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Abstract:

The research gap on the feasibility of basalt rock powder (BRP) and superfine sand (SS) in preparation of cement mortar is significant. This
study examines probable changes occurred in the modified cement mortar due to incorporation of certain quantity of basalt rock powder and
superfine sand in mixture proportion. The cement mortar included Portland cement, artificial sand and water as principal mixture constituents.
Then, basalt rock powder and superfine sand were added as partial replacement materials for Portland cement and artificial sand respectively.
Therefore, replacement percentages were 10%, 15%, 20%, 25% and 30% when the basalt rock powder replaced Portland cement and in case the
artificial sand was replaced by superfine sand, 10%, 20%, 30%, 40% and 50%. Then, the strength indexes such as flexural strength, compressive
strength, ultrasonic pulse velocity and dynamic elastic modulus were investigated. The results show that the presence of basalt rock powder in
mixture proportion increased the flexural and compressive strengths of cement mortar however the cement mortar that contained superfine sand
illustrated inadequate mechanical performance as flexural and compressive strengths decreased remarkably. Moreover, when basalt rock powder
and superfine sand were included together in mixture proportion, the cement mortar’s mechanical performance declined compared to that of
the reference cement mortar. Despite the fact that basalt rock powder and superfine sand weakened the cement mortar’s mechanical properties,
it was found that they can be added into the cement mortar as partial replacement of Portland cement and artificial sand in the following ratios:
from 10% to 25% when basalt rock powder replaces Portland cement and from 10% to 20% when artificial sand is replaced by superfine sand.

Keywords: basalt rock powder, superfine sand, artificial sand, cement mortar, mechanical properties
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1. Introduction

The application of basalt rock powder (BRP) and superfine sand
(SS) in preparation of cement mortar remains a recent inno-
vation in construction materials production industry. It is well
known that the production of cement mortar requires enormous
amount of cement and medium sand. However, essential min-
eral admixture resources for concrete and cement mortar pro-

duction have been reported insufficient as construction demand
has promptly increased in recent years. In addition, the rise of
cement production and consumption in diverse construction
projects has been blamed to be among anticipating causes to
the environmental pollution and global drastic climate change.
Hence, this study emphasizes on modifying the cement mortar
mixture proportion by adding basalt rock powder as Portland
cement partial replacement and superfine sand as artificial sand
partial replacement.

Copyright © 2019 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any

medium, provided the original work is properly cited.
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Even though basalt rock powder and superfine sand appeal
to offer a limited range of applications in construction, they can
anticipate in promotion cementitious composites sustainability
development. Countless studies have discussed the significance
of basalt rock powder, superfine sand and other recently discov-
ered mineral admixtures on the development and improvement
of physical, chemical and mechanical properties of cement mor-
tar and concrete. Yet, the shortage in findings related to the im-
plementation of basalt rock powder and superfine sand in civil
engineering materials production remains significant. The inclu-
sion of basalt rock powder and superfine sand in cement mortar
preparation as partial replacements of Portland cement and fine
aggregate respectively, is considered to be an effective approach
to diminish environmental concerns that initiated by their abun-
dant unexploited disposals in the environment. Moreover, this
strategy would as well reduce the magnitude of carbon dioxide
emissions in the atmosphere generated by the cement manufac-
turing industry.

According to (Dobiszewska and Beycioglu, 2017; Singh et
al., 2017) primary motives for the increasing consumption of
Portland cement include industrial revolution, recent technolo-
gy development, rapid population growth and increase of living
standards. The technological process of clinkerization which is
common in modern cement production is responsible for a great
consumption of energy and the emission of carbon dioxide to
the environment. It has been reported that around 0.7-1 tonne of
CO, is released for every tonne of cement production (Carvalho
et al., 2018). Moreover, the production of a tonne of cement re-
quires 60-130 kg of fuel oil or its equivalent and about 105 kWh
of electricity depending on the cement type and production pro-
cess (Tchamdjou et al., 2017).

The topic related to sustainability and durability of ce-
mentitious structures has attracted the scientific community.
Many researchers and academicians have turned their efforts
towards encouraging usage of construction wastes and indus-
trial by-products as additives or substitute for cement and fine
aggregate in concrete mixtures (Liu et al., 2013; Mehdipour and
Kamal, 2018; Khandaker, 2003; Kannan et al., 2017). In fact, sev-
eral discovered alternative mineral admixtures have a great im-
portance in improvement of the mechanical behavior of cemen-
titious composites and reduction of environmental pollution.
In addition, the mortars made by including alternative mineral
admixtures illustrate benefits such as low cost, diminution of
permeability, improvement of strength or other properties of
cement mortar and concrete. (Naceri and Makhloufi, 2009; Uysal
and Yilmaz, 2011; Liu et al,, 2013; Topcu et al., 2009; Shyam et al.,
2017). Eventually, (Hafsa and Mishra, 2016) considered basalt rock
powder as a relevant partial replacement of Portland cement thanks
to exceptional structural properties that basalt rock presents.

According to (Pu et al.,, 1999) in southwest China precisely
Chonggqing the exploitation of superfine sand started as early as
in the 1950%. (Lian and Chen, 1996; Wu and Lian, 1999) stated
that the scarcity in raw materials resulted from decades of exces-
sive excavation for the search for resources of coarse aggregates
and medial sand. Therefore, (Zhao, 2013) reported that China
is amongst countries that have been greatly affected by short-
age in natural fine aggregate supply. For instance, in areas like
Chongging, Henan, Sichuan, Shandong and other places coarse
and medium aggregates resources are rarely found but SS sup-

ply is available in abundance. SS unlike BRP has been used for
construction purposes for many years. Traditionally, SS is used
as plastering mortar component and it is also involved in brick
and block works. The shortage in fine sand supply suitable for
cement mortar and concrete production has pushed researchers
to establish innovative solutions. (He et al., 2012) attempted to
use SS in the mixture proportion as medium sand replacement
and the findings illustrated that the modified cement mortar ex-
hibited inferior mechanical performance. According to (Tu et
al., 2012) in superfine sand concrete the increase of sand ratio
implicates decrease of slumps and strength. Hence, SS has great
effect on the concrete workability, especially on the concrete flu-
idity. Moreover, SS concrete illustrates a good frost resistance
and impermeability.

When basalt rock powder is added into cement mortar to
replace a portion of Portland cement, such addition illustrated a
significant influence on the cement mortar’s mechanical proper-
ties as it improves the flexural and compressive strengths of the
produced cement mortar. Previous research works with regard
to implementation of BRP in cement mortar or concrete prepa-
ration insisted that it improves rheological properties and work-
ability of the cement mortar. It also accelerates the development
of early age strength of mortars and the presence of BRP into ce-
ment paste decreases the yield stress and viscosity (Kmecova et
al. 2014; Schankoski et al., 2017). Moreover, basalt waste added
into the cement mortar mixture proportion enhances the result-
ed mortar’s compressive strength. And also when basalt waste
is used as a replacement of clinker in production of cement, it
was reported that it reduces the CO, emission. In addition, hy-
dration products observed on surface of BRP particles show the
nucleation effect of mineral mixtures (Mendes et al., 2016). The
superfine sand due to its small fineness modulus, large surface
area and porosity, it increases cement, water, moisture and slurry
content of concrete.

This study opts to investigate modifications occurred in
mechanical performance of the cement mortar due to incorpo-
ration of basalt rock powder and superfine sand into the mixture
proportions. The reference cement mortar consisted of Portland
cement, water and artificial sand. However, the evaluated cement
mortar included Portland cement, artificial sand, basalt rock
powder, superfine sand and water. The basalt rock powder has
been added in proportion of 10%, 15%, 20%, 25% and 30% by
Portland cement weight and superfine sand 10%, 20%, 30%, 40%
and 50% of artificial sand weight. To evaluate the effect of BRP
and SS on the mechanical performance of the cement mortar,
several mixture proportions were designed and assessed through
experimental procedure. Then, based on the strength indexes
such as flexural strength, compressive strength, ultrasonic pulse
velocity and dynamic elastic modulus, the replacement ratios of
BRP and SS that exhibited nearly similar results as those of the
reference cement mortar were selected.

2. Experimental study

2.1 Raw materials

Cement: Qilian Mountains brand Portland cement with strength
grade 42.5 was supplied by Gansu Cement Factory Ltd. Accord-
ing to the cement manufacturer, it had a Blaine fineness of 400
kg/m?.
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Table 2.1 Portland cement performance index

. N . Flexural strength Comprehensive

Stability Speaﬁcn??/f;ce area Condensation time (min) (MPa) strength (MPa)

Initial setting Final setting 3d 28d 3d 28d

Qualified 348 145 220 5.5 7.6 21.6 48.7

Table 2.2 Chemical composition of Portland cement

P ‘ﬁi‘;‘iﬁiﬁ:ﬂt $i02 Fez05 ALOs CaO MgO SOs ;‘ﬁlzi
Specification value % - - - - <5.0 <35 <3.0
Measured value % 30.54 3.78 4.16 54.25 1.43 2.83 1.67

Superfine sand: The superfine sand used in the experi-
ment, was collected from yellow river beds in Lanzhou. We pur-
chased the superfine sand from a local sand supplier company.

Basalt rock powder was produced from local natural ba-
salt rocks in accordance to the Chinese National Standards. It
was also like superfine sand purchased from a local sand supplier

The fineness modulus ranges from 0.6 to 1.18. company. No preliminary tests were effectuated before its use.

Table 2.3 Sieve analysis of superfine sand Table 2.4 Basalt rock powder chemical components

Sieve size Mass percentage Cumulative mass percentage
P 5 P 8 Component  C (0] Al Si K Ca Fe

(mm) of retained (%) of retained (%)
4.75 - - Mass ratio  29.07 42.89 4.82 10.97 0.72 4.24 3.68
2.36 - - Artificial sand: The artificial sand was obtained after
1.18 0.37 0.37 crushing local natural rocks. The synthetic sand used in cement
0.6 15.04 15.41 mortar mixture had 2.36 mm maximum aggregate size, was pro-
03 78.9 4431 duced in Lanzhou, Gansu province.
Like previously described on superfine sand, we used divers
0.15 37.6 81.91 . . . R
sieve sizes to determine its fineness modulus before using it in
<0.15 18.05 99.96

preparation of the cement mortar mixture.
Table 2.5 Sieve analysis of artificial sand

Sieve size (mm) Mass percentage of retained (%) Cumulative mass percentage of retained (%)

4.75 - -
2.36 10 10
1.18 20 30
0.6 24 54
0.3 38 92
0.15 6 98

Table 2.6 Artificial sand performance index

Mud content Apparent density Bulk density Void ratio
Fineness modulus
% kg/ms kg/ms %
3 2620 1520 42 2.8

2.2 Mixture proportions
Table 2.7 Cement mortar mixture constituents

Cement mortar Cement Basalt rock pow-  Artificial sand Water Substitution
blocks (kg/ms) der(kg/ms) (kg/ms) (kg/ms) (%)
Co 450 0 1350 225 0
Cl1 405 45 1350 225 10
C2 382.5 67.5 1350 225 15
C3 360 90 1350 225 20
C4 337.5 112.5 1350 225 25
C5 315 135 1350 225 30
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Table 2.8 Cement mortar mixture proportions

Cement mortar ~ Cement (kg/  Artificial Sand ~ Superfine Sand ~ Water (kg/ Substitution
blocks ms) (kg/ms) (kg/ms) ms) (%)
HO 450 1350 0 225 0
H1 450 1215 135 225 10
H2 450 1080 270 225 20
H3 450 945 405 225 30
H4 450 810 540 225 40
H5 450 675 675 225 50

Figure 2.3. Basalt rock powder

2.3 Experimental program

According to “Cement mortar strength test method (ISO meth-
od)” GB/T17671-1999, 40 mm x 40 mm X 160 mm prism cement
mortar test blocks were prepared. The experimental procedure
proceeded with accurately weighting the amount of material re-
quired to prepare the test block according to the designed mix-
ing ratio and then use the universal cement mixer to stir the ma-
terials used. During mixing, water was added cautiously. At first
the water is put into the stirring pot, after the Portland cement
was added, start stirring, then stir at low speed for 30s, and at
the same time start the second 30s, and evenly the fine aggregate
was added. Immediately after the mixture was obtained, it was
molded on a vibrating table and the mortar was placed in two
layers into the test mold during vibration molding.

Figure 2.4. Superfine sand

The test samples were cured in moisture for 24 hours and
under the specified curing conditions after demolding. After
the samples reached the required testing age, tests were carried
out. The evaluation involved non-destructive testing methods to
measure the mass, ultrasonic pulse velocity and dynamic elas-
tic modulus, besides the measurements were resumed after 120
days. Moreover, the flexural strength test was carried out, and
after each fracture, the compressive strength test proceeded.
During the entire loading process, the pressure receiving surface
was the two sides of the test sample, and the area is 40 mmx40
mm. The range of 2400 N/s + 200 N/s is evenly loaded until de-
struction. The ages for determining the flexural strength and
compressive strength were 3, 7, 14, 21, 28, 56, 90 and 120 days,
respectively.



3. Results and discussions

3.1 Partial replacement of Portland cement with basalt rock
powder

3.1.1 Compressive strength
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Figure 3.1 Rate curves of compressive strength of cement mor-
tar samples at different testing ages

As shown in Figure 3.1, the effect of using BRP on physical
and mechanical characteristics of cement mortar was evaluated.
The graph shows that BRP decreased the compressive strength of
cement mortar. In early ages, cement mortar with 30% replace-
ment of Portland cement with basalt rock powder illustrated the
lowest compressive strength. However, cement mortar contain-
ing 15% Portland cement substitution with basalt rock powder
indicated the highest compressive strength. Therefore, in the
period from 28d to 56d compressive strength significantly in-
creased. The overall trend indicates that at the age of 90 days the
best compressive strength results were spotted on the reference
cement mortar and the mortar mixture with 10% replacement
of Portland cement with basalt rock powder proceeded. Also, it
is evident that the cement mortar with 15% substitution of Port-
land cement with basalt rock powder indicated considerably the
lowest compressive strength. Briefly, incorporation of BRP into
the cement mortar reduced its strength ability but it is notewor-
thy to report that the best results amongst modified mixtures
was spotted on the cement mortar that contains 10% replace-
ment of Portland cement with basalt rock powder. Its compres-
sive strength diminution was estimated about 1.3% compared to
that of reference mortar.

3.1.2 Flexural strength

As indicated in Figure 3.2, the flexural strength changes
spotted in cement mortar were graphically presented. The overall
results show that flexural strength decreased. Flexural strength
tests were carried out at 3d and 28d after the cement mortar
samples were prepared. In early ages, only cement mortar that
contains 30% substitution of Portland cement with basalt rock
powder illustrated the lowest increase rate in flexural strength
compared to mortar mixtures. As the age increased, the trend as
well changed. Besides, flexural strength sharply inclined for all
evaluated mixtures including the reference cement mortar. The
overall trend demonstrates that as the age increases, the flexural
strength also increases. Moreover, the cement mortar with less
amount of BRP illustrated relatively higher flexural strength than
those cement mortar mixtures that have more quantity of BRP.

H.X Qiao, et al.

3d
28d

Flexural strength (MPa)

Cc2 C3 Cc4 C5
Cement mortar

Figure 3.2 Rate curves of flexural strength of cement
mortar samples at 3 and 28 days

3.1.3 Dynamic elastic modulus
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Figure 3.3 Rates curves demonstrate the variation of dynamic
elastic modulus of cement mortar samples at different ages

The Figure 3.3 plots the results of the dynamic elastic mod-
ulus of cement mortar in interval between 3d and 28d. The graph
shows that basalt rock powder affected the elasticity of cement
mortar. For instance: at the age 3d, the cement mortar that con-
tains 20% replacement of Portland cement with BRP showed
comparably higher value than other mortar mixtures with more
than 16% increase over the reference mortar. Whereas the ce-
ment mortar that contains 15% replacement Portland cement
with BRP demonstrated the lowest value. Moreover, at age of
7d, dynamic elastic modulus sharp increase was spotted on the
reference mortar, cement mortar containing 10%, 15% and 30%
amount of BRP. Therefore, controversial results were noted on
the cement mortar mixtures that contain 20% and 25% BRP. The
period between 7d and 14d was marked by incline of dynamic
elastic modulus except for reference cement mortar and the ce-
ment mortar with 15% BRP which was gradually declining. In
the interval from 14d to 21d, the graph indicates a slight growth
of dynamic elastic modulus for all mortar mixtures. Finally, at
the age of 28d, reference mortar exhibited the highest dynamic
elastic modulus. Therefore, mortar mixtures that contain BRP il-
lustrated lower elasticity but it is essential to note that the cement
mortar that contains 10% and 25% indicated the best results
amongst the modified mixtures with decrease rate roughly 4.2%
and 4.4% respectively compared to the reference cement mortar.
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3.1.4 Mass
620 -
—a—C0——Cl—— (2
elod T ——C3 C4—e—C5
1 -
600+ < _/_\v..__ iy
— 590 \ __
& e
B oo s
A 580
o
=
570
[ —
560 S —"
A~ R S
550 : —— — ——
0 5 10 15 20 25 30

Age (day)

Figure 3.4 Rates curves illustrate the mass variation of cement
mortars at different ages

As shown in Figure 3.4, the mass changes of cement mor-
tar were graphically evaluated. Overall results show that addi-
tion of BRP changed the weight of cement mortar. At the age of
3d, cement mortar with 15% replacement of Portland cement
with BRP weighted lower than other considered mixtures. On
the contrary, the cement mortar 20% substitution of Portland
cement with basalt rock powder was reported to be the heavi-
est amongst tested mixtures. The period between 3d and 7d was
marked by a slight decline of mortar mixtures weight. Cement
mortar mixtures with BRP content indicated dramatic rise of
weight except for cement mortar that contains 15% BRP. There-
fore, at the age of 28d, the heaviest mortar mixture was the ce-
ment mortar that contains 20% BRP with more than 7% increase
rate. The lowest weight value was spotted on the cement mortar
that contains 15% BRP with roughly 0.6% incline rate compared
to the reference cement mortar. Briefly, the incorporation of BRP
into the cement mortar sharply increases its weight.

3.1.5 Ultrasonic pulse velocity in longitudinal direction

— 4.0

E . —a—C0——C1——C2

£ 391 —v— 3+ C4——C5

o o

2 3.8

8 4

o <

g g

2 3.6 /,,————-...

= \

(=9 A - i A

= # -

g 3.4 - "

= 334 AT

:) T T T T T 1
0 5 10 15 20 L] 30

Age (day)

Figure 3.5 The variation of ultrasonic pulse velocity of cement
mortars in longitudinal orientation at different testing ages

The Figure 3.5 indicates the evaluation of ultrasonic pulse ve-
locity taken in longitudinal direction of the cement mortar.
The incorporation of basalt rock powder into cement mortar
reduced its ultrasonic pulse velocity. Overall trend shows that
the reference cement mortar showed higher ultrasonic pulse
velocity compared to other considered mixtures. For instance,
at the age of 3d cement mortar with 15% and 25% basalt rock

powder illustrated a decrease estimated about 11.6% and 4.7%
respectively. Besides, at the age of 28d, the results noted that the
decrease rate on those previously cited mortar mixtures became
roughly 10.6% and 7.4 % respectively. Briefly, basalt rock powder
decreased longitudinal ultrasonic pulse velocity.

3.1.6 Ultrasonic pulse velocity in transverse direction
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Figure 3.6 The variation of ultrasonic pulse velocity of cement
mortars in transverse orientation at different testing ages

The Figure 3.6 illustrates results of ultrasonic pulse velocity
taken in transverse direction of the cement mortar. Like it was
noted when ultrasonic pulse velocity was taken in longitudinal
direction, the graph shows that basalt rock powder decreases ul-
trasonic pulse velocity of the cement mortar. The best results of
ultrasonic pulse velocity were spotted at the age of 3d. Therefore,
the reference mortar presented higher ultrasonic pulse velocity
compared to modified mixtures. For instance: at the age of 3d,
the cement mortar with 25% and 30% indicated a decrease rate
of estimated about 6.3% and 15.2% also, the results taken the
age of 28d on previously tested mortar mixtures illustrated that
diminution of ultrasonic pulse velocity was approximately 22.8%
and 21.8%.

3.2 Partial replacement of artificial sand with superfine sand

3.2.1 Flexural strength

85

. 3d

" I 28d

e

Flexural strength (MPa)
.

HO H1 H2 H3 H4 H5

Cement mortar

Figure 3.7 The variation of flexural strength of cement mortar
at varying age

As demonstrated in the Figure 3.7, the flexural strength of ce-

ment mortar increases with increase of curing time. From the

graph, it is evident that addition of superfine sand (SS) into



artificial sand (AS) cement based mortar decrease the flexural
strength of cement mortar. At the age of 3d, the reference ce-
ment mortar indicated the highest flexural strength in compari-
son to the modified cement mortar mixtures. At the same time,
the lowest flexural strength was spotted on cement mortar that
contains 40% replacement of AS with SS. Moreover, the flexural
strength trend kept gradually increasing and at 28d the noted
results showed a sharp increase of flexural strength amongst
tested mixtures. The highest flexural strength was spotted on
the reference mortar. However, amongst modified mixtures, the
remarkable flexural strength was noted on cement mortar than
contained lower amount of SS 10% replacement of AS with a
drop of nearly 3% compared to reference mortar.

3.2.2 Compressive strength
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Figure 3.8 The variation of compressive strength of cement
mortar at varying age

As shown on Figure 3.8, the compressive strength values
of cement mortar were analyzed. The overall results indicated a
sharp increase in the period of initial 28d, however between the
interval of 28d to 56d the compressive strength dropped gener-
ally in tested mixtures, then the trend changed to increasing rate
until 90d. At the age of 28d, cement mortar mixtures achieved
more than 50% of strength that they exhibited at the age of 90d.
For instance: the growth rate of reference cement mortar com-
pressive strength in the period between 28d and 90d was roughly
8%. Moreover, amongst modified mixtures, the cement mortar
containing 10% AS replacement with SS exhibited an increase
rate in terms of flexural strength estimated nearly 16%. The
cement mortar that contained 40% artificial sand substitution
with SS indicated the lowest comparable compressive strength
decrease of approximately 40% in comparison with reference ce-
ment mortar. Broadly, the incorporation of a high quantity of
SS as partial replacement of AS significantly decreases compres-
sive strength of cement mortar. But, as the graph indicates, high
compressive strength of cement mortar could be achieved if less
than 10% AS is replaced with SS.

3.2.3 Mass

As illustrated in Figure 3.9, the mass of the cement mor-
tar was evaluated at different ages. The analysis of the results
shows from the age of 3d to 7d the mass of all weighed samples
considerably decreased. Eventually, the cement mortar mixtures
containing SS exhibited higher mass compared to the reference
cement mortar. In addition, the graph shows that the mass of
cement mortar decreases with increase of curing time. For in-
stance, the decrease rate of mass of the mixture in the period

H.X. Qiao, et al.

between 3d and 28d was roughly: 1.1% for the reference mor-
tar and 0.4% for the cement mortar that contains 10% artificial
sand replacement with superfine sand. Briefly, the presence of
superfine sand as partial replacement of artificial sand notably
increased the mass of the cement mortar. Thus, any amount of
superfine sand incorporated into the mixture proportion as par-
tial replacement of artificial sand can change its mass. Therefore,
the smallest increase amongst modified mixtures was spotted on
the cement mortar that contains 50% replacement of artificial
sand with superfine sand.
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Figure 3.9 The variation of cement mortar mass at varying age

3.2.4 Ultrasonic pulse velocity in longitudinal direction
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Figure 3.10 The alteration of ultrasonic pulse velocity in longi-
tudinal orientation at varying age

The Figure 3.10 illustrates the evaluation of ultrasonic pulse
velocity taken in longitudinal direction. The results show a re-
duction of velocity as the age increases. At the age of 3d, ref-
erence mortar showed the best velocity on the contrary, the
cement mortar that contains 30% substitution of AS with SS
demonstrated the lowest velocity. Moreover, the measurements
taken at the age of 28d indicated that ultrasonic pulse velocity
dropped compared to the results obtained on 3d. The highest
ultrasonic pulse velocity was noted on the reference mortar and
cement mortar that contains 20% replacement of AS with SS.
However, the lowest ultrasonic pulse velocity was spotted on ce-
ment mortar with 50% replacement of AS with SS. Eventually,
based on given results it is evident that SS considerably could
reduce ultrasonic pulse velocity in the cement mortar mixture.

3.2.5 Ultrasonic pulse velocity in transverse direction

The Figure 3.11 shows analysis of ultrasonic pulse velocity
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in transverse direction. It gives a detailed description of ultra-
sonic pulse velocity changes occurred in the cement mortar over
a period of 28d. As it was spotted in the assessment of ultrasonic
pulse velocity in longitudinal direction, the highest velocity was
reported at the age of 3d. Also, in interval between 3d and 7d ve-
locity decreased. Then, it slightly increased. At the age of 3d, the
reference cement mortar indicated the highest ultrasonic pulse
velocity but amongst modified mixtures, the cement mortar that
contains 10% replacement of AS with SS showed the best results.
Therefore, the lowest velocity value was noted on cement mor-
tar that contains 30% AS replacement with SS. Besides, at the
age of 28d, the reference cement mortar and cement mortar that
contains 20% AS replacement with SS indicated the best results.
Meanwhile, the lowest results were measured on the cement
mortar with 30% replacement of AS with SS. Broadly, at 28d,
20% replacement of AS with SS indicated the same result as that
of reference cement mortar but other tested mixtures illustrated
comparably lower values. Thus, the incorporation of SS into the
cement mortar could reduce its ultrasonic pulse velocity.
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Figure 3.11 The alteration of ultrasonic pulse velocity in trans-
verse orientation at varying age

3.2.6 Dynamic elastic modulus
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Figure 3.12 The variation of dynamic elastic modulus of ce-
ment mortar

As shown in Figure 3.12, the dynamic elastic modulus of the ce-
ment mortar was evaluated in the period between 3d and 28d.
The reference cement mortar was compared with modified mix-
tures. The obtained results showed that dynamic elastic modulus
of cement mortar increased. At the age of 3d, the cement mortar

containing 20% replacement of AS with SS showed the highest
dynamic elastic modulus with approximately 3% increase over
the reference cement mortar. Besides, at the age of 28d, the ce-
ment mortar with 20% replacement of AS with SS remained the
highest on account of dynamic elastic modulus value. Then, the
reference cement mortar proceeded. To sum up, the superfine
sand addition into cement mortar mixture could diminish its
dynamic elastic modulus however, 20% replacement of artificial
sand with superfine sand increases dynamic elastic modulus of
cement mortar.

4. Conclusions

After testing formulated cement mortar samples, the following
conclusions can be drawn:

1) Basalt rock powder significantly decreased the flexural
strength and dynamic elastic modulus; therefore, the compres-
sive strength and ultrasonic pulse velocity remained compara-
ble. Besides, the weight remarkably increased. Thus, the basalt
rock powder quantity ranging between 10 to 25% is considered
as the appropriate partial replacement of Portland cement in ce-
ment mortar.

2) Superfine sand improved the dynamic elastic modulus
and compressive strength of the cement mortar. Simultaneously,
the cement mortar exhibited controversial results as the spot-
ted values of ultrasonic pulse velocity and flexural strength at 3d
were comparatively lower than those obtained from the refer-
ence mortar. But, as the age increased, at 28d SS cement mortar
attained almost the same values as those of the reference mortar.
Also, the weight significantly increased. The amount of superfine
sand ranging from 10% to 20% opted to be the suitable partial
replacement of artificial sand in preparation of cement mortar.

To sum up, in order to approve the impact of adding into
the cement mortar basalt rock powder as partial replacement of
Portland cement and superfine sand as partial substitution of ar-
tificial sand, the mechanical performance of formulated cement
mortar was investigated through a range of strength assessment
experiments. Hence, the suitable replacement of Portland ce-
ment with basalt rock powder was from 10% to 25% while on
contrary the appropriate replacement for artificial sand with su-
perfine sand ranged from 10% to 20%. Moreover, the findings
confirmed that under appropriate circumstances basalt rock
powder and superfine sand can be used in cement mortar prepa-
ration as partial replacements for Portland cement and artificial
sand respectively to achieve profitable use of basalt rock powder
and superfine sand deposit in the environment and to promote
protection and conservation of natural resources.
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Abstract:

A series of as-cast lightweight multicomponent alloys Al . Mg, Zn Cu,Si (x=0, 0.3, 0.6, 0.9, 1.2 at.%) were prepared by a vacuum induction
furnace with a steel die. With the addition of Si, the reticular white Al-Cu phase deposited were gradually replaced by the gray eutectic Mg-Si
phase, while the compressive strength of the alloys increases first and then decreases slowly. It is particularly noteworthy that the compression
plasticity also exhibits this trend. When the Si content is 0.9 at.%, the compressive strength reaches its maximum at 779.11 MPa and the com-
pressive plasticity reaches 20.91%. The effect of the addition of Si on the serration behavior of alloy was also studied; we found that the addition
of Si introduces a new MgSi phase, and with the change of Si is significantly affects the morphology of the precipitated phase, which affects
the serration behavior of the alloys. The comprehensive mechanical properties of the alloy are optimal at the critical point where the serration

behavior disappears. In this work, we have provided a method and a composition for the preparation of a low-cost, high-strength, lightweight

medium-entropy alloys.
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1. Introduction

As the development of the human beings, environmental issues
and energy crisis are gradually being social cognitions. Energy
saving, environmental protection, and the low-carbon life have
become indispensable topics in people’s daily life. Enhancing the
use of light-weight materials can effectively save energy and re-
duce consumption. Besides, traditional aluminum/magnesium
alloys have shown good specific stiffness and specific strength,
meanwhile, a large number of research results and correspond-
ing applications have been obtained . In recent years, the
high-entropy alloys have become a hot issue for researchers.
Conventional high-entropy alloys are generally formed by Co,
Cr, Fe, Ni, Mn as basic elements with alloying elements such as
Al, Cu, Ti, and V et al. adding to the solid solution alloys" """,
These alloys exhibit excellent mechanical properties such as high
strength, high toughness®, good wear resistance'’/, and corro-
sion resistance!'> . However, such alloys tend to have high den-
sity, therefore, how to develop lightweight and low cost high-en-
tropy materials have become the focus of many researchers.
There have been some lightweight high entropy alloys with
great properties developed resent years. A new type of low-den-

sity, high-entropy alloy Al Li, Mg Sc, Ti, has developed by
Khaled M. Youssef et al."*.. This kind of alloy exhibit a nanoscale
single face-centered cubic (FCC) solid solution phase, and due
to the ultrafine grain structure, it shows not only excellent hard-
ness similar to ceramics such as SiC, but also better ductility.
However, since the melting point of Sc and Ti are much higher
than Al Li, and Mg, with mechanical alloying method the prob-
lem of preparing such alloys were solved. Furthermore, a new
hexagonal close-packed (HCP) structure lightweight high-en-
tropy alloys Al Be, Fe Si Ti, are prepared by TSENG KoKai
et al."”), which exhibit excellent mechanical properties at both
room temperature and high temperature. Rui Feng et al.""® stud-
ies the AICrFeMnTi high-entropy alloys by means of simulation
calculation, and the design ideas of lightweight high-entropy al-
loys are revealed from the perspective of phase diagram, howev-
er, due to the addition of Cr, Fe, Mn, the density of the so-called
lightweight material is still high, and the design of lightweight
high-entropy alloy has not been fully revealed. Xing-hao Du et
al.'"” reports a kind of lightweight high-entropy alloys prepared
through copper die casting, and it is found that they have superi-
or specific strength with a tetragonal symmetry lattice, however
the plasticity of the alloy is not mentioned. Additionally, Rui Li
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etal."" " investigated Mg (MnAlZnCu) , lightweight high-en-
tropy alloys are and they exhibit high hardness, but the compre-
hensive mechanical properties are very poor.

More recently, many scholars have also conducted relat-
ed researches and experiments. Since Al, Li, Mg are common
lightweight structural material elements, Yang et al.”*” consid-
er and develop two systems of AILiMgZnCu and AlLiMgZnSn
using the design principles of high-entropy alloys. However,
in view of the strong electronegativity of these elements, the
high entropy effects do not promote the formation of the sin-
gle phase solid solution, while bulk intermetallic compounds
are generated instead, which therefore results in deterioration in
mechanical properties. On the other hands, When the content
of Al is dominant as 80 at. %, the alloy tends to form a single
face-centered cubic (FCC) solid solution phase. Therefore, two
systems of medium-entropy alloy systems Al Li,Mg.Zn Cu,
and Al Li,Mg.Zn Sn, have been developed, with compressive
strengths exceeding 800 MPa and compression plasticity exceed-
ing 17%. It can be found that although the mixing entropies of
these alloys did not reach the maximum, they all showed supe-
rior mechanical properties. Based on this research, Baek Eun-Ji,
et al.”'! develop an alloy system as Al, Mg, Si, Zn Cu, by means
of ultrasonic melting technology, and study the evolution law of
the heat treatment phase of the alloys. In addition, the solid solu-
tion of medium-entropy alloy Al-6Mg-9Si-10Cu-10Zn-3Ni (wt.
%) alloy and phase evolution at different aging temperatures and
times were also studied”>*], however, ultrasonic melt degassing
technology can significantly improve the mechanical properties
of the alloy, but the mechanical properties of the alloy at room
temperature are not good under high Si content, and it is difficult
to decrease the size and morphology of the Si-rich precipitate by
heat treatment. Li et al.** use supergravity investigated the mi-
crostructures of the lightweight Al-Li-Mg-Zn-Cu alloy, it shows
that the supergravity method can achieve performance-enhanc-
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ing alloys by centrifugation in a short time, gravity is also an
entropy force, paving the way for the design and synthesis of en-
tropy alloys with intriguing properties.

In this study, the low cost lightweight Al ;. Mg, Zn Cu,Si,
(x=0, 0.3, 0.6, 0.9, 1.2 at. %) medium-entropy alloys were pre-
pared. The effect of different Si additions on the microstructure
and properties of the alloy was investigated with SEM, universal
testing machine, and micro hardness tester. At the same time, the
serrated flow behaviors on the compressive stress-strain curve of
the alloys were also studied. The effect of Si addition on the ser-
rated flow behaviors and the effect of serrated flow behaviors on
the mechanical properties of the alloys were also discussed.

2. Materials and Methods

The alloy ingots of about 120g are prepared by an Ar gas-induced
vacuum induction furnace, using industrial pure aluminum
(99.7 wt. %), pure magnesium (99.9 wt. %), pure zinc (99.9 wt.
%), pure copper(99.9 wt. %) and pure poly-silicon (99.9 wt. %).
They were melt at 800°C for 15 minutes with induction stirring,
then poured into a 30mm diameter cylindrical steel die. The
nominal compositions of the alloys are shown in Table 1.

The microstructures are observed by Zeiss SUPRA 55 field
emission scanning electron microscope (SEM) with energy dis-
persive spectroscopy (EDS) and electron backscattered diffrac-
tion (EBSD). In order to observe the total precipitate phase mor-
phology better, the alloys structure were pre-etched with Keller
reagent for 15s. The grain sizes of alloys were analyzed using the
EBSD, and the compositions of the precipitated phase were an-
alyzed by EDS.

This experiment uses (Rigaku) D/MAX-RB X-ray dif-
fract-meter to characterize the phase composition of different
Si content alloys. The experimental conditions are Cu target Ka,
working voltage 30kV, working current 100mA, scanning speed
10 degree/min, range 10-90°.

Table 1. The elemental composition (120g+0.3%)

No. Al Mg Zn Cu Si
Al86Mg10Zn2Cu2 99.1 10.5 5.6 54 0
Al85.7Mg10Zn2Cu2Si0.3 98.8 10.2 5.6 5.4 0.4
Al85.4Mgl10Zn2Cu2Si0.6 98.2 10.2 5.6 54 0.8
Al85.1Mg10Zn2Cu2Si0.9 97.9 10.2 55 5.5 1.1
Al84.8Mgl10Zn2Cu2Sil.2 97.5 10.2 5.6 5.4 1.5

Alloy
ingot

Microcopy
position

Compressed
sample
location

Figure 1 The alloy ingot and the sampling position of the metallographic sample of the compressed sample



Effects of Si Addition on Microstructure, Properties and Serration Behaviors of Lightweight Al-Mg-Zn-Cu Medi-um-entropy Alloys

The experiments use CMT 4305 Universal Testing Machine
to test the compression mechanical properties at room tempera-
ture. Using the HXD-1000TM micro-hardness tester to detect
the Vickers micro-hardness of the alloy. The alloy ingot and the
sampling position of the metallographic sample of the com-
pressed sample are shown in Figure 1.

3. Results and Discussion

3.1 Alloy design

As an inexpensive and lightweight semi-metal element, Si ele-
ment is added to the aluminum alloy to improve the mechanical
properties of the alloy'>> %", Since Mg and Si are liable to form
a high melting point intermetallic compound, for traditional
cast aluminum alloys, the Mg/Si ratio has always been strictly
controlled variable®® *°!. Eun-Ji Baek et al.?!! showed that two
kinds of Si-containing phases, Mg Si, Si and Al.Cu MgSi, Si
were formed in the Al, Mg, Si Cu,Zn, multi-component alloy,
during the solidification of the alloy, a stable Mg Si phase is pri-
mary precipitated at 514-591 °C, when the temperature rises to
500-524 °C, the Si particles precipitated, while the Al,Cu,Mg Si,
phase is formed at 440 °C. Furthermore, with the addition of
Mg, Zn and Cu, some other intermetallics such as Mg-Zn and
q-AlLCu are formed. As these precipitates have lower melting
point, they finally formed out'*****!, In addition, Shao et al.l*
studied the high-entropy alloys of AIMgZnCuSi system, which
obtained the best mechanical properties of Al Mg . Zn  Cu,
09145 alloy. Therefore, this paper intends to study the changes
of microstructure and properties of Al Mg Zn Cu, alloy under
the condition of lower Si addition.

3.2 Effect of Si addition on microstructure

Figure 2 shows the SEM-AsB photos of Al Mg Zn Cu,Si,
alloys under different Si addition, in which we can found that,
with the addition of Si, the white eutectic network precipitate is
replaced by the black precipitated phase. Figure 2(a) shows the
microstructure of the Al, Mg 7n, Cu, alloy, with only white eu-
tectic phase appearing, and with the addition of Si, a black strip
phase appears, partially replacing the white eutectic network
precipitate, which are shown in Figure 2(b). When the Si con-
tent reaches 0.6at. %, the small strip of black precipitated phase
converted into the gray eutectic morphology, as shown in Figure
2(c). As the Si content reaches 0.9at. %, the black granular phase
and the gray eutectic morphology become obviously larger, as
shown in Figure 2(d). When the addition of Si reaches 1.2at. %,
the black granular phases gradually increase, and a larger area of
eutectic structure appears Figure 2(e). Therefore, a large area of
eutectic structure can be formed in the alloy microstructure by
the addition of a trace amount of Si, so that the casting property
of the alloy can be optimized accordingly. The Figure 2(f) shows
the electron backscattered diffraction (EBSD) Euler picture of
the alloy with the addition Si 0.9at. %, we can find that the grain
size of the alloy is between 200-300 mm, since the lattice param-
eters of the B, C, and D phases cannot be determined, they were
appeared as black blind spots on the EBSD image. Also these
phases were not only at the grain boundary, and also exist inside
the grains.
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Figure 2 the SEM-AsB photos and EBSD image of the alloys
with different Si addition

3.3 Effect of phase formation

Figure 3 shows the XRD pattern of the alloys under different Si
addition conditions. XRD pattern analysis of the alloys exhibit
that the peak of Mg Si appears and become stronger when the
amount of Si reaches 0.6at. %, and the Mg, (AlZn),, weakened
or even disappeared meanwhile. Eun-Ji Baek’s”!! research shows
that three kinds of Si-containing precipitates are produced in
Al Mg Si Cu.Zn,. Their results also show that the Si-rich pre-
cipitates tend to have higher melting points, and results in the
Si-rich precipitates preferentially precipitated during the solid-
ification process, thereby suppressing the precipitation of the
MgCuZn-rich phase.

The compositions of different precipitates are characterized
by SEM with EDS, which is shown in Table 2. The EDS analy-
sis has shown that a new Si-rich precipitate phase is formed in
the alloy with minute quantity Si, and the microstructures have
changed significantly. We can see from the EDS data analysis
that the three precipitates in the alloy contain different elemental
differences. The alloy without Si addition are formed by matrix
A phase and B phase. The matrix A phase is a-Al solid solution
phase, and it contains less solute elements. The B phase is a eu-
tectic phase, which is rich of Mg-Cu-Zn elements. The C phase is
possibly the Mg Si phase, and D is the eutectic Mg Si.

Table 2. The energy dispersive spectroscopy(EDS) analysis
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Elementat.% Al Mg Zn Cu Si
0 A 9296 534 1.05 0.65 --
B 67.49 2094 470 6.87 --
A 89.37 598 281 184 --
Si0.3 B 55.54 18.13 10.59 15.52 --
C 46.45 27.68 - 1.46  24.42
A 92.47 420 234 099 -
B 53.74 16.12 11.41 18.72 --
Si0.6
C 67.87 14.80 1.07 1.07 15.19
D 72.73 1750 090 0.53 8.33
A 91.89 415 267 128 --
B 61.74 11.68 996 16.63 --
§i0.9
C 5399 2750 1.10 1.27 16.15
D 76.78 9.73 295 184 871

Elementat.% Al Mg Zn Cu Si
A 91.24 396 295 1.85 --
49.26 18.18 12.16 20.40 --
Sil.2
C 51.41 23.67 1.87 0.93 22.12
D 73.83 14.63 2.43 1.16 7.92
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Figure 3 the XRD patterns under different Si contents

3.4 Properties

The compressive stress-strain curves and the micro-hardness of
the alloys of the alloys are shown in Figure 4. With the addition
of Si addition, the compressive strength of the alloys increases
first and then decreases, and its maximum compressive strength
reaches 779.11MPa; meanwhile, the compression plasticity of
the alloy also shows this trend, and its maximum value reaches
20.9 % when the addition of Si reaches 0.9 at.%. In addition, it is
found that there are serrated flows in the compression process,
while when the Si content exceeds 0.9at.%, the serrated flow dis-
appears, with the compressive strength and plasticity of the alloy
decreasing. We will discuss this phenomenon in Section 4.2. We
can find that the trend of the micro-hardness of alloys change is
similar to the compressive strength of the alloy with Si addition.

3.5 Serration behavior

The serrated flow behavior of the alloys has become a hot topic
for a long time, typically in superalloys"*’, aluminum-magne-
sium alloys"**l and stainless steels™™, in recent years, these be-
haviors were also found in bulk metal glass”*>*”) and high-entro
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Figure 4 the compressive stress-strain curves and the mi-
cro-hardness of the alloys with different Si addition

py alloys"**“*l. For these materials, when there is an appropriate
temperature, strain rate or pre-deformation, the avalanche shear
deformation accompanying the stress zigzag drop will happen
during the compression, which is called the Portevin-Le Chat-
elier (PLC) effect’** “*#?I, The stress increase is due to the hin-
dered and pinned dislocations by the interstitial atoms, which
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Figure5 the serration flow behavior under initial conditions with different Si addition



causes the dislocation walls or dislocation loops forming, how-
ever, when the stress continues to increase, the dislocations will
break away from the bond and continue to slip, so that the stress
decrease a little. In this way, the cyclic fluctuation of the stress
occurs, which can be seen that the serration behavior yield in
the metal crystal is related to the dislocation motion and the ex-
tension of the Liiders bands. In aluminum-magnesium alloys,
these serration flow behaviors often explained by the dynamic
strain aging (DSA) theory which is proposed by Cottrell”}, this
theory clarifies the dynamic interaction between movable dislo-
cations and solute atoms. At present, there is some controversy
about the interpretation of the theory. The DSA theory focuses
on the interaction between solute atoms and defects in the crys-
tal. However, the influence of precipitation in the material on the
Portevin-Le Chatelier (PLC) effect cannot be ignored, especially
in high alloyed aluminum alloy. As an alloying element in Al-Mg
alloys, Si is easy to form Mg Si precipitates with Mg in the alloys.
Therefore, the addition of trace amounts of Si will have a more
complicated effect on the serration behavior.

Figure 5 shows the serration behaviors of the alloys, which
have Si addition below 0.9at.%. It can be found that, with the in-
crease of Si content, the serration behaviors become weaker and
then they turns stronger but not stronger than before. However,
when the addition of Si reaches 0.9at.%, Stress-strain curve tends
to be smooth. At this time, the alloy exhibits excellent mechan-
ical properties, and the serrated flow is the type D*. Through
EDS analysis, we can see that the content of solid solution ele-
ments in the matrix have a little change. It shows that the change
of solid solution elements in the matrix have no obvious influ-
ence on the serration flow behavior of alloys. This indicated that
the second phases have an effect on the serration flow behavior
of alloys.

In order to better study the serration behaviors, we studied
the relationship between stress drop with different Si content,
which is shown in Figure 6. It can be found that with the increase
of strain, the stress drop of the different alloys are shown an ap-
proximately linear decrease with slight data fluctuations. On the
other hands, with the increase of Si content, the average value
of stress drops first decrease, then increase, and finally turn to
0 when the addition of Si reaches 0.9 at.%. This trend is consis-
tent with the serration behavior on the compressive stress-strain
curve of the alloys.
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Figure 6 the variation of stress drop with strain under different
Si content conditions
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Through the analysis of serrated flow behaviors of differ-
ent alloys, it can be seen that the mechanical properties of the
alloys are closely related to the serrated phenomenon. There-
fore, the changes of the serrated flow behaviors is mainly due to
the changes of the Mg content, which can be explained by the
DSA theory. According to the Cottrell-Bilby type kinetics!*”, the
solute atom concentration around the dislocation line satisfies
Equation 1.

c=c, [l-exp(-pt")] (1)

where c_is the solute atomic concentration, ¢, is its satura-
tion value, t is the effective time for the solute atoms to disperse
into dislocations (¢, is the waiting time), p is a constant related to
the solute atom’s ability to diffuse, and 0 is a constant as 1/3 when
solute atoms diffuse by tube diffusion. Based on this, when the
content of Mg atoms is lowered, the solute atoms for diffusion
are reduced, and the pinning effect on dislocations is lowered.
With the addition of Si, a new Mg2Si precipitate phase partial-
ly replaces the Al-Mg-Cu precipitates in the alloy. Due to the
precipitation of Mg2Si, which affects the serrated flow behaviors
exactly, which causes the serrated flow become weaken. At the
same time, the precipitation phase formed by the lower addi-
tion of Si is finer and its distribution in the matrix also lead to
an increase in the mechanical properties of the alloy. Therefore,
the influencing factor of the serrated flow behaviors in the alloy
is mainly the change of the precipitated phase. As Mg Si-phase
is formed, the other precipitates decrease. As a result, the influ-
ence of precipitation on dislocations becomes weaken, which in
turn leads to the weaken of the serration behaviors. When the
Si content reaches 0.6 at.%, the precipitation phase of Mg Si in
the alloy increases remarkably, and its corresponding morphol-
ogy also changes with the content of Mg in the matrix decreases
through EDS analysis. However, the pinning and hindrance of
the formed relative dislocations is enhanced, which cause the
enhanced strength and serration behavior. As the addition of Si
reaches 0.9 at.%, a large number of lamellar eutectic structures
forms, and the formation of larger granular Mg Si phases leads
to further enhancement of alloy strength. Due to the lamellar
eutectic structure, the dislocations can easily slides during the
compression process, which causes the serration behavior of
the alloy to be weaken, and it is very obvious in the compressive
stress and strain curve of the alloys. At this time, the stress-strain
curve of the alloy has approached the smooth critical point,
which may also be the reason for the best compression strength
and compression plasticity of the alloy during compression.
When the addition amount of Si reaches 1.2at.%, a larger area
of eutectic Mg2Si phase appears, and the granular Mg2Si phase
grows, causing some casting defects such as pores to occur, and
the serration behavior in the alloy disappears, the mechanical
properties of the alloy are reduced but higher than without Si
addition (as shown in the Figure 4). Therefore, the mechanical
properties of the alloy can be optimized under the critical state
of the serration behavior of the alloy. The purpose of optimizing
the mechanical properties of the alloy can be achieved by pay-
ing attention to the serrated flow behavior of the alloy, which
provides a new idea for optimizing the mechanical properties
of the alloy.

When the Si content reaches 0.9 at.%, the stress-strain
curve of the alloy tends to be smooth, and the stress drop is very
small. In order to better study the relationship between serration
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behavior and alloy properties, we can use elastic strain energy
instead of stress drop. The area of stress and strain in the stress
rise curve on the stress-strain curve of the alloy reflects the elas-
tic strain energy of the alloy, which is shown in Figure 7. We can
find that the elastic strain energy of the alloy increases first and
then tends to be stable as the strain increases. With the addition
of Si, the average elastic strain energy increases and the serration
behavior becomes weaken. It is coincident with the compressive
stress-strain curves, which were shown in Figure 5.
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Figure 7 the elastic strain energy of the alloy with different Si
addition

The analysis of the elastic strain energy of the alloy shows
that the effect of precipitation on the elastic strain energy of the
alloy is very obvious, which also affects the serration behavior.
With the addition of Si, the Mg Si phase forms a new strengthen-
ing system with the original precipitation phase, which enhances
the comprehensive mechanical properties of the alloy. When the
amount of Si is added to 0.3 at.%, the elastic strain energy of the
alloy enhanced. When the Si content is further increased to 0.6
at.%, the morphology of the precipitated phase changes, that is
to say, the eutectic structure appears. As a result, although the
content of precipitated phase has increased, the total strength-
ening effect has been weakened. In performance, the strength
is improved, while the serration behavior is increased and the
elastic strain is reduced. When the Si content reaches 0.9 at.%,
a large amount of eutectic Mg Si and a small amount of granu-
lar Si-rich phase appear. The alloy get the highest compressive
strength, the highest compression plasticity, and the improved
elastic strain energy, with the serration behavior disappearing.
Therefore, in addition to solid solution atoms, the morphology
and type of precipitated phase also significantly affect the serra-
tion behavior of the alloy.

4. Conclusions

In this study, a series of light-weight Al(86-x)Mgl0Zn2Cu2Six
medium-entropy alloys are successfully prepared, and the effect
of Si content on the microstructure, properties and serration be-
haviors are investigated. The results are summarized as follows:

(1) Trace amounts of Si can significantly change the type
and morphology of precipitated phases in the alloy, and the ap-
pearance of eutectic structure may improve the casting proper-
ties of the alloy.

(2) The addition of Si improves the mechanical properties
of the alloy, when the Si content reaches 0.9 at.%, the mechanical
properties of the alloy are optimal.

(3) The serration behaviors of the alloys also change with
the addition of Si. The mechanical properties of the alloy can
be optimized under the critical state of the serration behavior,
which indicats that the type and morphology of the precipitated
phase can significantly affect the serration behavior of the alloy.
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Abstract:

Developing lithium ion capacitors possessing both brilliant energy and power density is still significant for numerous re-searchers. In this paper,
we synthesized MnO, nanowires via a simple hydrothermal process. The nanostructure MnO, can expose more electrochemical sites and thus
optimize the kinetics of Li*. Moreover, we used MnO, nanowires (MnO, NWs) as anode and a N-doped porous carbon (NPC) as cathode to
assemble lithium ion capacitors (MnO, NWs//NPC LIC). Compared to the traditional supercapacitor with aqueous electrolyte, the MnO, NWs//
NPC LIC exhibits a wider voltage of 0-4.2 V; which is helpful to enhance its energy and power density. Furthermore, MnO, NWs//NPC LIC can
deliver an excellent capacity of 150 mAh g with an excellent energy density of 82.7 Wh kg and power density of 1.05 kW kg'. Meanwhile, a
good cyclic stability of LICs with a 20% retention after 1000 times charge and discharge process proves its practical potential, indicating a good

promising for the application in storage devices.
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1. Introduction

The uninterrupted consumption of fossil fuel cells for huge ener-
gy supply boosts the rapid development of energy storage devic-
es !"?) Compared to other energy storage devices ", lithium ion
batteries (LIBs) [/ get much attention because of its outstanding
energy density (0.15-0.2 kWh kg') while supercapacitors (SCs)
El stand out owing to its remarkable power density (2-5 kW kg!)
and stable cyclic ability (over 100000 times). Nowadays, the LIBs
and SCs are widely applied in manufacturing industry, hybrid
electrical vehicle, smart power grids and so on. However, the low
power density and poor cyclic stability of LIBs and low energy
density of SCs cannot meet the higher and higher demand of
people. Therefore, many researchers turn their view to develop a
new energy storage system with both outstanding energy density
and power density.

Lithium ion capacitors (LICs) are born at this moment by
combining a battery-type anode and a capacitor-type cathode
(8], To date, a few LICs have been reported containing a wide
work voltage window, fast charge/discharge process and supe-
rior cycling life. Nevertheless, the existing LICs have an obvious
imbalance between two electrodes, resulting from its capacitive
reaction that cathode is faster than the intercalation reactions

of anode. Therefore, it is of importance to choose proper anode
materials with great rate capability to improve this imbalance for
a high-performance LICs . Among anode materials, MnO, ex-
hibits a low cost and excellent electrochemical properties, grad-
ually becoming a substitute of expensive rare metal oxides. For
example, Liu et al. developed bowl-like MnO, nanosheets pre-
senting a specific capacitance of 379 F g! at a current density of
0.5 A g while the capacitance retained ratio of 60.5% from 0.5 to
10 A g and after 5000 times the capacitance can maintain 87.3%
of the original value """, Besides, Won-Sub Yoon et al. reported
a 1-MnO, 3D nanoarchitecture for LIBs with high capacities of
~1400 mAh g* at 100 mA g* and ~749 mAh g' at 1000 mA g
!, Based on this excellent rate capability, MnO, can effectively
balance the kinetics of cation and anion, which is helpful to as-
semble a high-performance LICs.

Carbon materials (such as AC, CNT, graphene, etc) are
widely selected as lithium ion supercapacitor electrodes because
of their stable and devisable structure, superior conductive char-
acteristic and economic practicality "> "*l. The wide application
in both LIBs and SCs attracts a lot of attention of researchers. For
a more excellent electrode, many workers put in a lot of effort
to optimize the carbonaceous materials. For example, Huang et
al. used F-GDY as anode with a great rate performance (1825.9
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mAh g'at 0.1 A g',979.2 mAh g'at 5 A g') "l Peng et al.
reported a CNT-threaded N-doped carbon film (CNCF), show-
ing a remarkable specific capacitance of 340 F g' at 2 A g, long
cycling life with a Coulombic efficiency of 97.7% after 10000
times at 20000 mA g as a supercapacitor electrode *!. Inspired
by these work, N-doped porous carbons are a kind of vital ma-
terial as the capacitor-type cathode for a more glorious lithium
ion capacitor.

Here, we synthesized a kind of MnO, nanowire via a sim-
ple one spot hydrothermal method. As an anode of LICs, MnO,
nanowire displays a capacity of 185 mAh g'at 200 mA g with
41.1 % capacity retention at 5C, which benefits from the 3D
stacked nanostructure MnO, NWs exposing more active
sites, increasing surface area and improving the kinetics of
Li ions (Li*). This brilliant rate capacity is beneficial for bal-
ancing kinetics between anode and cathode. Particularly, we de-
signed a non-aqueous LICs with a MnO, nanowires as anode
and an NPC material as cathode. This N-doped 3D porous
carbon increases the specific surface area, offering more
adsorption sites to shorten the ion transport pathway. The
N doping optimizes the wettability between porous carbon
cathode and the electrolyte. Therefore, the MnO,//NPC LIC
can deliver a fine capacity of 150 mAh g at 500 mAh g*. More-
over, it demonstrates a superior energy density of 82.7 Wh kg™
at power density of 1050 W kg with a good cycling life of LIC
with a 20% retention after 1000 times. Especially, a red LED was
powered by this MnO,//NPC LIC, which proved its excellent
practical potential.

2. Experimental Section

2.1. Preparation of MnO2 NWs

The MnO, NWs were prepared via the one-step hydrothermal
method "\, Firstly, 158.3 mg KMnO, and 53.5 mg NH,Cl were
separately added to 30 mL of deionized (DI) water and stirred
with a duration of 15 min. After that, the mixture was stirred
for 20 min and then dumped into a 100 mL autoclave at 200 °C
for 24 h. After cooling down to ambient temperature, the sam-
ple was obtained by centrifuge and wash using DI and ethanol 3
times. Finally, the MnO, NWs was obtained after drying at 60°C
for 24 h in an oven.

2.2. Preparation of NPC

7

NPC was synthesized as previously reported !'"\. Briefly, gelatin,
citric acid and FeCl, (mass ratio 3:1:4) were added in 0.03 L DI
at 90 °C until dissolved. Then, the dried brown gel was calcined
at a two-step process (300 °C for 60 min with 3 °C min’', 800 °C
for 120 min at 5°C min") under an Ar/H, atmosphere. After
acid and DI washing, the black power was obtained. Finally, the
power and KOH (mass ratio: 1:3) were mixed homogeneously
and activated at 650 °C for 2h. After further acid and DI washing,
the NPC was prepared in an oven at 60 °C.

2.3. Electrode Preparation

The anode was prepared by mixing MnO, NWs, acetylene black
and poly(vinylidene fluoride) (PVDF) with a weight ratio of 7:2:1
in N-Methyl pyrrolidone (NMP). Then, the slurry was smeared
on the Cu foil. Similarly, this cathode was synthesized contain-
ing N doped porous carbon, acetylene black and PVDF with the
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same ratio coated on an aluminum foil. All of the prepared elec-
trodes were dried under 100 °C for 12 h in a vacuum oven. These
half cells (2032 coin-type cell) were assembled with lithium met-
al as counter electrode and reference electrode as well as com-
mercial LBC3008A as the electrolyte in the Ar-filled glove box.
Before composing the LICs, we gave MnO, NWs anodes in close
contact with Li metal in the commercial electrolyte LBC3008A
for 48 h for a prelithium process. The anode and cathode mass
ratio were about 1:3. Specific capacity of MnO, NWs//NPC LIC
was calculated on a base of anode mass.

2.4. Characterizations

The XRD test was measured on a Rigaku P/max 2200VPC
with Cu Ka radiation to investigate the phase of MnO, NWs
and NPC. SEM (XL 30 ESEM-FEG, FEI Company) and TEM
was performed to characterize the surface and interior porous
features of as-prepared products. Cyclic voltammetry (CV)
and electricimpedance spectroscopy (EIS) were executed on a
CHI660E electrochemical workstation (Chenhua, Shanghai).
Here, EIS was measured between 102 Hz and 10° Hz. Cycling
and rate measurements were carried out by a LAND CT2001A
battery measurement system.

The energy density and power density were calculated as
follow '®:

P=AVxi/m (1)
E=Pxt/3600 (2
AV=(V_ +V_)/2 (3)

3. Results and discussion

3.1. MnO2 NWs as the anode

L] ® ® o
° "
® © o0 . ® , ) .
. ® ..o ° : e hydrothermal synthesis
® MnO, ®

NH,*

Figure 1. The schematic diagram of MnO, nanowires.

The MnO, NWs were prepared via a simple hydrothermal
process in Figure 1. KMnO, as Mn source was reduced from Mn
(VII) to Mn (IV) to form a stable MnO, NWs. Following is the

chemical reaction:
2NH4MnO4 —>N2 T+2Mn02 +4H2 O+02 T

The nanostructure MnO, possesses large surface area and
more electrochemical sites, and hence optimize the kinetics of
Li*. ") From SEM images in Figure 2a, MnO, exhibits nanow-
ire morphology. Many MnO, NWs are intertwined presenting
a three-dimensional (3D) network. From a magnification SEM
image in Figure 2b, the length of MnO, NWs is about 500 ~
700 nm with a diameter of about 50 nm. Moreover, XRD anal-
ysis was conducted to get a further crystal phase of MnO, NWs
in Figure 2c. It shows that the obtained MnO, nanowires are
well consistent with the pure MnO, with a space group of 14/m
(87) (JCPDS: 44-0141). Moreover, the diffraction peaks at 12.8°,
18.1°,28.8°, 36.7° 37.5° 39.0°, 42.0°, 49.9°, 56.4°, 60.3°, 65.1°, and
69.7° correspond to the (110), (200), (310), (400), (211), (330),
(301), (411), (600), (521), (002) and (541) planes, respectively,
which further confirms the successful preparation of a high crys-
tal pure phase MnO, NWs.
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Figure 2. (a) SEM image of MnO, NWs with a scale of 3 um.
(b) Magnified SEM image with a scale of 500 nm. (c) XRD
pattern of MnO, NWs, which confirms that high crystal pure

phase 3D stacked MnO, NWs are synthesized.

In order to study the electrochemical performance of MnO,
NWs as anode in LICs, half cells with a counter electrode of Li
foil between 0.01 and 3 V (vs. Li/Li*) was tested. In Figure 3a,
CV curves of MnO, electrodes at a series of scan rates between
0.1-0.5 mV s are presented to reflect the Li* transfer in/out of
the MnO, NWs. At a scan rate of 0.1 mV s7, the reduction peak
at about 0.45 V is assigned to the SEI formation and the trans-
form from Mn (IV) to Mn (0). The oxidation peak at about 1.3 V
is attributed to the reoxidation from Mn (0) to Mn (IV). The oth-
er CV curves display a similar reaction mechanism. The charge/
discharge curves in Figure 3b also proves this process. The reac-
tion is summarized as follow:""

Mn(,+4Li [=] 2Li,04 Mn

? | | J
MWWW““WWW e

Moreover, the CV curves at other scan rates exhibit simi-
lar redox peaks and retain the curve shape, exhibiting that the
MnO, NWs have a satisfied rate capacity. Especially, the excel-
lent rate properties are proved from Figure 3c. When the current
density is 0.2, 0.4, 0.6, 0.8, 1 and 2 A g, the sample shows stable
capacities of 185, 175, 122, 100, 76 and 25 mAh g™. That is to say,
when the current density increases 5 times, the capacity reten-
tion reaches 41.1%. More importantly, the MnO, NWs anode re-
mains 170 mAh g after 1000 cycles in Figure 3e, displaying the
fine long cyclic stability. The EIS result is conducted in Figure
3d. As known, the smaller the diameter of this semicircle is, the
faster the charge transfer. A small charge transfer resistance of
MnO, NWs benefits to the fast insertion and de-intercalation of
Li*. These outstanding performances are attributed to the nano-
structure of MnO, and the exposed active sites, which makes
MnO, NWs a proper candidate for LICs anode.

3.2. NPC as the cathode

N-doped hierarchical porous carbon was chosen as cathode for
the LICs. In Figure 4a, a bulk carbon material with a macropo-
re structure is observed. The surface macropores are distributed
uniformly with about 500 nm in diameter. The TEM image in
Figure 4b exhibits willow-leaf-shaped mesopores. These special
pores show a ~160 nm long and a ~40 nm wide. This particular
porous structure will effectively shorten transfer pathway and ac-

celerate the transfer of the electrolyte ion. In Figure 4c, the XRD
pattern of NPC reflects the degree of graphitization. The peaks
at about 25° and 44° are attributed to (002) and (100) planes and
this wide shape demonstrates the amorphous nature. This defec-
tive structure is resulted from the N and O atom defects reported
in previous work. Moreover, the N-doping improves the contact
of electrode and electrolyte, further enhancing the electrochem-
ical activation of NPC as cathode for LICs.”"
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Figure 3. The Li* storage properties of MnO, NWs anode: (a)
CV curves of MnO, NWs with scan rates from 0.1 to 0.5 mV s,
(b) The selected charge-discharge curves at 500 mA g?, (c) The
rate properties with current densities between 200-2000 mA
g, (d) EIS spectroscopy between 0.01 and 10° Hz, (e) the long
cycling property and Coulombic efficiencies of this sample at
500 mA g, displaying a satisfied electrochemical performance.

(2]

Intensity (a.u)

Figure 4. (a) SEM image of NPC at 1pm, (b) TEM image of
NPC at 200 nm, (¢) XRD pattern of NPC, which shows that
N-doped porous carbon possesses a meso and macro structure.



The electrochemical property of nitrogen doped hierarchi-
cal porous carbon materials was studied in Figure 5. The CV
curve at ImV s* with an extended potential window of 2-4.2
V was shown in Figure 5a. Non-redox peaks in these rectan-
gles reflect an ideal capacitive contribution, which corresponds
to the charge/discharge curve without any platform in Figure
5b. The selected curves of the 1st, 2nd, 50th and 100th cycles
overlap well with each other, illustrating that the NPC cathode
has the super stable adsorption ability at 0.5 A g'. Moreover, the
rate property test of NPC cathode in Figure 5c give a series ca-
pacity of 97, 75, 66 and 60 mAh g* at 200, 600, 1000 and 2000
mA g, respectively. EIS test in Figure 5d shows that the NPC
cathode has a small charge transfer resistance and ion diftusion
resistance, further presenting a candidate with a fast ion storage.
The cycling performance of NPC in Figure 5e illustrates that the
capacity of NPC cathode remains about 30 mAh g after 700
cycles. This good adsorption ability is attributed that the 3D
porous structure increases the specific surface area, offers more
adsorption sites and shortens the ion transport pathway. The N
doping optimizes the wettability between NPC cathode and the
electrolyte, much suitable for a satisfied performance LIC.
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Figure 5. The PF_~absorption ability of the NPC cathode: (a)
the CV curves of NPC at 1 mV s, (b) The charge/discharge
curves at the 1st, 2nd, 50th and 100th cycle at 500 mA g™, (c)
The rate property of NPC at 200, 600, 1000, 2000 mA g, (d)
The EIS spectrum of NPC between 0.01 and 10° Hz, (e) The
cycling life of NPC at 500 mA g, displaying superior adsorp-
tion ability.

3.3. MnO2 NWs//NPC LICs

Utilizing the prepared prelithiated MnO, nanowires as anode
and the NPC we previously reported as cathode, a LICs with a
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commercial electrolyte of LBC3008A was assembled. The whole
charge/discharge process is explained in detail from Figure 6. In
a charge process, the NPC cathode adsorbs the PF . in the surface
macro and meso pores with N-doping defects. At the same time,
the Li* is transferred and reacts to the MnO, nanowires anode.
The discharge process is the opposite of the charge process. In
order to balance the anode and cathode, we make a mass ratio of
anode and cathode be 1:3 according to the literature. Moreover,
the 3D network of stacked MnO, nanowires offers more reaction
sites for a fast Li* migration, effectively offsetting the intrinsic
slow migration rate of Li*. The 3D porous structure offers more
adsorption sites and the N doping optimizes the wettability of
NPC. Both of these two advantages make MnO, nanowires an-
ode and NPC cathode more matched to construct MnO_//NPC
LICs.

@ & @&
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carbon

Figure 6. The Schematic model of the LICs assembled by MnO,
nanowires as anode and NPC as cathode, accuratly interpreting
the charge/discharge mechanism of MnO, NWs//NPC LICs.

The electrochemical property of MnO,//NPC LICs is eval-
uated in Figure 7. Figure 7a exhibits CV curves at different scan
rate with an extended potential window of 0-4.2 V. Similar near
rectangles and non-redox peaks display an ideal capacitive con-
tribution, which corresponds to no platform in the charge/dis-
charge curve in Figure 7b. The maintenance of rectangle shape
further reflects the high rate performance. The charge and dis-
charge curves of MnO,//NPC LICs exhibit a capacity of 250, 156
and 100 mAh g' (on base of anode mass) at 0.2, 0.4, 0.6 A g7,
respectively. Its result also confirms the MnO,//NPC LICs has a
good rate property. More interestingly, the satisfied retention of
20% after 1000 times at 500 mA g in Figure 7c, demonstrates
a stable performance of the MnO,//NPC LICs. The energy den-
sity of 82.7 Wh kg and a remarkable power density of 1.05 kW
kg is comparable to those aqueous supercapacitors such as LF-
P@C//ARGO 2, LMO/AC Li - Ion flow capacitor ** and so on
in Figure 7d. This illuminates the extended potential range can
largely improve the energy density of MnO,//NPC LICs. The
success of a lighted red LED (Voltage: 2 V, current range: 5 mA-
17.5 mA) (inset Figure 7d) powered by the MnO,//NPC LICs
further proves its excellent practical potential.
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Figure 7. The electrochemical properties of MnO, NWs//NPC
LICs: (a) The CV curves from 1 mVs™! to 500 mVs?, (b) The
charge/discharge curves at 200, 400, 600 and 800 mA g™, (c)

The cycling stability at 500 mA g after 1000 times, (d) The re-

lationship of energy density and power density of MnO, NWs//

NPC LICs and the comparison with other literatures. The inset
is a photo show of a lighted red LED powered by our MnO,

NWs//NPC LICs.

4. Conclusion

In this paper, the MnO2 nanostructure was successfully prepared
via a simple chemical reaction. The obtained MnO2 nanowires
expose more active sites and improve the reaction rate with Li+.
As an anode of LICs, it delivers a capacity of 185 mAh g-1 at 0.5
A g-1 and accompanies a 41.1 % capacitance maintaining at 1
A g-1. The fine rate performance is beneficial for balancing the
kinetics between anode and cathode. Moreover, the NPC mate-
rial was chosen as cathode to design a non-aqueous LICs. The
N-doped 3D porous carbon offers a larger specific surface area,
more adsorption sites and a shorter ion transport pathway. The N
doping optimizes the wettability between NPC cathode and the
electrolyte. In consequence, the MnO2//NPC LICs can display
a brilliant capacity of 150 mAh g-1 at 500 mA g-1. Meanwhile,
it demonstrates a high energy density of 82.74 Wh kg-1 and a
brilliant power density of 1.05 kW kg-1. The success of powering
ared LED further proves its excellent practical potential, which
provides a realizable thought for the future storage system.
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The influence of mixed rubber processing technology on Mooney viscosity and burning time was studied. The results showed that the Mooney
viscosity of mixed rubber increased with the extension of the parking time, and the burning time did not change significantly. With the increase
of the number of thin pass, the Mooney viscosity of mixed rubber decreases continuously, and the burning time varies with different thin pass
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Mooney viscosity, also known as rotational viscosity, is
the value measured by Mooney viscometer. Mooney viscosity
reflects the quality of rubber processing and molecular weight
level and wide distribution range. Low Mooney viscosity rubber
easy to adhere to the roll, its molecular weight is low and narrow
distribution range. Scorch time is a physical quantity to mea-
sure the rate of early vulcanization of rubber. Burning time is
too short, in the process of operation will cause the early vulca-
nization of rubber, affecting rubber mixing, rolling, pressing and
other processes; Burning time too long, will lead to rubber vul-
canization cycle too long and reduce the production efficiency.

After determining the rubber formula, the main factors af-
fecting the rubber Mooney viscosity and burning time are the
rubber processing process. Extending the parking time and in-
creasing The Times of thin pass will affect the Mooney viscosity
and burning time of mixed rubber ],

1 Experiment

1.1 Main raw materials

Natural rubber: brand SMR20, Malaysia; Brominated butyl rub-
ber: brand BIIR, waf international trade (Shanghai) co., Ltd.
Carbon Black: brand Numbers (N234, N326, N375, N660),
¢ Black Cat Carbon Black Co., Ltd. Butadiene rubber: brand
BR9000, China petroleum northwest chemical sales branch;
White carbon black: brand 175GR, palm Chemical Co.,Ltd; Si-
lane coupling agent: brand tyc-si69, jingdezhen hongbai chem-
ical technology co., Ltd. Zinc oxide: brand name: 99.7%, yang-

zhou zhenzhong zinc industry co., Ltd. Promoter: brand (NS,
DZ, DM), shandong shangshun chemical co., Ltd.

1.2 Basic formula

In this experiment, four basic formulas of tires were selected for
research (as shown in table 1).

Table 1 Basic formula of tires/phr

The raw materials 1# 2# 3# 4#
SMR20 100.00 45.00 100.00 20.00
BR9000 / 55.00 / /

BIIR / / / 80.00
N234 45.00 / / /
N326 / / 56.00 /
N375 / 31.00 / /
N660 / 22.00 / 69.00
oil / 5.00 / 8.00
Silica White 15.00 / / /
TYC-Si69 3.00 / / /
ZnO 3.50 4.00 8.00 /
SA 2.50 2.00 / 2.00
4020 2.00 / 2.00 /
wax 1.00 2.00 / /
S 1.30 1.40 / 0.80

Copyright © 2019 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution-
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The raw materials 1# 24 3% 4%
HD-0T20 / / 4.50 /
RA-65 / / 5.00 /
NS 1.50 0.80 / /
DZ / 1.20 /
DM / / 1.30
Other 2.50 5.50 2.50 8.80

Note: the basic formula is 100 copies of raw rubber as the benchmark,

other raw materials according to the corresponding number of copies.
1.3 Main equipment and instruments

Kobe steel: BB430 mixer; Yiyang rubber & plastic machinery co.,
Ltd. : GN255 mixer, xk-660 mixer; Qingdao xianrui electrome-
chanical co., Ltd. : xk-160 type smelting machine; Alpha corpo-
ration: Mooney viscometer MV2000.

O. Liu, H. Li

1.4 Sample preparation

The mixing rubber was prepared by conventional mixing pro-
cess. After 4 hours of parking, 1.5 kg of tread rubber, tire side
rubber, tire rubber and dense layer rubber were respectively cut,
and roller was used on the XK-160 type furnace.(Roller tem-
perature: 60 + 5 °C, Roller distance: 2.0 mm) 5 times out of the
piece, parked 4 hours after the test.

Through the design of three schemes for mixing rubber
Menny viscosity, burning time test study.

Option one: Sampling tests after the specified time for lab-
oratory parking(as shown in Figure 1).

Option 2: After the roller temperature is 45 + 5 °C and the
roller distance is 0.5 mm, the machine is parked for 8 hours(as
shown in Figure 2).

Option 3: After the roller temperature is 90 + 5 °C and the
roller distance is 0.5 mm, the machine is parked for 8 hours(as
shown in Figure 2).

Laboratory temperature 23+3°C, humidity 40 ~ 60%.

Mixing rubber
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Figure 1 Effect of parking time on mixing rubber test
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Figure 2 Effect of thin-pass times on mixing rubber

1.5 The performance test

All properties of rubber are tested in accordance with the corre-
sponding national or enterprise standards.

1.5.1 The effect of parking time on rubber properties

Menny viscosity(shown in Table 2) and scorch time(shown in
Table 3) of mixed rubber were sampled at intervals of 5 days.

Table 2 Rubber Mooney viscosity test at different parking times

) Parking time /d
Project
0 5 10 15 20 25 30 R
1# 75 77 77 78 79 79 83 8
2# 62 62 62 62 63 63 64 2
3# 80 82 82 82 83 83 84 4
4# 69 69 70 70 71 71 71 1

Note: the test equipment is American alfarmeni viscometer, ML100°C (1+4) min (Use a large rotor at 100 °C to Preheat the Menny viscometer cavity

for 1 minute and rotate the corresponding Menini viscosity for 4 minutes.); R is for range (the same below).
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Figure 4 Scorch time is range after mixed rubber is parked(R)

Table 3 Rubber burning time test with different parking time/min

. Parking time /d
Project
0 5 10 15 20 25 30 R
1# 14 14.1 14 141 142 143 142 0.2
2# 197 201 191 188 185 183 189 0.8
3% 124 128 122 124 126 127 124 O
44 59 5.8 5.7 5.8 5.8 59 6 0.1

Note: test equipment, same as above, T5 (Using a large rotor at 130 °C to Preheat the Menni viscometer cavity for 1 minute after the rotor rotates the

Menni viscosity value to increase by 5 values.).

Table 4 Rubber Mooney viscosity test at 45+5°C

BoTong number/Number

Project
5 10 15 20 25 30 40 50 60 70 80 9 100 110 R
1# 60 59 58 57 57 56 52 56 55 53 52 51 50 49 11
2# 56 56 55 54 54 53 52 54 53 52 51 51 50 49 7
3# 69 66 65 63 62 60 58 53 51 50 48 47 45 43 26
4# 63 62 62 61 61 60 59 62 60 59 59 57 57 55 8
Note: test equipment and test conditions are the same as above.
Table 5 Rubber charring time of 45+5°C thin pass test/ min
. BoTong number/Number
Project
5 10 15 20 25 30 40 50 60 70 80 90 100 110
1# 137 138 138 14 14 14 141 137 135 136 139 139 138 14
24# 199 196 197 20 201 199 201 21 21 214 21 211 211 211
3# 134 135 135 14 139 142 145 164 164 168 168 171 173 174
4# 7 7 71 73 76 77 8 84 87 91 91 92 95 96
Note: test equipment and test conditions are the same as above.
Table 6 Rubber Mooney viscosity of 90+5°C thin pass test
) BoTong number/Number
Project
10 20 30 40 50 60 70 80 90 100 110 R
1# 61 58 57 56 55 54 53 52 51 51 51 10
2# 56 55 54 54 52 50 50 49 49 49 48
3# 74 73 72 71 71 70 70 69 69 68 68
4# 65 65 65 64 64 64 63 63 63 63 63

1.5.2 Effect of thin pass times on rubber properties

(1) the rubber Mooney viscosity (as shown in table 4) and burn-

ing time (as shown in table 5) were sampled and tested under

Note: test equipment and test conditions are the same as above.

spacing of 0.5mm.

thin pass condition with roll temperature of 45+5°C and roll

(2) the rubber Mooney viscosity (shown in table 6) and



Table 7 Rubber charring time of 90+5°C thin pass test

O. Liu, H. Li

min

BoTong number/Number

Project
10 20 30 40 50 60 70 80 90 100 110
1# 147 148 148 148 149 149 15 145 148 145 144
2# 242 242 243 244 245 247 253 251 253 25 252
3# 151 151 153 155 155 158 159 158 16 16  16.1
4# 84 84 9 92 94 95 97 98 10 102 10.1

Note: test equipment and test conditions are the same as above.

burning time (shown in table 7) were sampled and tested un-
der the thin pass condition of roll temperature 90+5C and roll
spacing 0.5mm.
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Figure 6 Scorch time is range after mixing rubber thinning(R)
2 Results and discussion

2.1 Effect of parking time on rubber properties

As shown in Table 2 and Figure 3, as the parking time extends,
the Meni viscosity of mixed rubber continues to increase, and
the Meni viscosity of tread rubber increases significantly.

As shown in Table 2 and Figure 3, as the parking time ex-
tends, the burning time of the rubber on the side of the tire is
shorter than that of other rubber, and the burning time of other
mixed rubber is not obvious.

2.2 Effect of thin pass times on rubber properties

As shown in Tables 4, 6, and 5, with the increase in the number
of thin-pass, the Meni viscosity of mixed rubber has decreased,
and the low temperature(45 + 5 °C, the same below) thin-pass
has the most effect on the Meni viscosity of fetal rubber. The
most obvious.

As shown in Tables 5, 7, and 6, the burning time of mixed
rubber has been extended with the increase of the number of
thin-pass, and the low temperature thin-pass has the most ob-
vious effect on the burning time of fetal rubber and gas-dense
rubber.

The influence of mixed rubber and low-temperature thin-
pass on the Moni viscosity and coking time of rubber is more
obvious than that of high-temperature(90 + 5 °C) thin-pass.

3 Conclusion

(1) The parking time(one month) is extended, the Meni viscosity
of the mixed rubber is increased, and the burning time of the
rubber on the side of the tire is shortened relatively significantly.

(2) Increase the number of thin-pass times(110 times), de-
crease the Meni viscosity of the mixed rubber, extend the scorch
time at low temperature thin-pass(in which the scorch time of
the fetal rubber is the most obvious) and extend at high tempera-
ture thin-pass. Not obvious.

(3) In the process of actual rubber processing, the effect of
extended parking time or extended mixing time on the process-
ing performance of rubber in different parts of the tire is differ-
ent.
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Abstract:

Highly dispersed gadolinium zirconate (GZ) nanoparticles with fluorite structure were successfully synthesized by co-precipitation method, and
their phase composition and microstructure, formation mechanism, and grain growth kinetics were investigated. The results suggest that the
nanoparticles were obtained through hydroxide dehydration and solid phase reaction. High dispersion was accomplished by ethanol solvent to
reduce the hydrogen bond and sodium dodecyl benzene sulfonate (SDBS) surfactant to increase the electrostatic repulsion between the nanopar-
ticles. The grain growth activation energy of GZ powders calcined at lower temperature (< 1200 °C) is 86.5 k]J/mol (Q,), and the grain growth ac-
tivation energy of GZ powders calcined at higher temperature (> 1200 °C) is 148.4 k]/mol (Q,). The current study shows that the optimal process

28-34. https://doi.org/10.33142/msra.v1il.670

to synthesize dispersed GZ nanoparticles includes ethanol solvent, 3 wt.% SDBS surfactant, and 1100 °C as calcining temperature.
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1. Introduction

The rare earth zirconates, Ln,Zr,O, (Ln denotes a rare earth el-
ement) with pyrochlore and defect fluorite structure, have re-
ceived considerable attention in various industrial applications,
including matrix nuclear fuel ", catalytic materials “-*/, and
thermal barrier coatings (TBCs) "-?. These zirconates have sig-
nificant advantages, which include low thermal conductivity and
excellent thermal stability "°**'. Therefore, Ln Zr,O, is widely
used as TBCs to provide better thermal insulation and corrosion
resistance for hot-section components of gas turbines.
Gd,Zr,0, (GZ) is a good candidate as it shows significant
superiority over traditional Y,O, stabilized ZrO, (YSZ) materials
due to its low sintering rate, low thermal conductivity and high
thermal stability "*'. Besides, GZ presents the relatively high-
er coefficient of thermal expansion (CTE) among the rare earth
zirconates ", which contributes to the relatively lower thermal
stress in the interface of ceramic layer and bond layer and longer
service life. Well dispersed nanoparticles increase material reac-

tivity, which assists TBC preparation, such as powder evapora-
tion in the plasma plume and columnar coating formation with
better fracture resistance.

Various methods have been proposed to obtain highly
dispersed GZ nanoparticles, including solid-state reaction, sol-
gel, combustion, hydrothermal synthesis and co-precipitation
(111821 Solid-state reaction is the common method to synthe-
size zirconate nanoparticles but requires high sintering tempera-
ture (above 1450 °C) *?, which is not good for achieving high
dispersion, since agglomeration becomes more severe at high-
er sintering temperatures. Composition segregation is another
shortcoming in this method. It is necessary to use the expensive
alkoxide in the sol-gel method, which is unsuitable for manu-
facturing nanoparticles. High heating and cooling rates in the
combustion method cause the formation of defect concentration
and non-equilibrium phase in the products. The hydrothermal
method presents the high requirements for the equipments and
can produce a limited amount of powders. On the other hand,
the co-precipitation method can reduce synthesis temperature,

Copyright © 2019 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution-
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improve production, and accurately control chemical composi-
tion. Thus, co-precipitation has a great potential for manufactur-
ing dispersed GZ nanoparticles.

It is difficult to produce the highly dispersed nanoparticles
by traditional coprecipitation method since the agglomerations
and sintering still exist in this process. The agglomeration in-
cludes soft agglomeration and hard agglomeration **I. Soft ag-
glomeration arises mainly from Van der Waals attraction, which
can be destroyed easily and is beneficial to obtain dispersed par-
ticles. Hard agglomeration is formed with solid neck connection,
which can’t break easily. Water molecules can bridge neighbor-
ing precipitates in the co-precipitation process, producing hard
agglomerates with solid necks and connecting neighboring par-
ticles after precipitate dehydration **). While, hydroxyl groups in
the ethanol solvent are the terminal groups and obstruct bridge
formation, which are promising in fabricating GZ nanoparticles
with high dispersion.

However, few studies have considered agglomeration effects
in the highly dispersed GZ nanoparticle production. This paper
aims to synthesize GZ nanoparticles with less agglomeration by
the modified co-precipitation method. The phase composition,
microstructure, formation mechanism, and grain growth kinet-
ics are also investigated.

2. Materials and methods

2.1. Preparation

Gadolinium nitrate and zirconium oxychloride (99.99%, Golden
Dragon Rare-Earth Co., Ltd., Fujian, China) were dissolved in
ethanol and distilled water solvent, respectively. Then, the solu-
tions were mixed at the atomic proportion of Gd : Zr = 1 : 1
and stirred for 30 min with different sodium dodecyl benzene
sulfonate (SDBS) dispersants ratios. The precursor solution was
added dropwise into ammonium hydroxide (pH = 10) while
continuously stirring to fabricate hydroxide precipitates. After
filtration, the precipitates were continuously washed with the
same corresponding solvent until pH of filtrate is 7. Then, the
precipitates were dried at 100 °C for 10 h. After grinding in the
zirconia balls and jars for 2 h (ball to precipitate mass ratio
is 1: 1), the dried precipitates were calcined above 900 °C for
2 h.

2.2. Analyses and measurements

X-ray diffractometry (XRD, D/max 2550PC, Japan) was used
for phase analyses of GZ powders with different calcining tem-
perature at a scan rate of 4 °/min. The phase structure of the GZ
powders was identified by Fourier-transform infrared (FTIR)
spectroscopy (Spectrum-2, America). Particle morphology was
analyzed with scanning electron microscopy (SEM, S-4300, Ja-
pan), transmission electron microscopy (TEM, JEM-2100F
Japan) and high-resolution transmission electron microscopy
(HRTEM, JEM-2100F, Japan). GZ powders were also analyzed
by the selected area electron diffraction (SAED) patterns. Ther-
mal analysis of dried precipitates was performed in the air by
thermo gravimetric and differential scanning calorimeter (TG/
DSC, STA-449-F5, Germany) from 25 °C to 1400 °C at a heating
rate of 10 °C/min. The GZ powder specific surface areas were
calculated by the Brunauer-Emmett-Teller (BET) nitrogen ad-
sorption method.
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3. Results and discussion

3.1. Gadolinium zirconate powder phase composition and
microstructure

Figure 1 presents the XRD patterns for GZ powders precipitat-
ed in the ethanol solvent with 3 wt.% SDBS and calcined above
900 °C for 2h. The samples exhibit similar XRD patterns, iden-
tified as single phase with defect fluorite structure (JCPDS No.
01-080-0471, space group Fm-3m). No distinct diffraction peaks
of impurities exist. Thus, the pure substitutional solid solution
has been successfully synthesized. As calcining temperature in-
creases, diffraction peaks of GZ powders are sharper, which in-
dicates GZ grain growth and improved crystallinity. However,
there is no phase transformation from defect fluorite structure to
pyrochlore structure, hence the defect fluorite structure remains
relatively stable up to 1400 °C.

As crystallization is fully developed by 1100 °C, it is nec-
essary to set the calcining temperature above 1100 °C to ensure
nanocrystal integrity. However, higher calcining temperature
contributes greatly to nanoparticle sintering and hard agglom-
eration, which are not good for synthesizing highly dispersed
nanoparticles. Thus, calcining temperature should be 1100°C to
ensure both good GZ powder dispersion and crystal integrity.
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Figure 1. XRD patterns of gadolinium zirconate powders
precipitated in ethanol solvent with 3 wt.% SDBS at various

calcining temperatures.

Figure 2 exhibits the infrared spectra of GZ powders at dif-
ferent calcining temperatures. The absorption bands centered at
approximately 3446 and 1638 cm™ are attributed to the residual
water in the GZ powders, whereas bands in 1000-780 cm™ cor-
respond to residual nitrate vibrations. The absorption band at ~
610 cm™' is shown due to Zr-O bonds in the lattice, and the vi-
bration frequency of Gd-O bonds is detected at 420 cm™. Bands
at 1517, 1398 and 1123 cm™ correspond to C=C, C-N, and C-H
bonds in the powders calcined at 1000 °C ***°!. As calcining tem-
perature increases to 1100 °C, these three bonds disappear, indi-
cating loss of impurities.

Figure 3 shows SEM micrographs of GZ nanoparticles
fabricated in various ways. GZ powders precipitated in water
solvent (Figure 3a) exhibit no significant boundaries among
GZ nanoparticles, which are severely agglomerated into larg-
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er clusters. Particle boundaries are clearly differentiated in the
powders precipitated in ethanol solvent (Figure 3b), indicating
better dispersion of GZ particle. BET surface areas were 23.4 and
44.5 m?/g for the powders precipitated in the water and ethanol,
respectively. The larger BET surface area confirms that powders
precipitated in the ethanol have better dispersion. Nanoparticles
with different SDBS ratios (2, 3, and 4 wt.%) show BET surface
area 62.3, 98.6, and 85.7 m*/g, respectively (Figure 3c, Figure 3d,
Figure 3e), indicating that the amount of SDBS in dispersion fol-
lows the order: 3 > 4 > 2 wt.%. The dispersion mechanism is
discussed in section 3.2.
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Figure 2. Infrared spectra for gadolinium zirconate powders
precipitated in ethanol solvent with 3 wt.% sodium dodecyl
benzene sulfonate at various calcining temperatures.

Figure 3. SEM images for gadolinium zirconate nanoparticles
prepared with (a) water; (b) ethanol; and (c) 2 wt.%, (d) 3 wt.%,
and (e) 4 wt.% sodium dodecyl benzene sulfonate.

Figure 4 shows TEM/HRTEM images and SAED patterns
for GZ powders precipitated in the water and ethanol solvent
with 3 wt.% SDBS. GZ particle size is above 20 nm when pre-
cipitated in the water (Figure 4a), and GZ nanoparticles are
closely agglomerated into large and dense particles. In contrast,
nanoparticle size is below 20 nm when precipitated in the etha-
nol solvent with 3 wt.% SDBS (Figure 4b). The GZ powders pre-
cipitated in the ethanol are better dispersed than the powders
precipitated in the water. Figure 4c shows a typical HRTEM im-
age for powders precipitated in the water, exhibiting wide lines
between the grains with different orientations. It originates from
Moire patterns induced by nanocrystal overlay, indicating ag-
glomeration and sintering behavior between nanoparticles pre-
cipitated in the water. GZ powders precipitated in the ethanol
exhibit clearer grain boundaries (Figure 4d), indicating better
dispersion. The SAED pattern (Figure 4¢) exhibits defect fluorite
structure, consistent with XRD analysis, and the sharp rings in-
dicate polycrystalline material. SAED pattern from a single grain
(Figure 4f) shows diffraction spots of atomic planes, belonging
to the corresponding atomic planes in the face-centered cubic

structure of GZ grain.

3.2. Gadolinium zirconate powder formation mechanism

Hydroxide thermal analysis is conducive to clarifying hydrox-
ide decomposition and GZ formation. Figure 5 presents the TG/
DSC analysis for dry hydroxide precipitates. The DSC curve of
hydroxides shows a distinct endothermic peak at approximately
111 °C, accompanied by an abrupt weight drop (~10%) due to
the removal of residual water in the precipitates *”. The endo-
thermic peak at approximately 483 °C corresponds to zirconium
hydroxide decomposition, and the peak at approximately 628 °C
corresponds to gadolinium hydroxide decomposition. No signif-
icant weight loss occurs above 628 °C, indicating that zirconia
and gadolinia formation has almost completed. The exothermal
peak at approximately 1065 °C corresponds to the solid phase
reaction of powders, in which zirconia and gadolinia react to
form GZ.
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Figure 5. Thermogravimetric (TG) and differential scanning

calorimeter (DSC) curves for hydroxide precipitates precipi-

tated in ethanol solvent with 3 wt.% sodium dodecyl benzene
sulfonate
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Figure 4. Morphology and crystal structure for gadolinium zirconate nanoparticle powders precipitated with 3 wt.% SDBS. (a)
TEM images, (c) HRTEM images, and (e) SAED patterns with water solvent; and (b) TEM images, (d) HRTEM images, and (f)
SAED patterns with ethanol solvent.

The equations of chemical reactions in the calcining pro-

cess can be expressed as

Zr(OH),5Zr0,+2H,0 t 111°C, 1

2Gd(OH),»Gd,0;+3H,0 t 628°C, (2)
and

27r0,+Gd,0;>Gd,Zr,0, 1065 °C. (3)

Agglomerate strength is related to the amount of hydro-
gen bond in the solvent, connecting the hydroxide precipitate
through formation of bridges between adjacent particles. Figure

6 shows the solvent function in the model . For hydroxide pre-
cipitated in the water, chemical bonds form between nanopar-
ticles after further dehydration and sintering of precipitate,
yielding hard agglomerates. However, the ethoxy group serves as
the terminal group rather than bridging group, hence hydrogen
bonds connecting neighboring particles don’t form in the etha-
nol solvent and link particles together. The nonbridging hydrox-
yl groups in the ethanol solvent can obstruct bridge formation

between adjacent particles and exhibit soft agglomerates.
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Figure 6. Agglomeration formation of GZ powders (a)
hard agglomeration in the water solvent; (b) soft agglomeration
in the ethanol solvent

Surfactant molecules adsorbing on the nanoparticle sur-
faces reduce the surface energy and reduce particle agglomer-
ation, hence stabilizing growing particles and facilitating high
dispersion. SDBS is an effective anion surfactant and can provide
micelles to confine the reactions and provide electrostatic repul-
sion among the nanoparticles to increase their dispersion ), as
shown in Figure 7.

The dispersion of nanoparticles improves with the SDBS
concentration from 2 to 3 wt.%, since surfactants adsorbing
on the nanoparticle surfaces increase electrostatic repulsion
when the total amount of surfactant is insufficient to cover all
nanoparticles in the range below 3 wt.%. However, excess sur-
factant increases anion concentration in the solvent and hence
reduces repulsion between nanoparticles, reducing surfactant
effectiveness against GZ powders agglomeration. This is because
surfactants can’'t absorb on the nanoparticles after surfactant
concentration reaches critical micelle concentration. The ag-
glomeration among the surfactants occurs, which reduces the
repulsion between nanoparticles.

3.3. Grain growth kinetics

We investigated grain growth kinetics to estimate GZ nanopar-
ticle grain size. Consider the (111) lattice plane half width as an
example. GZ grain sizes prepared with 3 wt.% SDBS were esti-
mated under different synthesis temperatures from the Scherrer
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equation

o= Beosd’ (4)

where G is the mean grain size, 4 = 0.15418 nm is the inci-
dent wavelength, k = 0.89 is the Scherrer constant, B is the dif-
fractive peak full width at half maximum (FWHM), and 6 is the
diffractive angle.

Figure 8 shows that the calculated GZ powder grain size
with 3 wt.% SDBS varies 7.4-36.6 nm between 900 and 1400 °C.
GZ grain grows faster at the temperatures above 1200 °C since
more lattice disorders and defects remain when calcining tem-
perature is below 1200 °C. However, the GZ grain grows with
fewer obstacles as lattice disorders decrease with the elevated
temperature when calcining temperature is above 1200 °C. Well
dispersed nanoparticles can increase material reactivity, which
is good for TBC preparation, such as powder evaporation in the
plasma plume and columnar structure formation with better

fracture resistance.
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Figure 8. Grain size for gadolinium zirconate powder precipi-
tated in ethanol solvent with 3 wt.% sodium dodecyl benzene
sulfonate at different calcining temperatures.
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Classically grain growth rate and grain size are given

as follows:
dG(t) <

it G’ )

where c is the constant related to the temperature, G and ¢

Figure 7. Dispersion mechanism model for sodium dodecyl benzene sulfonate (SDBS) on gadolinium zir-
conate (GZ) nanoparticles.



are the grain size and grain growth time, respectively,

c==exp(-==),
7P ) )
where T and R are the calcining temperature and gas con-
stant, respectively; A and B are the temperature-irrelevant con-
stants; and Q is the activation energy of grain growth. Then,

grain growth is given as follows:
2 2

G(t) —G0—2ct. (7)
In this paper, G, = 0 and t = 2 h. Thus, equation (7) is de-

duced as

Q
InG=B-—.
2RT (8)

Figure 9 confirms that InG is linear with respect to 1/T,
and grain growth activation energy is deduced from the slope
(Q/2R). The result shows grain growth activation energy of GZ
powders is 86.5 kJ/mol (Q) for the powders calcined at the lower
temperature (< 1200 °C), which is less than 148.4 k]/mol (Q,)
for the powders calcined at higher temperature (> 1200 °C).
At the lower temperature, GZ nanoparticles exhibit relatively
smaller grain size and higher surface energy, indicating that GZ
grains grow more easily with lower grain growth activation en-
ergy. Since crystallization is not fully developed, more disorders
and defects are present, which lead to lower resistance of grain
growth and lower grain growth activation energy at the lower
calcining temperature. However, disorders and defects decrease
when calcining temperature is above 1200 °C since crystalliza-
tion has fully developed with relatively stable crystal structure,
contributing to higher grain growth activation energy of GZ
powders.

MO = 5200/7-14.3, R=0.98;
172 |- 0=86.5 kI/mol (< 1200°C) -
174 b
[ $=8900/T-11.7, R=0.99; -
-176 |- 0=148.0 ki/mol (> 1200°C) g
~ _178 |-
g 7.8 I
A 180 .
::/ L
-182
-184 .
| [ |
-18.6
-188 —
1 " 1 " 1 " 1 " 1 " 1
8.5 8.0 75 7.0 6.5 6.0
10YT, K

Figure 9. The relationship between InD and 1/T for gadolinium
zirconate.

Grain growth activation energy of GZ powders is greater
than that of YSZ nanoparticles (13 kJ/mol) **, supporting the
stable GZ thermal properties and better sintering resistance.
More pores can be retained in TBC ceramic layers, with better
sintering resistance during thermal cycles. The retained pores
will help relieve thermal stress concentration of ceramic layer in
the thermal cycling and hence improve thermal cycling lifetime.
In contrast, the amount of pores in the ceramic layer decreases
with lower sintering resistance, decreasing CTE and increasing
thermal mismatch in the interface of ceramic layer and underly-
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ing alloy. Thus, GZ application with greater sintering resistance

will improve service life during thermal cycling.
4. Conclusions

This study successfully prepared gadolinium zirconate nanopar-
ticles with defect fluorite structure by co-precipitation. As the
calcining temperature increases from 900 °C to 1400 °C, the
diffraction peak of the GZ powders in XRD patterns is sharp-
er, which indicates the grain growth from 7.4 nm to 36.6 nm
between 900 °C and 1400 °C for the nanoparticles with 3 wt.%
SDBS. 1100 °C is the most appropriate calcining temperature to
produce highly dispersed GZ nanoparticles.

Formation of GZ nanoparticles includes dehydration of zir-
conium hydroxide at approximately 483 °C, dehydration of gad-
olinium hydroxide at approximately 628 °C, and solid phase re-
action at approximately 1065 °C. GZ nanoparticle dispersion can
be readily accomplished by using ethanol and SDBS surfactant
as reacting media. Ethanol efficiently obstructs the formation of
hydrogen bond between hydroxide precipitates. SDBS surfactant
further increases GZ nanoparticles dispersion, reaching optimal
condition for 3wt.% SDBS.

Grain growth activation energy for GZ nanoparticles pre-
cipitated with 3 wt.% SDBS is calculated to be Q, = 86.5 kJ/mol
for GZ powders at the lower calcining temperature (< 1200
°C), which is less than Q, = 148.4 kJ/mol for GZ powders at the
higher calcining temperature (> 1200 °C), due to the decreased
disorders and defects in the lattice and better developed crys-
tallization at the higher calcining temperatures. Grain growth
activation energy of GZ nanoparticles is greater than that of
YSZ nanoparticles, indicating that GZ nanoparticles with 3 wt.%
SDBS exhibit better sintering resistance and will be superior for
preparing TBCs with longer service life.
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Abstract:

Zn, ,Cd  S/TiO,/Reduced graphene oxide (Zn  ,Cd, S/TiO,/RGO) nano-photocatalyst was synthe-sized by a facile solvothermal method. During
the reaction, TiO, and Zn ,Cd, ,S nanoparticles were evenly dispersed across the surface of RGO, which enhanced response to visible light. The
photocatalytic activity of as-synthesized Zn ,Cd, S/TiO,/RGO nanocomposite was studied by means of degrading methylene blue (MB) through
the irradiation of visible light. Compared with other nanocomposites, the Zn ,Cd, S/TiO,/RGO nanocomposite showed the highest photocata-

lytic degradation efficiency (96%) and high stability, which was 5.4 times of photodegradation efficiency of pure TiO,.
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1. Introduction

Semiconductor nanomaterial photocatalysts have attracted ex-
tensive attention in recent years due to its potential applications
in hydrogen production and environment pollutant degradation
(12l Among them, oxide semiconductors have been mainly fo-
cused in photocatalysis. However, most oxide semiconductors
such as TiO, (E >3.0 eV) mainly absorb ultraviolet light due to
wide band gaps, which leads to low light utilization efficiency,
and even the overall process being impractical . As we all
know, ultraviolet light only occupies about 4% of the solar spec-
trum, while visible light possesses 43% “\. Therefore, increas-
ing the availability of visible light for the practical application
of photocatalyst still is now a challenge. Zn Cd, S, as a typical
alloyed chalcogenide semiconductor, is a promising materi-
al due to its remarkable properties such as excellent electrical
conductivity, valence bands at relatively negative potentials "%,
Therefore, it can be applied in photocatalysis, particularly in the
visible light driven photocatalytic degradation of dyes. Further-
more, the rapid recombination of the excited electron-hole pairs
is also an obstacle limiting the photocatalytic activity of catalysts.
To solve the problem, various investigations have been carried
out to improve the efficiency of the photocatalytic activity for
single semiconductor '],

Two-dimensional graphene as a promising material is
widely used in the field of photocatalysis because of large specif-

ic surface area, and high carrier mobility . The researchers have
actively used different experimental methods or techniques to
combine various semiconductor nanocomposites with graphene
or reduced graphene oxide (RGO) to effectively improve their
photocatalytic properties .

Therefore, TiO,, Zn ,Cd S/TiO,, Zn ,Cd S/TiO, /RGO
nanocomposites are synthesized via a facile solvothermal pro-
cess. And these synthesized nanocomposites as typical photo-
catalysts is studied for their photodegradation activity, in which
methylene blue (MB) is selected as probe material to determine
the photocatalytic properties of synthesized nanocomposites
under visible light irradiation.

2. Experimental

Photocatalysts synthesis: Since preliminary studies showed that
the Zn Cd,_S nanoparticles (x=0.4) without graphite oxide (GO),
namely, Zn ,Cd, S exhibited highest photodegradation activity
¥ GO was synthesized by classical modified Hummers exper-
imental methods by natural graphite powder as carbon source
"%l The a typical synthesis process of the Zn ,Cd  S/TiO,/RGO
nanocomposites is as follows: firstly, 329 mg Zn(Ac),-2H,0 (as
Zn source), 100 mg Cd(Ac),-2H,O (as Cd source), and 150 mg
TiCl, (as Ti source) were added to 100 mL DMSO solution (as
S source).Then, the suspension solution was vigorously stirred,
and the 100 mg GO was put in it for 3 h. Afterward, the suspen-
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sion solution was transferred into a Teflon-lined autoclave (200
mL) to react 12 h at 180°C. The reaction products were cleaned
in turn by ethanol and deionized water, and then dried at 60°C
under vacuum. In addition, pure TiO, (or Zn ,Cd S/TiO,) was
also synthesized by the above method in the absence of GO (or
ZnOACdO.GS)'

Characterization: X-ray diffraction (XRD) patterns of the
powders were carried out by means of a Bruker D8 Advance
X-ray diffractometer. To exhibt the morphologies and structures
of samples, transmission electron microscope (TEM) (JOEL
TEM-2010) with a field emission gun operating at 200 kV were
employed. UV-vis spectrophotometer (Shimadzu, UV3600) was
used to test UV-vis diffuse reflectance spectra and the concen-
tration changes of MB of the samples.

Photocatalytic experiment: To evaluate photocatalytic ac-
tivities of as-prepared samples, the degradation experiment for
MB solution was carried out under visible light irradiation (A
> 420 nm). First, as-prepared samples (50 mg) was completely
dispersed into 0.01 mM/100 mL MB solution. Then dispersed
solution was continuously stirred with the help of 300W Xe
lamp with light filter (420nm). And, the suspension was stirred
in dark for 1 h to reach adsorption-desorption equilibrium. The
reusability experiments of the sample were also tested by reusing
the photocatalyst with the same experimental conditions.

3. Results and Discussion

Figure la shows the XRD patterns of TiO,, Zn ,Cd, S, and
Zn,,Cd, S/TiO,/RGO nanocomposites. Zn ,Cd, S and TiO, ex-
hibite sphalerite phase [JCPDS No. 05-0566] and anatase phase
[JCPDS No.71-1166], respectively. Zn ,Cd, S/TiO,/RGO shows
mixed crystal phase in which include correlative characteristic
peaks of Zn ,Cd, S and TiO,. Otherwise, no apparent peaks of
RGO are observed in Zn ,Cd  S/TiO,/RGO nanocomposite be-
cause of its lower loading content and weak crystallization.

Ino4CdosS/TiI0OZ/RGO

InosCdosS

Intensity (a.u.)
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Figure 1. X-ray diffraction patterns of TiO,, Zn ,Cd, S, and
Zn,Cd, S/TiO,/RGO nanocomposites.

Figure 2 shows TEM image of Zn ,Cd, S/TiO,/RGO nano-
composite. From the image, we can see that Zn ,Cd S and TiO,
are nanospheres composing of smaller nanoparticles (Figure 2).
Furthermore, these nanospheres are homogeneously scattered
on RGO, indicating a strong interaction between these nano-
spheres of Zn ,Cd S, TiO, and RGO support to be propitious
to catalytic activity.

Figure 2. TEM image of Zn ,Cd S/TiO,/RGO nanocomposite.

The UV-vis diffused reflectance spectra of TiO,, Zn ,Cd, S/
TiO,, and Zn ,Cd S/TiO,/RGO nanocomposites are also
shown in Figure 3. As can be seen, the onset wavelength for
TiO,, Zn,,Cd, S/TiO,, and Zn ,Cd S/TiO,/RGO are ca.375
nm, 480 nm, and 550 nm respectively, corresponding to a band-
gap of 3.31 eV, 2.58 eV, and 2.25 eV. We have estimated the band-
gap energy of synthesized samples via extrapolating the straight
portion of the (ahv)* versus photon energy (h) curve to a=0, in
which a is absorption coeflicient, 4 is PlancK’s constant, and v is
frequency from the Kubelka-Munk function "> In addition,
the absorbance intensity and region of Zn ,Cd  S/TiO,/RGO
nanocomposite obviously enhance and broaden with the induc-
tion of RGO in the rang of visible light (>500 nm), which can be
attributed to the full absorption of RGO for visible light. There-
fore, we can infer that the prepared nanocomposites are suitable
for visible-light response.

—TiOz
= Zn0.4Cdo.6S/TiO2
— 700.4Cdo.6S/TiO02/RGO|
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Figure 3. UV-vis diffuse reflectance spectra of TiO,, Zn ,Cd, S/
TiO,, and Zn ,Cd, S/TiO,/RGO nanocomposites.

The photocatalytic activities of Zn ,Cd S, Zn Cd S/
TiO,, and Zn, 4CdMS/TiOZ/RGO nanocomposite are measured
by the photodegradation of MB in aqueous solution under visi-
ble light irradiation (A > 420 nm). The results are shown in Fig-
ure 4a and b, respectively. It is clear that the photocatalytic ac-
tivity of pure Zn ,Cd, S is low, only 18% of MB is degraded. The
photodegradation activities of Zn ,Cd, S/TiO,, and Zn ,Cd, S/
TiO,/RGO nanocomposite are significantly enhanced compared
with Zn ,Cd_ S. This indicate that higher photocatalytic activity
is achieved due to intimate contact between Zn ,Cd, S, TiO,,
and RGO, which is beneficial to interelectron transfer at the in-




terface. Notably, the photocatalytic activity of Zn ,Cd S/TiO,/
RGO nanocomposite increases quickly with induction of RGO,
and which reaches the optimum activity, namely, the highest
photodegradation efficiency 98 % after 120 min, which is 5.4
times that of pure Zn ,Cd_S. Their photodegradation efficiency
show as follows (Figure4a): Zn ,Cd, S/TiO,/RGO > Zn Cd, S/
TiO,> Zn ,Cd S. In addition, to effectively demonstrate the
degradation efficiency, the photodegradation kinetic process of
Zn ,Cd, S/TiO,/RGO was also investigated for MB. The kinetic
reacting process are fitted to a pseudo first-order reaction at low
dye concentrations. This reaction follows the following formula:
In(C,/C) = kt

C, is the initial concentration and C is the measured con-
centration, while k correspond to the photodegradation rate
constant for the MB solution at reaction time t. As can be
seen in Figure4b, the order of the k values is summarized as
follows: Zn ,Cd S/TiO,/RGO (k=0.0309)> Zn Cd S/TiO,
(k=0.0295)> Zn ,Cd, S (k=0.0178). It is well coincident with the
results presented in Figure4b. The photocatalytic enhancement
of the Zn ,Cd  S/TiO,/RGO nanocomposite may be attributed
to the introduction of both TiO, and RGO can simultaneously
promote the migration of photogenerated electrons and holes
from Zn ,Cd S to space separated active sites on RGO and

(a) 1.0
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TiO,, respectively, thus greatly suppressing their recombination
and increasing their lifetime. Among them, TiO, nanoparticles
can not only assemble the photogenerated holes from Zn ,Cd, S
but also act as oxidation active sites to facillitate the irrevers-
ible consumption of the holes by sacrificial reagents, while the
photogenerated electrons can be further enriched in the con-
duction band of Zn ,Cd, S. In addition, the unique features of
RGO nanosheets can effectively collect the photogenerated elec-
trons from the conduction band of Zn ,Cd, S, prolong the life-
time of the photogenerated electrons and enlarge the reduction
reaction space, thus enhacing the photocatalytic activity of the
Zn, ,Cd, S/TiO,/RGO nanocomposite'”.

Furthermore, to evaluate the photostability, We have per-
formed three cyclic photocatalytic degradation experiments
for the Zn, ,Cd, S/TiO, /RGO nanocomposite under the same
experimental conditions (Figure 5). After 3 consecutive cycles,
the photocatalytic degradation efficiency of Zn ,Cd S/TiO,/
RGO nanocomposite did not decrease significantly for the pho-
todegradation of MB, which fully indicates that the structure of
the Zn ,Cd  S/TiO,/RGO is optical stability and does not suffer
from photocorrosion in the process of photodegradation.

o FrnsCdoss  k=0.0178
o ZnnaCdosSTi0z  k=0.0295

9 ZnoaCdusSTiORGO  k=0.0309 o

0 30 60 90 120
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Figure 4. Photodegradation of MB (a) and the kinetics of photodegradation of MB (b) by different photocatalysts under visible
light.
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Figure 5. Recycling runs in the photodegradation of MB with
Zn,,Cd, S/TiO,/RGO under the visible-light irradiation

4. Conclusions

we have developed a solvothermal method for the synthesis of
Zn ,Cd, S/TiO,/RGO nano-photocatalysts, which showed that
Zn,,Cd, S and TiO, nanoparticles can be distributed homoge-
neously on RGO surface. Besides, Zn ,Cd  S/TiO, nanocom-
posite had much higher photocatalytic activity than pure TiO,
nanoparticles for MB degradation. Among them, the Zn ,Cd, S/
TiO,/RGO exhibited the highest photocatalytic activity, which is
5.4 times of pure TiO, nanoparticles.
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Abstract:

A novel metal-organic framework [Zn, (L )(4,4'-Bpy),.], (HU21, HU for Hohai University, L, = 4-hydroxy-3-nitrobenzoic acid, 4,4"-bipyridine
= 4,4'-Bpy), has been isolated through hydro-thermal reaction. Single-crystal X-ray diffraction reveals the compound features a 1D fishbone-like
chain. A fast adsorption rate of methylene blue with HU21 was observed in the dark, but under irritation the degradation rate of the dye was ob-
viously increased. The degradation of methylene blue dye reached 248 mg/g under light irritation, and the photocatalytic activity reached 96.1%.
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1. Introduction

In the past decades, environmental pollution has become more
and more serious, especially the pollution of water resources. If it
is allowed to continue to develop, it will endanger the survival of
human beings, so the treatment of water pollution must arouse
human attention. In the past, there were mainly physical, chem-
ical and biological methods in water pollution treatment. Physi-
cal method is cheaper, but the treatment effect is poor. Chemical
treatment is effective, but the price is high. Biological process
usually takes a lot of time and other microorganisms to treat
wastewater, and the space occupied in the process of treatment
is also a waste of space. Therefore, in the treatment of sewage, it
is often not a single method, but a combination of various meth-
ods. Recently, a new kind of material, metal-organic skeleton, has
come into people’s vision. Since the emergence of organometallic
skeleton, it has attracted the attention of many researchers. Metal
atoms and organic ligands in MOFs are bound by coordination
bonds, and different ligands are bound by covalent bonds, so that
metal atoms and organic ligands can be linked into chains and
finally form skeleton structures. Because of its large specific sur-
face area, adjustable pore size and structure, MOFs can also have
various properties by replacing metal ions.!"*! At present, MOFs
have good applications in gas adsorption, drug sustained release
and supercapacitors.”” The pore size of MOFs can be adjusted
by replacing larger similar ligands or using structural regulators

when materials with smaller pore size are obtained.** Because
of this property of MOFs, MOFs can be used as dye adsorbents.
Luo et al. constructed a kind of Zn-MOFs, which can absorb an-
odic dyes."”! Chen et al. has constructed a series of MOFs based
on lanthanide metals, which have high adsorption rates for dye
molecules."" Yan et al. constructed three kinds of Co-MOF for
adsorbing cationic dyes, and the integrity of the skeleton was not
destroyed after adsorption. "2/ ZN-MOF constructed by Zhang
et al. has good adsorption capacity for MB because of its suitable
pore size."*'By adjusting their structure, they can absorb larger
or different dyes. Zha et al. By introducing highly branched al-
kanes, the modified MOFs adsorbed 99% Rhodamine 6G, while
the original MOFs only adsorbed 52%."" Xu et al. synthesized a
composite material on the basis of ZIF-8, and its adsorption rate
of methyl violet was greatly improved. "“'However, not all MOFs
have large channels, so the adsorption of organic dyes by these
MOFs mainly makes them immobilized on the surface of MOFs.
Han et al. constructed a new type of MOFs, which adsorbed
Congo red by hydrogen bond and electrostatic interaction. !
But this way of adsorbing organic dyes will face the problem of
easy desorption. Later, it was found that MOFs exhibited good
photocatalytic activity under ultraviolet and LED light. Luo et al.
constructed two kinds of Zn-MOF, which showed excellent cata-
Iytic activity for methyl orange, methylene blue and Rhodamine
B under UV irradiation."” A binuclear Co-MOF constructed by
Xiao et al. has photocatalytic activity on RhB under UV irradia-
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tion.!"¥ The porous structure of MOFs enables active sites to be
exposed to a greater extent, thus making the contact between
reactants and active sites easier. MOFs have properties similar to
semiconductors, so under the action of light, MOFs can produce
electrons and holes, which can catalyze redox reaction. When
MOFs are used to adsorb photocatalytic dyes, the essence is that
MOFs generate electrons and holes under photocatalytic condi-
tions. These electrons and holes catalyze the reduction of O, to
-O%, then -O* is converted to -OH, and -OH can decompose or-
ganic dyes into CO, and H,."**!/ Based on this principle, Xiao et
al. studied the effect of external catalyst H,O, on photocatalysis,
and made good progress.'*?)

In this paper, we present the synthesis of one novel zinc-
based metal organic framework HU21 [Zn (L )(4,4-Bpy),.],
single-crystal X-ray diffraction reveals that the complex features
one-dimensional fishbone chains and finally three-dimensional
superamolecular structure. This Zn-MOF compound displays

1 1
3Z0(N05), - 6H.0+ 544" = Bpy + Ly = [(Zngs (L) (44 ~ Bpy)os)] + 3H,0 + 2HNO,

2

2.2.1Adsorption performance test of methyl orange dyes

Firstly, the standard curve of methyl orange was established, and
then 5 mg HU21 crystal was weighed, 40 mg/L methyl orange
dye solution was collocated, 50 mL solution was taken for ad-
sorption test, HU21 was put under visible light for adsorption
performance test, and the absorbance test was carried out every
30 minutes with ultraviolet spectrophotometer, and the amount
of adsorption was calculated. According to the relationship be-
tween dye concentration and absorbance, the absorbance can be
expressed by adsorbent.”*'The calculation formula is as follows:

_ V(G —-¢C.)
T (b)

Among them, Q is the amount of adsorption to be calculat-
ed, V is the volume of organic dye solution, C, is the initial con-
centration of dye solution, C_is the concentration of dye solution
after a certain time, and M is the mass of MOFs.

After that, the same volume of methyl orange dye solution
was taken and put into 5 mg HU21 crystal. Photocatalysis was
carried out under xenon lamp. Absorption was measured after a
certain time interval. The amount of adsorption was calculated.
At the same time, the photocatalytic activity under xenon lamp
was calculated. The calculation formula was as follows:

c —_
D=—""%%100%

Co (©
Among them, D is the catalytic rate to be calculated, C is
the initial concentration of dye solution, C, is the concentration
of dye solution after a certain time.

2.2.2Adsorption Performance Test of Methylene Blue

Firstly, the standard curve of methylene blue was established,
then the HU21 crystal was weighed 5 mg, the methylene blue
dye solution was 25 mg/L, the solution was 50 mL for adsorp-
tion test, the adsorption performance was tested under visible
light, and the absorbance was tested with ultraviolet spectropho-
tometer every 30 minutes, and the amount of adsorption was

interesting dye adsorption and photocatalytic performance. The
degradation of methylene blue dye reached 248 mg/g under light
irritation, and the photocatalytic activity reached 96.1%.

2. Experimental section

2.1 Materials and Synthesis

All medicines were used directly after commercial purchase
without further purification.

Synthesis of HU21 [Zn_(L,)(4,4’-Bpy), .]:A mixture of
20mg of Zn(NO,),-6H,0 , 10 mg of 4-hydroxy-3-nitrobenzoic
acid (L)) and 5 mg of 4,4’-bipyridine (4,4’-Bpy) was suspended
in 5 ml distilled water, and heated in a teflon-lined steel bomb
at120°C for 48 hours. The resulting colorless crystals were col-
lected and dried at 50°C (yield: 57%).The synthesis of HU21 for-
mula is :

2.2 Adsorption Test of Organic Dyes

(a)

calculated.

After that, methylene blue dye solution of the same volume
was taken, and 5 mg HU21 crystal was put into it. Photocatalysis
was carried out under xenon lamp. Absorption test was carried
out after a certain period of time. The amount of adsorption was
calculated, and the photocatalytic efficiency under xenon lamp
was calculated.

3.Results and discussion

3.1 Crystal structure of HU21

Single-crystal X-ray diffraction analysis revealed that HU21
crystallizes in monoclinic space group and a one-dimensional
structure. The asymmetric unit consists of one half zinc ion, one
L, ligand, and one half 4,4’-Bpy molecule, as shown in Figure 1.
The central metal Zn is 4-coordinated as a square by two oxygen
atoms from two L, ligand and two nitrogen from two 4,4’-bipyr-
idine ligands, respectively. Both the nito- and hydroxyl- func-
tional groups of L, ligands do not involve the coordination, thus
L, acts as the stick of the fishbone structure and prevent the ver-
tical extension of the whole configuration.

o17

cizg 3

p OO J
e = T
s

Figure 1 The asymmetric unit




Figure 2 shows the chain structure of HU21. It can be seen
that HU21 forms a chain structure through the alternate connec-

tion of asymmetric units.
Shown in Figure 3, the final superamolecular structure is
formed by the nt-t stacking interaction of benzene rings between

L, ligands.
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Figure 3 The three-dimensional structure of HU21

Table 1 shows the Crystallographic data of HU21.

Conpound [Zn, (L1)(4,4-Bpy), ]
Formula sum C24 H16 N4 O10 Zn
Formula weight 585.78 g/mol
Crystal system monoclinic
Space-group I112/c1(15)
a(A) 14.0304(4)
b(A) 7.2705(2)
c(A) 22.4588(6)
a(®) 90
B(°) 92.46(0)

W.Q. Li, XA. Du, HY. He

v(®) 90
Cell volume( A%) 2288.86(23)
z 4
Calc. density 1.6998 g/cm®
F(000) 1192
26max(°) 70.457
index ranges (h, k, 1) -16/16
-718
-16/26
reflections collected 4184
" 0.0293
data/restraints/parameters 2031/0/178
GOF (F?) 1.086
R, wR, [I>20 ()] 0.0565/0.1866
R, wR, (all date) 0.0598/0.1910

3.2 Characterization of Adsorption Property
3.2.1Characterization of adsorption properties of methyl orange
Shown as Fig 4, the adsorption of methyl orange by HU21 under
visible light and under xenon lamp irradiation. It can be seen that
there is no adsorption effect when under visible light. Compared
with visible light, HU21 adsorbs methyl orange better, but it can
not absorb it completely.

5

Figure.4( a ) The adsorption capacity of HU21 to methyl or-
ange.
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Figure .4(b)The catalytic rate of HU21 to methyl orange.
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Figure 5 (a) is a change in the absorbance of methyl orange
after HU21 adsorbs methyl orange under xenon lamp irradia-
tion.

Figure 5 (b) shows the catalytic activity of HU21 for methyl
orange adsorption under xenon lamp irradiation. At 24 hours,
the catalytic rate reached 56%. Methyl orange is mainly decom-
posed into CO, and hydrogen peroxide by OH produced by
MOFs catalysis under the strong illumination of xenon lamp,
which makes dye catalytic degradation.It can be seen that the
absorption wavelength of the chromogenic group of methyl or-
ange in the figure is 460 nm. With the progress of photocatalysis,
the absorption peak of the chromogenic group widens gradual-
ly, and the absorption wavelength moves to the left gradually. It
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wavelength Cnm)

shows that the chromogenic group is degraded by HU21 cataly-
sis, while the absorption near 300 nm rises because the decom-
position product CO, dissolves in water. It can be seen from the
figure that the slope transformation of the catalytic rate curve of
methyl orange is more frequent, which reflects the variation of
the rate of holes and electrons produced by HU21.

3.2.2Characterization of Adsorption Properties of Methylene
Blue

Figure 6 shows the adsorption of methylene blue by HU21 under
visible light and under xenon lamp irradiation. It can be seen
that there is no adsorption effect when under visible light.
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Figure 5 The absorbance of methyl orange after HU21 adsorbs methyl orange under xenon lamp irradiation(a).the catalytic activity
of HU21 for methyl orange adsorption under xenon lamp irradiation. (b)

Figure .6(a)The adsorption capacity of HU21 to methylene blue.

Figure 7(a) is the change of absorbance of methylene blue
after HU21 adsorbs methylene blue under xenon lamp irradia-
tion. It can be seen that with the photocatalysis, the maximum
absorption peak becomes wider and the absorption wavelength
moves to the left gradually, which indicates that the chromo-
genic group of methylene blue is photocatalytically degraded by
HU?21, and the absorption wavelength shifts to the left with the
gradual photocatalytic degradation. The increase of absorbance
near 300 nm is due to the dissolution of decomposition product

e . acﬂ} [

Figure .6(b) The catalytic rate of HU21 to methylene blue.

CO, in water.

Figure 7(b) shows the catalytic activity of HU21 for meth-
ylene blue adsorption under xenon lamp irradiation. It can be
seen that compared with the adsorption under visible light, the
adsorption effect is greatly improved, the catalytic rate reaches
50% in only 8 hours, and after 32 hours, the catalytic rate is close
to 100%, showing superior photocatalytic performance. At the
same time, we can also see that the slope of photocatalytic curve
of methylene blue is larger in the early stage, and decreases grad-
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Figure 7 the absorbance of methylene blue after HU21 adsorbs methylene blue under xenon lamp irradiation.(a) the catalytic ac-
tivity of HU21 for methylene blue adsorption under xenon lamp irradiation. (b)

ually with the time of photocatalysis.

Compared with the adsorption of methylene orange and
methylene blue, it can be seen that although the photocatalytic
rate of methylene blue dyes is higher, the adsorption amount of
methylene blue and methylene orange is equal.

4.Conclusions

In this paper, we present a new structure of a MOFs HU21
[Zn, (L,)(4,4-Bpy), .| based on 4-hydroxy-3-nitrobenzoic acid
and 4,4’-bipyridine skeleton, and characterize its dye adsorption
and photocatalytic activity. Due to the poor porosity of HU21,
hardly dye adsorption of methyl orange and methylene blue can
be investigated in the dark. Under the strong illumination of
xenon lamp, Zn-MOF depredates dye molecules to small mol-
ecules CO, and H,O. Although the adsorption amount of meth-
ylene blue and methyl orange were almost the same, HU21 dis-
plays a high photocatalytic rate on methylene blue.
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Tannins and wood preservatives, in this article, are briefly introduced at beginning. The research and application progress on tannin resins for
wood preservatives at home and abroad are reviewed. The significance and development prospects of research on tannins for wood preservatives
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1. Introduction

Wood is one of the popular building materials at home and
abroad at all times. In the era of steel and concrete, wood struc-
ture has a special charm. However, wood products are vulnera-
ble to microbial damage during storage and use; cause a serious
waste of resources, affecting their service life. It is reported that
40% of the planned wood used in the world every year is vulner-
able to decay and damage by insects, with a loss of billions of US
dollars. Therefore, the preservative, anti-mildew and anti-insect
treatment for wood plays a key role in prolonging the service life
of wood products and protecting forests.

Common wood preservatives are divided into fumigant
type, tar type, oil-soluble type and water-soluble type. At pres-
ent, water-soluble preservatives are one of the most widely used
preservatives with various types in the world, accounting for
75% of the total amount of preservatives used. Commonly used
water-soluble preservatives include chromium-copper-arsenic
(CCA), ammoniacal copper quats (ACQ-B, ACQ-D), copper
citrate (CC) and copper azole (CopperTriazole, RNCuAz). Al-
though CCA preservatives have a good preservative effect, they
contain heavy metals such as chromium and arsenic, which
affect human health and ecological environment. It has been
banned in developed countries in Europe and America. Cur-
rently, ACQ is widely used in the antiseptic industry of wood
and bamboo, but the leaching resistance of ACQ is poor, and it is
likely to cause certain heavy metal pollution to the environment.
Moreover, the surface of wood treated with ACQ presents dark
green, affecting its appearance. Therefore, it is very important to

select suitable wood preservatives, which should take the dam-
aging factors and application fields of wood into account. In this
paper, the research on tannin resins, a natural and environmen-
tally protective wood preservative, is reviewed in order to arouse
the mutual encouragement of this industry and realize the devel-
opment of wood preservatives towards renewable raw materials
and environmental protection.

2. Tannins

Vegetable tannins, also known as a plant polyphenol, are a class
of polyphenolic compounds widely existing in plants. Its yield is
second only to cellulose, lignin and hemicellulose. Tannins can
be divided into condensed tannins and hydrolysable tannins ac-
cording to their chemical structure ¥, as shown in Figure 1.
Condensed tannins account for more than 90% of the total tan-
nins 47,
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Figure 1. Molecular structure of tannins
a. condensed tannins, b. hydrolysable tannins

The chemical properties of condensed and hydrolysable
tannins are quite different because of their completely different
skeletons. The ester bonds in hydrolysable tannins are easily
hydrolyzed by acids, bases or enzymes to produce polyols and
phenol carboxylic acids, such as gallotannins. Condensed tan-
nins are condensates of flavanol monomers, which are linked by
C-C bonds and are difficult to decompose in aqueous solutions.
The tannins contained in the bark of Larix gmelini and Acacia
mearnsii are condensed tannins, which are the main raw mate-
rials for wood preservatives based on tannin resins. Although
condensed tannins differ greatly from hydrolysable tannins, they
also have similarities. Their two prominent common properties
are complexation with proteins and metal ions and interaction
with inorganic salts. The complexation characteristics of Aca-
cia mearnsii tannins and their derivatives with metal ions (Fe®*,
Cu?*, Zn*, Ni**) from the perspective of coordination chemistry
was investigated, which provided a theoretical basis for further
development and utilization of tannins . In addition, tannins
have certain bacteriostatic and preservative effects, and pres-
ent significant inhibitory effects on many bacteria, fungi and
yeasts.

3. Research review on tannin resins used for wood
preservatives

3. 1 Research on antibacterial and preservative properties of
tannin resins

Tannins can be directly applied for wood preservatives because
of their bacteriostatic and preservative effects. Tannins belong to
plant-based preservatives. Although these biological wood pre-
servatives are green and environmentally friendly, their preser-
vative effect is not very ideal. They need to be mixed with boron
and metal salts to achieve the optimal preservative effect.

Some approaches "*! effectively prevented the growth of
microorganisms in wood by soaking with tannin extract and
treating with fixative containing c-SAA. In addition, after soak-
ing pine wood with 4% tannin extract, 1% lead sulfate and 1%
C9APE9-10, its preservative property was obviously enhanced.
The antimicrobial property and its mechanism of Acacia mearn-
sii tannin, and concluded that Acacia mearnsii tannin had in-
hibitory effects on Penicillium, poplar anthracnose, canker and
decay was explored. The tannins existed in alcohol-benzene

extractives and had inhibitory effects on filamentous fungi was
pointed out. Some specific substances (such as tannins) con-
tained in wood itself could contribute to natural decay resistance
of wood "], but this preservative effect was weak.

Tannin resin-based wood preservatives were studied
abroad in the 1970s. Hart ' found a large number of antimi-
crobial components such as tannins and flavonoids in bark ex-
tracts. Subsequently, Lotz et al " impregnated wood with aque-
ous solution of vegetable tannin extract, which was treated with
fixative or halogen to prevent tannin loss. When the concentra-
tion of bromine in the extract was 4-5%, it had better weath-
er resistance, decay resistance and insect resistance !'!. Laks [?
found that condensed tannins could react directly with wood,
contributing to the preservative property of wood "*. Mitchell et
al ", impregnated wood with 5% ethanol and tannic acid under
certain conditions, and then impregnated wood with metal salt
solution (40% ferric chloride) twice to resist the damage caused
by fungi and termites, so as to achieve wood protection. Peter
and Scalbert et al. 'l studied condensed tannins and found
that the wood treated with additional copper, zinc, boron atoms
and ammonia water had better preservative effect, which could
meet the European standards for wood preservation. Moreover,
Yamaguchi et al. "®'”) revealed that condensed tannin-resorcinol
adducts and condensed tannin-catechol adducts could prevent
decay caused by fungi. These chemically modified tannins could
inhibit the growth of white-rot fungi and brown-rot fungi, and
their effect was better when mixed with cuprammonium.

3.2 Research progress on tannins for fixing other preserva-
tives

Boride has bactericidal and insecticidal properties and is harm-
less to human beings and animals, with good permeability and
low price. Therefore, boride has long been recorded as a wood
preservative. However, boride is highly water-soluble and eas-
ily lost. The research on this aspect focuses on the fixation of
boride. Yu Liping "' treated wood with the mixture of boric acid
aqueous solution, gelatin and tannic acid, and found that partial
boron was fixed in wood after anti-loss experiment. In addition,
tannins reacted with proteins in boric acid solution to form co-
valent bonds under high temperature, which improved the qual-
ity of the gel and reduced the loss of boron. Patachia *" found
that metal salts (zinc, copper, aluminum, iron, etc.) also had a
fixing effect on tannins.

Pizzi and Baecker * believed that boric acid could be used
to induce the self-condensation of flavonoids and tannic acid, so
that some boric acid could be stably fixed in the wood network.
Thevenon et al. ** further revealed that tannins binding to pro-
teins could better fixe boric acid or at least significantly delay
its leaching. Mazela et al. * found that 95% boric acid could
be fixed by treating wood with protein preservatives and then
tannic acid, and that wood treated with a mixture of boric acid
and tannic acid could resist the attack of brown-rot fungi .
Tondi et al. found that tannin-hexamethylenetetramine prepa-
ration not only was a good wood preservative, but also could
reduce the loss of boron. The loss of tannin-boron preparations
and the preservative effect of the corresponding products were
further investigated. It was found that the loss rate of boron in
wood preservation based on tannins was less than 30% after a



complete leaching cycle, while the loss rate of boron preparation
without tannins reached 80% ***’). Different tree species and tan-
nin sources also affect the fixation of preservatives. Sen et al. "
found that using lacquer tree tannins to treat pine wood caused
a low loss rate of preservatives, and the fixation of preservatives
was better after adding with 1% metal saline solution.

4. Prospects

Although plant-based preservatives are a class of green and en-
vironmentally friendly biological wood preservatives with great
research value and application prospects, there are still some
problems to be urgently solved, such as difficult purification,
unsustainable preservative effect, high production cost, low in-
dustrial productivity and low comprehensive performance. At
present, the research on wood preservatives in China still mainly
focuses on the application of chemical wood preservatives, but
rarely on tannin-based wood preservatives. However, with the
increasing awareness of environmental protection worldwide,
natural wood preservatives with non-toxicity, harmlessness,
good durability, no impact on bonding properties, wide range of
raw materials and low price will be paid increasing attention to,
and the research on wood preservatives based on tannin resins
will also become the focus of future research.
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