These results can be explained in Fig. 14, in which a strong correlation
between attenuation power, mechanical and textural characteristics. As shown in the figure, the attenuation % (at low intensity)
decreased to 82.7% when OPC was replaced by 50% DAK, as the high replacement caused a sudden change in histological and me-
chanical characteristics. Pores enlargement from 57.5 nm to 210 nm and decay in the strength value from 80 to 57.6 MPa, so the
penetration power of gamma rays has been elevated. On the other hand, adding 5%TiO2 NPs (composite D45-T5) caused a strong
boosting in the attenuation % to 156.7 compared with OPC. Anatase phase acted as a nano-filler which precipitated on the walls of the
macro- pores in a regular manner and at the same time worked as a catalyst to generate additional hydration products (CSHs, CASHs,
CAHs) that also helped in narrowing the pores from 210 nm to 13.07, so the shielding power in case of D45-T5 has been elevated.
Moreover, the crystallographic structure of tetragonal anatase is considered one of the most important factors that made TiO2 NPs act
as dosimetric material of super absorbent capacity against penetrable gamma rays [1,44,45].

Table 3

Textural parameters for some selected pastes at 28 days of hydration.
Selected composite BET surface area (cm?/g) BJH average pore diameter (nm) Max pore diameter dppax (nm) Pore type
OPC 5690 25.47 59.47 Meso
D50 5030 128.56 210 Macro
D45-T5 14,141 15.83 13.07 Meso
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Fig. 11. SEM/EDX images of (al, a2) OPC, (b1, b2) OPC-10%DAK, (c1, c2) OPC-50%DAK and (d1, d2) OPC-45%DAK-5%TiO, composites at 28
days of hydration.

4. Conclusion

The main objective of this study is to use commercial titania to improve the mechanical properties of blended cement containing
large percentages of dealuminated kaolin (DAK) to produce sustainable and eco-friendly building materials; where all previous studies
have proven that using large percentages of DAK (beyond 10 wt%) as a cement replacement has a negative effect on the properties of
cement. The impact of using different DAK wt% and commercial TiO, on the workability, mechanical properties, phase composition,
microstructure and texture characteristics of the fabricated blended cement pastes was measured. Also, to achieve the maximum
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possible benefit from commercial titania, its effect on the linear attention coefficient was assessed to investigate the material’s
applicability in protection against harmful gamma-ray radiation. The results obtained showed the following:

e A high water/binder ratio and superplasticizer percentage are required for fresh DAK-blended cement pastes to achieve the same
workability as control paste (100 wt% OPC) due to the high surface area and small particle size of DAK compared to cement.
Replacement of OPC with 10 wt% DAK increased the compressive strength by 16.4% due to pozzolanic activity, inert filling effect
and good dispersion of DAK in the cement matrix. In contrast, increasing replacement up to 30 and 50 wt% decreased the
compressive strength by 23.7% and 26.7% at 28 days, respectively, resulting from the high dilution of cement.

Only 5 wt% TiO» is enough to partially replace DAK in the D50 specimen (as in 50%0PC-45%DAK-5%TiO, specimen) to attain a
higher compressive strength than the control paste (100 wt% OPC) as TiO; acts as an active site for the formation of more hydration
products and its small particle size caused pore structure redistribution that is resulting in compacting composition.
XRD-pattern clarified that TiO, does not have a cementitious characteristic and its effect in enhancing the mechanical properties is
referred to its high surface area.

The N, adsorption-desorption isotherms showed that the isotherm type for control, D50 and D45-T5, is macro/meso, macro and
meso, respectively, which clarifies the role of TiO? in pore size redistribution and then enhances the compressive strength.

TiO, particles successfully generated extra interlocked C-S-Hs needles, which strengthened the microstructure of the D45-T5
composite. Also, SEM showed a narrowing of the pore size in the case of D45-T5 than D50, which confirms changes in the
texture characteristics from macro to meso pores obtained by N adsorption-desorption isotherms.

Replacement of OPC with 50 wt% DAK has a detrimental effect on the radiation shielding efficiency, as it decreases the linear
attention coefficient by 17.3% and 27.1% than the control specimen (100% OPC) using gamma-ray intensities of 661.6 and 1332.5
Kev, respectively. While the incorporation of TiO- led to increases in the linear attention coefficient by 56.7% and 22% at the same
intensities. This phenomena were discussed by making a correlation between texture characteristics, mechanical properties and
attenuation coefficient. Small pores size increases the compressive strength and formed compact structure and then translated into
high linear attenuation coefficient.
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