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ABSTRACT: In this study, compressive and flexural strength, thermal properties, and pore structure of mortars
modified with two types of boron waste and different amounts of CuO nanoparticles were investigated. The
binders were prepared with 3% of borogypsum or borax waste and nano-CuO at concentration up to 4%. The
setting time, compressive and flexural strength at 3, 7, and 28 days, DTA/TG, XRD, BET, and water absorption
tests were carried out, and optimal nano-CuO percentages were determined. It was observed that nano-CuO
addition in the range 2%-2.5% can improve mechanical properties, reduce the amount of unreacted portlandite,
increase water absorption resistance, and decrease the setting time for borogypsum-containing mortars. The
optimum nano-CuO replacement ratio changes between 0.5%—1% for borax waste-containing mortars. The
results showed that nano-CuO was able to promote hydration reactions, act as a nanofiller, and provide a kernel
for nucleation reactions.

KEYWORDS: Compressive strength; Mortar; Thermal analysis; Waste treatment; X-ray diffraction.

Citation/Citar como: Yildirim, M.; Derun, E.M. (2018) The influence of CuO nanoparticles and boron wastes on the
properties of cement mortar. Mater. Construcc. 68 [331], e161 https://doi.org/10.3989/mc.2018.03617

RESUMEN: Influencia de las nanoparticulas de CuO y los residuos de boro en las propiedades de morteros de
cemento. En este estudio, se investigaron las resistencias a compresion y flexion, las propiedades térmicas y
las estructuras porosas de morteros modificados con dos tipos de residuos de boro y distintas cantidades de
nanoparticulas de CuO. Los morteros se prepararon con un 3 % de boro-yeso o residuos de boro y nano-CuO,
en concentraciones de hasta el 4 %. Se realizaron ensayos de tiempo de fraguado, resistencias mecanicas a 3, 7
y 28 dias, ATD/TG, DRX, area BET y absorcion de agua y se determinaron los porcentajes 6ptimos de nano-
CuO. Se observo que la adicion de nano-CuO en el rango del 22,5 % mejora las propiedades mecanicas, reduce
la cantidad de portlandita sin reaccionar, aumenta la resistencia de absorcion del agua y disminuye el tiempo
de fraguado en morteros que contienen residuos de boro. Los resultados muestran que el nano-CuO favorece
las reacciones de hidratacidn, actua como nanofiller y proporciona un punto para las reacciones de nucleacion.
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1. INTRODUCTION

The use of industrial wastes as supplementary
cementitious materials (SCMs) instead of cement,
thereby eliminating 5% of the world’s carbon diox-
ide emissions, has grown in the last decades in line
with sustainable and environmentally friendly pro-
duction approaches. Researchers have approached
the problem of improving properties to cement
composites by using different SCMs, including fly
ash, granulated blast furnace slag, rice husk ash, and
silica fume (1). Also, waste formed during produc-
tion of borate chemicals (boric acid and tincalco-
nite) have been utilized in construction applications
because of their gypsum-like composition and poz-
zolanic properties (2-4). The wide range of use of
boron minerals brings higher production capaci-
ties, which has resulted in more than 900.000 tons
of boron derivative waste in Turkey alone (5). The
study carried out by Targan et al. showed usage
boron waste with natural pozzolans improves the
bending strength of specimens (2). Olgun et al. men-
tioned that boron waste can increase the long term
mechanical properties of mortars (3). However,
Topcu and Boga showed that boron waste improves
the durability, but decreases the mechanical proper-
ties (4). Also, literature studies proved boron waste
has the set retarding effects (6).

Nanotechnology is an attractive research area
with many applications because of the advantages
of nanoscale (1-100 nm) materials. Nanoparticles,
including nano-silica, nano-alumina, nano-titania,
and nano-copper oxide, are used in cement compos-
ites to enhance mechanical and physical durability
and chemical stability. Nanoparticles can be divided
into two groups: nanoparticles that show pozzola-
nic activity such as nano-silica and nano-alumina,
and those used as nanofillers and nano-nuclei such
as nano-titania, nano-copper oxide, and nano-zinc
oxide (7-16).

When nanoparticles disperse uniformly in the
cement matrix, they produce a larger available sur-
face area for hydration reactions. At early stages
of hydration, nanoparticles act as a kernel, and
hydration products envelop them tightly, result-
ing in a more compact, denser cement matrix. The
generation of heterogeneous nucleation sites by
nanoparticles promotes the formation of hydra-
tion products and limits the amount of Ca(OH),.
That results in improvement of the strength and
durability of cement composites and reduced per-
meability through densification of the microstruc-
tures (17-22).

Many researchers have investigated the effects
of nanoparticles on the mechanical and physical
properties of cement composites. However, most
of the studies have been concerned with appli-
cation of silica, alumina, titania and iron oxide
nanoparticles. Because of their pozzolanic effects

nano-silica and nano-alumina are the most popular
nanoparticles in the research. Li et al. reinforced
cement composite with nano-alumina and revealed
that the compressive strength and elastic modu-
lus of mortars were improved by incorporating
nano-alumina into matrix (18). Sneff et al. showed
nano-silica modified the fresh properties of cement
mortars and decreased the setting time of mortars
up to 60% (9). Qing et al. revealed that nano-silica
accelerated the hydration process and using nano-
silica up to 5% increased the mechanical properties
of cement composites. The pozzolanic reaction of
nano-silica with Ca(OH), may be as follows (17)
[Eq. 1, 2 and 3].

=Si-O- + H-OH — =Si-OH (react quickly) 1]
=Si- + OH — =Si-OH (react quickly) [2]
=Si-OH + Ca(OH), —» C-S-H [3]

However, some studies have observed the influ-
ence of nano copper oxide on fresh and harden-
ing features of cement-based materials. Nazari
and Riahi (21, 22) investigated the mechanical
and thermal properties of self-compacting con-
crete with different amounts of CuO nanoparticles
added, and their experimental results showed that
increasing the proportion of CuO nanoparticles up
to 4% could improve properties of the concrete. In
another stud, in which CuO was used together with
ground granulated blast furnace slag, Nazari et al.
(22) found that replacing the cement up to 3% by
CuO nanoparticles could accelerate formation of
calcium silicate hydrates (C-S-H) and reduce water
permeability. Miyandehi et al. studied the combined
effects of CuO nanoparticles and rice husk ash on
the durability, strength, and permeability of cement
mortars; their results showed that CuO nanoparti-
cles reduced the porosity of the cement matrix and
increased both the compressive strength and dura-
bility of mortar specimens (23).

Although there are studies incorporating CuO
nanoparticles with cement composites, no study to
date has examined the binary effects of boron waste
and CuO nanoparticles on the fresh and hardened
properties of cement mortar. The present study
investigated the effects of boron waste and various
amounts of CuO nanoparticles on the mechanical
and thermal properties and the pore structure of
cement mortars, evaluating both their compressive
and flexural strength. Thermogravimetric analysis
was used to evaluate the thermal properties, and
the properties of the pore structure of mortars were
determined by the Brunauer-Emmett-Teller (BET)
method and water absorption test. The phase com-
position of mortars was determined by X-ray dif-
fractometer (XRD) and Fourier transform infrared
spectroscopy (FT-IR).
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2. MATERIALS AND METHODS
2.1 Materials

The researchers used borogypsum and borax
waste provided by the Bandirma Boron Works
(Eti Maden, Balikesir, Turkey). Before starting the
experiments, boron waste underwent a preparation
process that included drying, grinding, and siev-
ing. The prepared boron waste were identified by
XRD and obtained patterns are given in Figure 1.
According to XRD results, borogypsum was a
mixture of gypsum (CaSO,2H,0, powder diffrac-

fluorescence (XRF), with parameters ranging from
4 to 30 kV (Table 1).

The nano-CuO used was synthesized from
CuS0,.5H,0 and NaOH by a hydrothermal method.
The synthesis reaction temperature and reaction time
were set at 70 °C and 4 hours after preliminary exper-
iments with calcination parameters set at 400 °C and
2 hours, respectively. The morphological and crystal-
lographic attributes of nano-CuO were determined
by X-ray diffractometry (XRD), scanning electron
microscopy (SEM); Micromeritics ASAP 2020 was

tion file (pdf) no: 00-006-0046) and calcium borate TABLE 1. Chemical composition of raw materials
hydrate (Ca,B,,0,;75H,0, pdf no: 00-022-0146) —
when borax waste was identified as a mixture of (CO/";“P"S‘“O“ Clinker Cement Borosvosum lvgv‘;r::: P
dolomite (CaMg(CO,),, pdf no: 01-0073-2361) and & EYP
tincalconite (Na,B,0,-5H,0, pdf no: 00-007-0277). Si0, 14.00  13.00 410 20.00 90.80
Borogypsum-containing mortars were prepared ALO; 3.00  2.00 - - 5.70
with clinker when borax waste—containing mortars Fe,0, 4.70 4.70 0.99 - 0.86
were prepared with CEM 42.5 Portland cement. CaO 76.50  71.80 45.10 5730 041
The binder materials were supplied from Akcansa
SO - 2.90 48.70 22.00 -
Cement Factory, Istanbul, Turkey. Because of the } 10
gypsum content of borogypsum, clinker was used in Mgo ) 00 ) ) )
the borogypsum-containing mortars. TiO, - - - - 0.87
CEN standard sand conforming to EN 197-1 was K,O 1.30 1.20 - 095 1.30
supplied by the Limak Trakya Cement (Kirklareli, B,O, . B 1.10 1.30 3
Turkey) and was used in all mixtures as a fine aggre- LOT* 5 40 220 14.50 3400 2.50
gate. The chemical composition of raw materials
was determined by PANalytical MiniPal 4 X-ray “Loss of ignition
800 G G: Gypsum
CaB: Calcium Borate Hydate
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G
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FIGURE 1. XRD patterns of boron wastes.
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used to measure the BET-specific surface area (Sggr).
The XRD pattern of synthesized CuO is presented
in Figure 2. Using the XRD results, the product was
identified as tenorite (CuO), with a powder diffrac-
tion file number (pdf no) 00-045-0937. The Debye-
Scherrer equation [Equation 4]was used to calculate
the crystallite size of CuO,
D=0.94/ fcos® [4]
where D is the mean size of crystallites (nm), Ais the
X-ray wavelength (1.54 A), B is the full width at half
maximum (FWHM) and &1is the Braggs’ angle. The
calculation yielded the average size of crystallites as
24 * 6 nm; this was supported by the SEM image
(Figure 3). The Sgpr of nano-CuO was 45 mZ/g.

Because of their large surface area, nanoparticles
tend to agglomerate when in contact with water, and
dispersing nanoparticles in the mortar matrix can
be difficult (8). Thus, MasterGlenium®51, a poly-
carboxylic ether-based superplasticizer admixture
(SP) (BASF Turkey) was used to decrease the attrac-
tive forces that cause agglomeration. The technical
properties of SP are provided in Table 2.

2.2. Mixture proportions

In total, 18 different mixtures with specified
amounts of nano-CuO powder were prepared. The
amounts of boron waste were kept constant as 3%
of binder weight, which was determined as the opti-
mum value according to previous studies (24, 25).

The nanoparticle ratio was varied between 0%—4%
of binder. The water to binder ratio of borogypsum
and borax waste-containing mixtures were fixed at
0.35 and 0.45, respectively. The chemical composi-
tion of boron waste, which led to different water
demands of mortars, caused usage of different w/b
ratios for each mortar set. The SP ratio used was
0.5% of binder. The detailed mixing proportions of
mortars are given in Table 3.

2.3. Preparation of specimens

The preparation of specimens was carried out
according to the EN 196-1 standard (26), with some
changes related to the presence of nano-CuO. To
determine a specific preparation method, many pre-
liminary experiments were conducted. In the chosen
preparation method, SP was first dissolved in half of
the mixing water and nano-CuO was added to this
mixture and stirred for 5 minutes at 500 rpm to ensure
uniform distribution of the nano-powder. Then, for
borogypsum-containing mortars, these components
were mixed with borogypsum, clinker and the other
half of the water at low speed for 30 seconds, and then
within 30 seconds, sand was added to this mixture. For
borax waste-containing mortars, the same prepara-
tion procedure was carried out by adding borax waste
and cement. After stirring for 4 minutes at high speed,
the fresh mortars were cast into 40X40x160-mm
three-cell prismatic molds. For the water absorption
test, the mortar was placed to 40x40%x40-mm cubes.
The molds were covered with glass plates to avoid

600
o 400
=
=)
£
s
2
@
=
2
= 200

0 L BEREEREES: BAREEREES BEREEREES BABEEEERS BABEEEEEs BABREEERS
30 40 50 60 70 80
Position 20 (°)
FIGURE 2. XRD pattern of nano-CuO.
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FIGURE 3. SEM image of nano-CuO.

TABLE 2. The technical properties of superplasticizer admixture

Alkaline Content (%) Chloride Content (%)
Chemical admixture Composition Density (kg/L) (EN 480-12) (EN 480-10)

MasterGlenium®51 Polycarboxylic ether 1.082-1.142 <3 <0.1

TABLE 3. Mixing proportions of mortar

Mix Clinker (%)  Cement (%) BJ (%) BRX (%) CuO (%) Sand (g) wib
BJ-C-0 97 - 3 - 0 1350 0.35
BJ-C-1 96.5 - 3 - 0.5 1350 0.35
BJ-C-2 96 - 3 - 1 1350 0.35
BJ-C-3 95.5 - 3 - 15 1350 0.35
BJ-C-4 95 - 3 - 2 1350 0.35
BJ-C-5 94.5 - 3 - 2.5 1350 0.35
BJ-C-6 94 - 3 - 3 1350 0.35
BJ-C-7 93.5 - 3 - 3.5 1350 0.35
BJ-C-8 93 - 3 - 4 1350 0.35
BRX-C-0 - 97 - 3 0 1350 0.45
BRX-C-1 - 96.5 - 3 0.5 1350 0.45
BRX-C-2 - 96 - 3 1 1350 0.45
BRX-C-3 - 95.5 - 3 1.5 1350 0.45
BRX-C-4 - 95 - 3 2 1350 0.45
BRX-C-5 - 94.5 - 3 2.5 1350 0.45
BRX-C-6 - 94 - 3 3 1350 0.45
BRX-C-7 - 93.5 - 3 3.5 1350 0.45
BRX-C-8 - 93 - 3 4 1350 0.45

*BJ: Borogypsum, BRX: Borax waste, C: CuO
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water loss because of the heat of hydration and stored
in a test cabinet (Nuve TK 120, Turkey) at 202 °C
and 90% relative humidity for 24 hours. Following the
demolding, specimens cured in water at a temperature
of 20%2 °C until the test days.

2.4. Test procedure

The setting time of fresh mortar was determined
accordance with TS EN 480-2. The effects of dif-
ferent dosages of nano-CuO on the initial and final
set time of the mortar were analyzed using a Vicat
apparatus through measuring penetration of the
metallic needles (27).

Compressive and flexural strength tests were
conducted in accordance with EN 196-1 (26) using a
UTEST-brand automatic cement compression and
flexure testing machine for curing time 3, 7, and 28
days. First, a flexural strength test was carried out,
and the two halves obtained were used for a com-
pressive strength test.

The phase analyses of pastes prepared with nano-
CuO and boron waste were carried out by XRD in
the pattern range of 5° to 60° at a scanning rate of
0.006°/s. The inorganic crystal structure database
(ICSD) patterns were used to identify crystalline
composition of pastes. The X-ray tube voltage and
current were set at 45 kV and 40 mA, respectively.
Fourier transform infrared spectroscopy (FTIR?
analysis was conducted in the range 450 to 4000 cm
to identify characteristic bonding of hydration prod-
ucts. FTIR can determine amorphous phases as well
as crystalline phases (28).

The pore structure of mortars was investi-
gated through the BET method. The BET surface
areas (Sger) and total pore volume of all samples
were determined by nitrogen adsorption on a
Micromeritics ASAP 2020 instrument after degas-
sing samples under vacuum at 105 °C. Also, to inves-
tigate the pore structure, water absorption analysis
was conducted at 28 days curing time, in accordance
with the BS 1881-122 standard (29). The samples
cured for 28 days were dried in the incubator for

—
D
~

Setting time for mortars with borogypsum

600
® Initial set

500
m Final set
400
300
20
0

0 05 1.0 15 20 25 3.0 35 4.0
CuO percentage (%)

Setting Time (minutes)
o

72 hours and cooled for 24 hours in a dry airtight
vessel after removal from the incubator. The samples
were weighed and the mass recorded before immer-
sion in water; the water absorption of the samples
was recorded for the immersion periods 10, 30, 60,
and 120 min.

Thermal analysis of samples was carried out
using PerkinElmer Diamond TG/DTA equipment
to measure the heat flow and weight change in the
mortars as a function of temperature. Samples that
had been cured for 28 days were heated from 30 °C
to 1000 °C at a heating rate of 10 °C/min under an
N, atmosphere. The amount of CH formation dur-
ing hydration progress was determined directly by
TG analysis from the start and end points of the CH
decomposition [3].

CH (%) = Wi, (99)x 2 [5]
H

In Equation 5, WL,y1s the weight loss attributable
to the CH decomposition, MW, and MW, are
the molecular weights of CH and water, respec-
tively (30).

3. RESULTS AND DISCUSSION
3.1 Setting time of mortars

The initial and final setting time of mortars pre-
pared with boron waste is shown in Figure 4. In
the literature, it has been proven that boron waste
retard the hydration process and behave as a set
retarder (31). As seen in Figure 4, nano-CuO accel-
erated hydration, especially in mortars with borax
waste at all ratios, reduced the initial and final set-
ting times. Incorporation of 1% nano-CuO made
a significant improvement in the final setting time
at 38.5% of the control sample, which may be due
to the nucleation effect of nano-CuQO. On the con-
trary, the rising ratios of nano-CuO prolonged the
final setting time, particularly for borogypsum-con-
taining mortars.

(b) Setting time for mortars with borax waste
> 500 ®|nitial set
@ .
£ 400 H Final set
£
E 300
£
iz 200
g
£ 100
[

n

0

0 05 10 15 20 25 3.0 35 4.0
CuO percentage (%)

FIGURE 4. Setting time of mortars with a) borogypsum b) borax waste.
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3.2. Compressive and flexural strength of mortars

The average compressive strength results of mor-
tars containing borogypsum and borax waste for each
nano-CuO ratio are presented in Figures 5 and 6,
respectively. For all cement mortars, the compressive
strength increased with curing time because of con-
tinuous hydration and formation of the hydration
products C-S-H, C-A-H and C-A-S-H. For mor-
tars including borogypsum, the compressive strength

showed a decrease with the replacement of nano-
CuO up to 2%. However, a trend of increase in com-
pressive strength was observed up to 2% nano-CuO
addition. The highest compressive strength value was
67.89 MPa after curing 28 days for a 2% nano-CuO
addition. Contrarily, for upper nano-CuO ratios, a
decrease was observed in the development of com-
pressive strength in comparison with the 2% nano-
CuO-containing sample for each number of curing
days. The irregular change in compressive strength

BJ-C-0 BJ-C-1 BJ-C-2 BJ-C-3 BJ-C-4 BJ-C-5 BJ-C-6 BJ-C-7 BJ-C-8
80
]
3 N~ ~ ©
7 Qe () © ® s}
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< m ©
€ g0 & ob g% ) A3 ,\ 2 ob 2
ST 30 3 9 o 3 e I
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B 50 § Sall S ® 5 :m ¢
il ¢
@ 40
o
=
g 30
£
£ 20
(8]
10
0
0 0.5 4.0
Cu0 percentage (%)
M 3 days [ 7 days M 28 days
FIGURE 5. Compressive strength of borogypsum containing mortars for different nano-CuO.
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FIGURE 6. Compressive strength of borax waste-containing mortars for different nano-CuO ratios.
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by increasing nanoparticle ratios can be explained by
different assumptions. Firstly, the reduced amount
of binder with increasing amount of nanoparticles
lacks the formation and growth of hydration prod-
ucts. Also, acting as foreign nuclei for hydration reac-
tions, the agglomeration of nanoparticles can reduce
the surface area of nucleation sites because of dis-
persion deficiency (10, 18, 32).

In contrast with borogypsum-containing mor-
tars, the reference sample in which borax waste
was used showed lower compressive strength as
37.56, 40.35, and 50.56 MPa for curing times of
3, 7, and 28 days, respectively. This phenomenon
can be explained by different chemical composi-
tions of boron waste and binders of clinker and
cement. Except the sample prepared with 3% CuO,
all samples had higher compressive strength than
the reference sample. On the other hand, the high-
est compressive strength value was obtained for 1%
nano-CuO replacement as 60.32 MPa for 28 days
of curing. When the optimum amount of nano-
CuO was added to the mortar matrix, it promoted
cement hydration and increased the strength of gel
formation. As a result, more hydration products
were produced because of the kernel effect of nano-
CuO; the compressive strength at 28 days increased
up to 24% of the control sample. Similar to stud-
ies carried out with nano-CuO (20, 32), the highest
compressive strength values were obtained for the
range 1% to 3%. In study carried out by Nazari
et al. (20), addition of 3% nano-CuO increased
the compressive strength of self-compacting con-
crete with GGBFS as 32% of the reference sam-
ple whereas Miyandehi et al. (23) accomplished an

BJ-C-0 BJ-C-1 BJ-C-2

(")
<D
N
®|

BJ-C-3

~

Flexural strength (MPa)
N w B (6] (o] ~ (o] © o

o e 5.99
_618
7 R 6.4

BJ-C-4

increase in compressive strength value of rice husk
ash-containing mortar as 17% of the reference for
the same nano-CuO ratio.

The flexural strength results of borogypsum-
and borax waste-including cement mortars are
given in Figures 7 and 8, respectively. Similar
to compressive strength, positive influences of
nanoparticle addition to cement mortars con-
taining borogypsum were observed only for the
samples of BJ-C-4 and BJ-C-5 that contained 2%
and 2.5% nano-CuO, respectively. However, even
a small amount of nano-CuO (0.5%) produced an
improvement of flexural strength to 24.5% of the
control sample for borax waste-containing mor-
tars. Nano-CuO behaves like a nano-filler between
cement grains and thereby—even not having a poz-
zolanic effect—the substitution of nano-CuO with
cement played a major role in the flexural strength
development (11).

3.3. XRD results of mortars

Figure 9 illustrates the XRD patterns of sam-
ples cured for 28 days. According to XRD analy-
ses, the crystalline composition of the pastes was
identified as Portlandite (Ca(OH),) with pdf num-
ber of 00-044-1481 and Calcium silicate hydrate
(Ca, 5sS103;xH,0) with pdf number of 00-033-0306.
When nano-CuO was added to the mortars, the
intensity of CH showed a decrease. The reason for
this can be the hydration acceleration effect of CuO
nanoparticles. For borax waste containing mortars,
the highest peak intensity of CSH was observed for
BRX-C-3 sample.

BJ-C-5 BJ-C-6 BJ-C-7 BJ-C-8

[oo]

(YJ

CuO percentage (%)
B 3 days [ 7 days M 28 days

FIGURE 7. Flexural strength of borogypsum containing mortars for different nano-CuO ratios.
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3.4. FT-IR results of mortars

The FT-IR spectra of mortars prepared with
different nano-CuO ratios are given in Figure 10.
FT-IR spectra provide information about changes
in silicate, sulfate, hydroxide, and carbonate phases
during the hydratlon progress. The IR vibrations
between 3630 cm ™' and 3640 cm ™' indicate the non-
hydrogen-bonded O-H stretching due to the pres-
ence of Ca(OH)z The peaks between 2913 cm™'
and 3430 cm™' indicate O-H stretching because of
capillary water when the IR absorption bands of
O-H bending can be observed around 1636 cm™.
The peaks that arise around 1426 cm™ and 870
cm”' result from carbonization of Ca(OH), with
atmospheric CO,. The peaks between 1000 cm™'
and 1100 cm™' are due to the silica in the C-S-H
gel network which shows the pol¥merlzat10n of
SiO,*". The peak around 690 cm ' is accounted
for by symmetric bending of Si-O-Si. The out-of-
plane Si-O bending causes peaks between 517 cm™!
and 546 cm ™' when the peaks of i in- -plane Si-O bend-
ing are observed around 464 cm ™. Due to the C-A-S
gel, vibration peaks of tetrahedral units of AlO,
arise around 778 cm™' (28, 30, 33-35). In general,
the FT-IR spectra of all sarnples of different nano-
CuO compositions showed similarity.

3.5. BET analysis results of mortars

The pore volume and specific surface area of
cement mortars are given in Table 4. By nitrogen
adsorption in BET analysis, properties of the spe-
cific surface area and pore volume of samples, which

Flexural strength of borax waste-containing mortars for different nano-CuO ratios.

affect the mechanical and chemical endurance of
cement composites, were determined. In BET anal-
ysis, the larger specific surface area demonstrates a
more compact matrix and smaller pore size (7).

Among the mortars containing borogypsum, all
samples had a greater specific surface area compared
with the control sample; as a result of this phenom-
enon, these samples showed a higher total pore
volume. When the ratio of nano-CuO increased, a
decrease was observed in both specific surface area
and total pore volume, which can be caused by the
lack of uniform distribution of this nanofiller.

The mortars containing borax waste displayed a
significant difference in the values of specific sur-
face area and total pore volume in comparison with
mortars with borogypsum. Considering the increas-
ing specific surface area, a more compact mortar
matrix was obtained in this experimental set except
for the BRX-C-7 sample. In parallel with the results
of the strength tests, BRX-C-2 had the highest Sggr,
at 7.6775 m’/g.

To the contrary, although mortars containing
borogypsum showed higher compressive and flex-
ural strength, borax waste-containing mortars had
a denser structure.

3.6. Water absorption results of mortars

The water absorption test results of borogypsum
and borax waste-containing mortars are given in
Figures 11 and 12, respectively. Figure 10 presents
the minimum cumulative water absorption ratio as
0.89% for the BJ-C-4 sample, which also had the
highest compressive strength after immersion in
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water for 120 min. When the reference mix absorbed
3.42% water, increasing nano-CuQO above 2.5%
caused a similar absorption trend as compared with
the reference, whereas the lower ratios reduced the
water absorption.

Although the total pore volume of borax
waste-containing mortars is greater than the ref-
erence mixture indicated by the BET analysis,
the water absorption resistance of borax waste-
containing mortars was improved by replacement

30 40 50 60
Position 20 (°)

XRD patterns of mortars with a) borogypsum and b) borax waste.

of nano-CuO. The mortar without nano-CuO
absorbed 7.68% water; at 3% nano-CuQO, water
absorption replacement decreased to 1.41%. The
decrease in the water absorption by increasing
the amount of nanoparticle can be explained by
the reduced porosity.

The comparison of the water absorption results of
mortars with different boron waste contents shows
that using borogypsum with nanoparticles has a
considerable impact on water absorption compared
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FIGURE 10. FT-IR spectra of mortars with a) borogypsum and b) borax waste for different nano-CuO ratios.

TaBLE 4. BET specific area and pore volume of specimens

Mix Sger (mzlg) Pore Volume (cm?/g)
BJ-C-0 1.1739 0.008533
BJ-C-1 4.5244 0.016379
BJ-C-2 4.6515 0.014364
BJ-C-3 3.0636 0.010302
BJ-C-4 3.8215 0.011939
BJ-C-5 2.2284 0.009201
BJ-C-6 1.8825 0.009098
BJ-C-7 1.6418 0.010851
BJ-C-8 1.8759 0.008138
BRX-C-0 3.7321 0.011914
BRX-C-1 4.7800 0.013069
BRX-C-2 7.6775 0.014358
BRX-C-3 6.8768 0.018347
BRX-C-4 6.0937 0.015007
BRX-C-5 3.3164 0.013952
BRX-C-6 3.6724 0.013733
BRX-C-7 1.6714 0.013261
BRX-C-8 3.6879 0.015282

with the borax waste-containing mortars. The water
absorption test results conform with compressive and
flexural test results in which nano-CuO-modified

borogypsum-containing mortars showed higher
strengths than those with addition of borax waste.
The higher amount of the C-S-H gel formation in
the presence of well-dispersed nano-CuO can ensure
a denser packing by filling the space between cement
and aggregates, in addition to providing higher
mechanical strength.

3.7. Thermal analysis results of mortars

Figures 13 and 14 show the differential ther-
mal analysis (DTA) results for mortars containing
borogypsum waste and borax waste, respectively.
To investigate the effects of nano-CuO replace-
ment on the amount of residual CH in the mortar
matrix, analysis results were given in the tem-
perature range 200 °C to 800 °C. Thermal analy-
sis is widely used to estimate amounts of calcium
hydrates and CH. TG analysis allows the calculat-
ing approximate amount of CH from dehydration
between 350 °C and 500 °C, and the decarboniza-
tion of CaCO; causes mass loss between 600 °C and
800 °C (35-37). In Figures 13 and 14, the decom-
positions peaks of CH and CaCO; were observed
for all mixtures. The decomposed amount and the
decomposition temperature of CaCO; showed
similarity for all nano-CuO replacement ratios
when the peak temperature of CH decomposition

Materiales de Construccion 68 (331), July—September 2018, e161. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2018.03617


https://doi.org/10.3989/mc.2018.03617

12 « M. Yildirim and E.M. Derun

8
7
=== BRX-C-0
;\? 6 e BRX-C-1
g 5 s BRX-C-2
= === BRX-C-3
8 4 === BRX-C-4
2
T3 BRX-C-5
2 BRX-C-6
© e BRX-C-
= 2
=== BRX-C-7
1 == BRX-C-8
0
0 10 30 60 120
Time (minute)
FIGURE 11.  Water absorption of borogypsum containing mortars.
4
=== BJ-C-0
X3 e BJ-C-1
c == BJ-C-2
o
§- == BJ-C-3
g 2 e BJ-C-4
2o
E BJ-C-5
5 C-6
o - B J-C-|
= 1
== BJ-C-7
= BJ-C-8
0
0 10 30 60 120

Time (minute)

FIGURE 12.  Water absorption of borax waste containing mortars.

slightly shifted lower or higher values of reference
sample. The decomposition temperature of CH
changed between 408.70 °C and 446.89 °C which
was in accordance with literature.

Table 5 presents the temperature range of decom-
position of CH, the mass loss, % CH content and
released heat. According to TG analysis results,
when the mass loss because of CH decomposition
was 1.09% for the BJ-C-0 sample, the addition of
nano-CuO decreased the mass loss percentage for
the nano-CuO ratios between 0.5% and 3%. Because
the lower CH content indicates more hydration, TG
results reveal that using nano-CuO assists further
hydration. On the other hand, according to TG
analysis, the borax waste-containing composites
included more CH than the borogypsum-added
mortars, which demonstrates why the BRX-C
series had low mechanical strength. The reference

sample BRX-C-0 lost 1.95% of its weight because of
decomposition of CH, even though the replacement
of nano-CuO up to 1.5% ensured lower amounts of
residual CH.

The released heat amount resulting from CH
dehydration changed as a function of the amount
of decomposed CH. In accordance with mass loss,
the incorporation of borax waste into nano-CuO in
mortars caused higher released heat resulting from
the decomposition of CH.

4. CONCLUSIONS

The researchers in this study examined the effects
of nano-CuO on the properties of boron waste (bor-
ogypsum and borax waste)-modified cement mor-
tars. Based on the results, the following conclusions
can be drawn:
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FIGURE 13. DTA results of borogypsum containing mortars.

The replacement of CuO accelerated the hydra-
tion progress and reduced setting time; even
boron-containing waste is known to be mate-
rials that have retarding effects on Portland
cement hydration. For borax waste-containing
mortars, 1% nano-CuO replacement shortened
the final setting time by 38.5% compared with
the reference sample. Conversely, nano-CuO
could not show a positive impact on the setting
of borogypsum-added mortars.

The addition of 2% nano-CuO provided
67.89 MPa compressive strength after 28 days
of curing, which was 6% higher than the ref-
erence sample when borogypsum was used.
Likewise, the compressive strength increased
up to 19.3% of the reference sample for borax
waste-containing mortars for 1% nano-CuO
addition.

BET analysis showed that the pore volume and
specific surface area of borogypsum-modified
mortars were improved by incorporating nano-
CuO at all ratios. However, a non-linear change
was observed for the values owing to the non-
uniform dispersion of nano-CuO. According to

BET results of borax-containing mortars, the
combination of borax waste and nano-CuO
ensured denser packing.

Water absorption results demonstrated that the
replacement of nano-CuO was significantly
effective in reducing the water absorption of
borogypsum-containing mortars, especially
for the nano-CuO ratio of 2%. Also, the same
effectiveness was observed for borax-containing
mortars when the nano-CuO ratio was 3%.

The amount of available portlandite (CH) was
determined by DTA/TG analysis; addition of
nano-CuO in the range 0.5%-3% could decrease
the amount of unreacted CH.

Experimental results showed different chemical
compositions of boron waste enhanced prop-
erties to the mortars. Compared to the borax
waste, the addition of borogypsum into the
mortar composition improved the mechanical
properties. Also, BJ-C-0 sample showed 126.53%
bigger resistance to the water absorption than
BRX-C-0.

The results emphasize the significance of
choosing the optimal nano-CuO ratio to obtain
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FIGURE 14. DTA results of borax waste containing mortars.

TABLE 5. DTA/TG results of Ca(OH), decomposition

Mix Initial Temperature (°C)  Final Temperature (°C) Mass loss (%) Ca(OH), content (%) Total heat (kJ/kg)
BJ-C-0 370.78 436.79 1.09 4.48 39.05
BJ-C-1 379.09 458.04 0.83 342 34.19
BJ-C-2 379.46 450.72 0.95 391 32.55
BJ-C-3 400.50 481.14 0.61 2.51 32.15
BJ-C4 375.96 446.62 0.85 3.49 30.42
BJ-C-5 401.55 469.92 0.98 4.03 37.35
BJ-C-6 402.40 485.00 1.01 4.15 31.93
BJ-C-7 394.02 491.04 1.62 6.66 37.25
BJ-C-8 398.05 462.00 1.09 4.48 39.23
BRX-C-0 394.78 466.60 1.95 8.02 75.83
BRX-C-1 395.51 461.50 1.36 5.59 47.35
BRX-C-2 395.27 460.99 1.63 6.70 65.17
BRX-C-3 400.89 468.63 0.93 3.82 37.23
BRX-C-4 391.40 456.24 1.79 7.36 75.13
BRX-C-5 387.14 455.28 1.64 6.74 67.27
BRX-C-6 401.31 454.52 1.61 6.62 63.09
BRX-C-7 390.71 456.40 1.99 8.18 80.91
BRX-C-8 401.36 468.31 2.05 8.43 77.97
cement-based composites with desired properties, matrix. According to obtained results, the appro-
by reason of the difficulty of the homogeneous priate nano-CuO ratio range was determined to
distribution of nanoparticles in the composite be between 2% and 3%.
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