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Abstract In this research, transparent alumina ceramic was synthesized through the Spark Plasma Sintering
(SPS) process. In this respect, its chemical deposition in the presence of Magnesium Nitrate and Lanthanum
Nitrate, as the sintering agents, was surveyed. For this purpose, two types of alpha alumina powders (200 and
1000 nm) were used to prepare samples containing 100 ppm Magnesium Oxide and 100 ppm Lanthanum Oxide.
In the chemical deposition process, the pH factors were compared, and the absence of powder calcination was
investigated. In order to evaluate the phases, the samples were compared before and after SPS using X-Ray
Diffraction (XRD) analysis, and deliberation of the microstructure was done using Field Emission Scanning
Electron Microscopy (FESEM) analysis. Further, SPS was performed at 1500 °C at the rate of 50 °C/min under
the pressure of 70 MPa for 15 min. The results of the IR transmittance test showed that the pH was adjusted and
calcination was performed in 65 % of the 200-nm sample. EDS-Line analysis was then done to determine the
mechanism of the sintering aids. The obtained results revealed the placement of Lanthanum oxide along the
Alumina grain boundaries and the exclusion of the growth of Alumina grains during the sintering process while
Magnesium oxide formed a spinel lattice to increase the density of alpha Alumina. Of note, pH adjustment and
calcination reaction had significant effects on the enhanced transparency of the samples produced through the

chemical deposition process.

https://doi.org/10.30501/jamt.2023.380195.1265

URL: https://www.jamt.ir/article 168519.html

1. INTRODUCTION

Fabrication of transparent ceramics has significantly
drawn researchers’ attention in recent years. According
to a study by Abbas Zadeh, in case Al,O3 nanopowder
was used with MgO and La;Oj; as the sintering aides,
increasing the percent of MgO from 0.1 up to 0.15 wt %
led to the formation of the secondary phases that
degraded the transparency of the samples. He further
observed that introduction of La;O; sintering aid would
enhance the light transmission of the sample up to 60 %
[1]. The introduction of magnesium oxide, lanthanum
oxide, yttrium oxide, zirconium oxide, and other rare
earth elements, as the sintering aides, to the Alumina
powder via different methods (e.g., mechanical alloying,
chemical deposition, etc.) enhanced the light
transmission. Alumina transparency can be greatly
improved by reducing the light scattering points, such as
grain boundaries, cavities, and pores [2]. Upon
increasing the content of magnesium oxide, the
probability of the formation of the secondary spinel
phases within the grains will increase, and this defect
tends to scatter the light, thereby reducing the
transparency of alumina ceramic. Increasing the percent
of lanthanum oxide, however, helps obtain alumina with

nonporous grains and a fine and compact structure. In
the presence of the magnesium oxide, movements along
the grain boundaries are limited by the spinel phase. In
case the sintering temperature rises above 1700 °C,
magnesium oxide is evaporated and consequently,
emission of the magnesium oxide vapour from the
sample surface results in inconsistent particle growth,
thus lowering the light transmutation. The particle size
decreases by adding lanthanum oxide [3]. The
lanthanum oxide stabilizes the alumina grain boundary
due to the large difference in the atomic radius. It should
be noted that this stabilization is achieved upon
complete placement of the lanthanum oxide along the
alumina grain boundary. Lanthanum oxide tends to slow
down the movements along the alumina grain
boundaries so that the pores will no longer remain within
the alumina grains. In fact, when the boundary
movement rate equals the pore movement rate, the pores
will remain within the grain boundaries where they join
one another and then disappear.

2. MATERIALS AND METHODS

Commercial-grade 200-nm alpha alumina powder
(purity: 99.99 %, a product of US-nano Company,

Please cite this article as: Shahriari Kallemasihi, M., Loghman Estarki, M. R., Mansouri, H., Jamali, H., Sardarian, M., "The effect of pH and
calcination on the optical transmittance of SPS Alumina ceramics", Journal of Advanced Materials and Technologies (JAMT), Vol. 12, No. 2,

(2023), 1-11. (https://doi.org/10.30501/jamt.2023.380195.1265).
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average particle size: 200-300 nm, specific surface area:
12.8 m*/g) and 1000-nm alpha alumina powder (purity:
99.99 %, a product of US-nano Company, average
particle size: 800-1000 nm, specific surface area: 8.9
m?%g) as well as the sintering alides of magnesium
nitrate and lanthanum nitrate with the purity of 99.99 %
were procured from Sigma Aldrich Company. Phase
characterization of the alumina powders was done using
a Philips XRD apparatus operating in CuKa mode at 40
kV. As the sintering aids, 100 ppm of magnesium nitrate
and lanthanum nitrate were completely dissolved in
deionized water, and the effects of pH adjustment on the
transparency of the 200-nm alpha alumina sample were
investigated. In order to precipitate the magnesium
nitrate and lanthanum nitrate in the form of La (OH)3
and Mg (OH),, the pH was adjusted to 9.5. The effect of
calcination on the produced 200-nm powder was also
evaluated. In general, calcination was done at 800 °C for
a period of 120 min to release NO; gases and convert the
hydroxide of the sintering aid metals into the
corresponding metallic oxides. Sintering was also
performed at 1500 °C through the SPS 6010 at the
heating rate of 50 °C/min within the holding time of 15
min under the pressure of 70 MPa. During the

lOmm

preparation of a disk of 2 cm in diameter, they were
polished and subjected to IR light transmittance test by
means of a Lumex InfraLUM FT-08 FTIR spectrometer.
EDS-Line analysis was further performed to determine
the mechanism of the sintering agent.

3. RESULTS AND DISCUSSION

PH Adjustment leads to the precipitation of
magnesium nitrate and lanthanum nitrate salts (Mg
(OH); and La (OH)s, respectively), and calcination
before SPS releases NOs gases and converts hydroxide
of the sintering aid metals into the corresponding
metallic oxides, which itself affects the sample
transparency. Figure 1 demonstrates the effect of this
process on the IR transmittance. Through pH
adjustment, the IR transmittance of 65 % at the
wavenumber of 1500 1/cm was achieved while the
corresponding figure was 60 % when no pH adjustment
was applied. This indicates an enhancement in the IR
transmittance with pH adjustment. Moreover, at the
wavenumber of 1500 1/cm, elimination of the
calcination stage reduced the IR transmittance.

4

r ¥

10 mm

Figure 1. Images of the 200-nm alpha alumina samples upon sintering at 1500 °C: (A) without pH adjustment, and (B) with pH
adjustment, on solutions containing the sintering agent salts

A
il

B

kil

Figure 2. Images of the 200-nm alpha alumina samples upon sintering at 1500 °C: (A) with pH adjustment and calcination and (B)
without pH adjustment and without calcination in solutions containing the sintering aid salts

4. CONCLUSION

The IR light transmittance depends on the sintering
temperature and time. In the case of the 1000-nm
sample, excessive particle growth led to an IR
transmittance of only 5 % (which is pretty insignificant)
at the wavenumber of 1550 1/cm. On the contrary, in the
200-nm sample, the limited presence of pores and

particle growth upon sintering resulted in an IR light
transmittance of 65 % at the same wavenumber of 1500
1/cm.
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Abstract In the present research, a polymer, derived from the natural cellulose, grafted graphene oxide
(CCG) bio-nanocomposite was prepared, and its efficiency as a targeted carrier was measured for loading
curcumin, i.e., an anti-cancer drug. The structural and surface properties of CCG were examined using FESEM,
BET, and FTIR techniques. In this research, Response Surface Method (RSM) along with the central composite
design was employed to optimize the parameters such as the pH, contact time, and initial drug concentration, all
affecting the drug adsorption on the composite. The central composite design results indicated that a second-
order equation can properly fit the experimental data with a coefficient of determination of 0.9845 and
p < 0.0001. The maximum adsorption (70 %) was achieved at pH = 6, contact time of 60 min, and initial
concentration of 20 mg L. The drug release from the CUR@CCG nanocarrier at pH = 5.6 was significantly
higher than that at pH = 7.4, demonstrating the effectiveness of the system in the cancer cell environment. The
MTT assay was conducted to assess the cytotoxicity of CUR, CCG, and CUR@CCG on two cell lines including
the normal (MCF 10A) and breast cancer (MDA-MB 231). The cytotoxicity of CUR@CCG at the concentration
0f' 96 ug mL™! for 24 h on MDA-MB 231 was almost 45 %, slightly lower than the free CUR (50 %). According
to these results, the CCG bio-nanocomposite can be utilized as a biocompatible nanocarrier for targeted delivery

of the CUR anti-cancer agent.
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1. INTRODUCTION

Application of carbon-based materials such as
graphite  (three-dimensional), = graphene  (two-
dimensional), nanotubes, nanowires, and fullerenes
(zero-dimensional) has significantly increased over the
past two decades in various fields such as tissue
engineering, optics, biosensors, and carriers in the
delivery of genes and drugs, to name a few. Due to their
versatility and diversity, graphene and its derivatives are
a decent candidate for biomedical applications among
carbon-based materials [1].

Nevertheless, graphene-based nanomaterials have
several drawbacks such as poor water dispersibility,
limited biocompatibility, insufficient biodistribution in
living tissues, and quick excretion from the body. In this
regard, carbohydrate polymers play a significant role in
pharmaceutical applications owing to their high
stability, biodegradability, biocompatibility, drug-
loading capacity, and safety as well as their negligible
toxicity and controllable features. In order to improve
their water solubility and bioavailability while reducing
their toxicity and immune system activities, graphene-
based materials have been conjugated with a variety of
polysaccharides like hyaluronic acid, cellulose,
chitosan, starch, and alginate. Graphene-based bio-

nanocomposites enjoy higher drug/gene loading
capability than pure graphene. Stimuli-responsive
polymers also provide a proper drug-delivery platform
with high bioactivity that ensures sustained drug
delivery at a controlled rate. In the last decades, stimuli-
responsive or smart polymers have gained considerable
deal of attention [2, 3].

This research aims to measure the efficiency of a
magnetic bio-nanocomposite (CCG) including GO,
cobalt ferrite, and carboxymethyl cellulose (CMC) as an
advanced drug delivery system. To this end, CUR was
loaded on the composite as a therapeutic agent in the
treatment of breast cancer. The effective variables of
drug loading namely the pH, contact time, and initial
drug concentration were optimized based on the
statistical Response Surface Method (RSM) and Central
Composite Design (CCD) using the design of
experiment software. The RSM was employed to select
the effective parameters for the drug loading process and
simultaneously evaluate their interaction effects with a
minimum number of experiments. The sensitivity of the
carrier to pH was assessed by measuring the drug release
profile of the carrier at two different pH levels (7.4 and
5.6, corresponding to physiological and tumor media,
respectively). Finally, the cytotoxicity levels of the CCG
composite, free CUR, and CUR@CCG systems on both

Please cite this article as: Daneshmoghanlou, E., Miralinaghi, M., Moniri, E., "Design of a polymer-grafted graphene oxide based drug delivery
system for curcumin: Optimization using RSM and cytotoxicity study", Journal of Advanced Materials and Technologies (JAMT), Vol. 12, No.
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normal (MCF 10A) and breast cancer (MDA-MB 231)
cells were compared in-vitro.

2. MATERIALS AND METHODS

All the applied chemicals, except for CUR, were
purchased from Sigma Aldrich while CUR (C;1H20Os),
with the molecular weight of 368.38 g mol!, was
supplied by Exir Nano Sina Co. A magnetic CCG
composite was prepared by cross-linking magnetic
graphene oxide to a bio-polymer.

Loading of CUR on the CCG composite was
evaluated by the surface adsorption method in a
discontinuous manner at ambient temperature with the
adsorbent dose of 10 mg. The experiments were
designed to optimize the loading process using RSM-
CCD as implemented in Design Expert software (12.0
version). Three independent variables include the pH
range of 4-8 (A), contact time range of 10-60 min (B),
and initial drug concentration range of 5-35 mg L™! (C).
Three levels of +1, 0, and —1 were defined for each of
the mentioned variables. The adsorption percentage was
then considered the response. Based on the CCD
method, 20 tests were designed and conducted under the
proposed conditions. Drug release was evaluated in
phosphate-buffered saline (PBS, pH of 7.4 or 5.6) at the
concentration of 0.9 g L™ at 37 °C. The MTT assay was
also carried out to evaluate the cytotoxicity of various
concentrations (6-96 pg mL™') of CUR, CCG, and
CUR@CCG at 37 °C on breast adenocarcinoma (MDA-
MB 231) and normal breast cells (MCF 10A).

3. RESULTS AND DISCUSSION

Based on the FE-SEM images, formation of a CMC
polymeric layer on the MGO enhanced the layer
thickness and surface roughness. Based on the BET
results, the values of specific surface area, total pore
volume, and mean pore diameter of MGO at 77 K were
equal to 77.241 m’g!, 0.184 cm’g’!, and 9.510 nm,
respectively. After the formation of CM layers around
the MGO nanosheets, the total pore volume and specific
surface area decreased by 18.585 m?g ! and 0.118

cm®g”!, respectively. The mean diameter of the CCG
pores, however, increased up to 25.44 nm. The drug
loading also showed an increment with an increase in the
pore diameter.

The Design Expert-CCD data for loading CUR from
CCG were fitted with a second-order polynomial. Eq. 1
shows the optimal model for predicting the adsorption
percentage based on the text variables.

Adsorption efficiency (%) =+73.35+ 0.9 A+7.20 B +2C +
1.5AB+0.5AC—-4BC—-12.12A?-3.62B*>~7.62 C? 1)

Moreover, plotting the model-predicted adsorption
efficiency versus the experimentally obtained values
showed a straight line with a high correlation (0.981),
confirming the satisfactory results of the model. At
pH = 6, contact time of 60 minutes, and initial
concentration of 20 mg L', the maximum CUR
adsorption percentage was obtained.

Drug release showed a significant enhancement at
pH = 5.6, compared to that at pH = 7.4; therefore, about
79 % of the drug was released from CUR@CCG. Such
an enhancement in the release of CUR drug in the
simulated medium of cancer cells suggests the
successful design of the pH-responsive nanocarrier due
to the presence of CMC.

The viability of normal MCF 10A cells was above
84 % even at high bio-nanocomposite contents (96 pg
mL ") (Figure 1). Negligible cytotoxicity of CCG on the
normal cells can be assigned to the biocompatible CMC
coating. However, CCG, especially at the concentration
of 96 pg mL"!, showed relatively high cytotoxicity on
the MDA-MB 231 cancer cell line such that the viability
of these cells decreased by 71 % upon exposure to CCG.
Moreover, CUR@CCG exhibited cytotoxicity on
MDA-MB 231 at all concentrations despite its lower
cytotoxicity than that of free CUR. For instance, the
cytotoxicity percentages of CUR@CCG and free CUR
(96 ng mL™") were 45 and 50 %, respectively. The lower
cytotoxicity of CUR@CCG can be attributed to the
slower release of CUR from the bio-nanocomposite
during the MTT assay time (24 h).
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Figure 1. The viability (%) of (a) MCF 10A and (b) MDA-MB 231 cells incubated with CCG, CUR@CCG, and CUR under
concentration of 6-96 pug mL™! for 24 h at 37 °C

4. CONCLUSION

A CCG bio-nanocomposite was successfully
synthesized for the delivery of the CUR drug. CCD was
a suitable method for the optimization of the conditions
of drug loading on CCG to achieve the highest CUR
adsorption efficiency. Under optimal conditions, the
adsorption percentage reached 70 %. Furthermore, CUR
release from the CUR@CCG nanocarrier was
significantly higher in the vicinity of the cancer cells
when compared to the normal cells (7.4). Cytotoxicity
assessments indicated the negligible toxicity of CCG on
normal MCF 10A cells, suggesting the high
biocompatibility of CCG. The cytotoxicity of
CUR@CCG on the breast adenocarcinoma (MAD-MB
231) cells was remarkable. Therefore, CUR@CCG can
be considered a drug nanocarrier with acceptable anti-
cancer activities for the targeted delivery of CUR.
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Abstract  In this study, dextran-based Aqueous Two-Phase Systems (ATPS) were used as the
environmentally-friendly systems for extraction of metal ions. To this end, sodium citrate or sodium
phosphate was used to create the two-phase region. The temperature, pH, metal ion concentration
in wastewater, and amount of extractant were among the factors affecting the extraction efficiency
in aqueous two-phase systems that were investigated in this study. For this purpose, the effect of pH
on the extraction of lead, arsenic, and cadmium ions was investigated at the pH levels of 7-10, and
the experiments were repeated at the temperatures ranging from 5 to 45 degrees Celsius. The
laboratory results showed that cadmium and lead ions could be removed up to 100 % in the
dextran/sodium phosphate system while the maximum separation of the lead ions was 60 % in the
dextran/sodium citrate system. The maximum separation of arsenic ions was found to be 88 %. The
UNIQUAC model was used to investigate the thermodynamic equilibrium in the aqueous two-phase
systems. According to the obtained results, the proposed model could accurately predict the
distribution coefficient of the metal ions in the ATPS. The error rate of the model was approximately
1 %. The proposed model can also be used to predict the distribution coefficient of the metal ions in

the ATPS.
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1. INTRODUCTION

The progressive development of industrial activities
leads to an increase in the entry of polluted wastewater
into the environment [1]. Among these pollutants that
have received a great deal of attention in recent years is
heavy metals pollution mainly because these substances
have quite high stability and non-biodegradable features
in the environment due to their toxic effects [2]. It
should also be noted that unlike other organic pollutants,
heavy metals tend to accumulate in the human body and
other living organisms, hence carcinogenic in nature.
Chromium, mercury, lead, nickel, arsenic, cadmium,
and cobalt are among the most common pollutants that
are usually found in high concentrations in the
wastewater of different industries [3].

In this research, a dextran-based aqueous two-phase
system was used as an environmentally-friendly system
for extraction of metal ions. Sodium citrate or sodium
phosphate was used to create the two-phase region.
Temperature, pH, metal ion concentration in
wastewater, and amount of extractant were among the
factors affecting the extraction efficiency in aqueous
two-phase systems, which were investigated in this
study. For this purpose, the effect of pH on the extraction

of lead, arsenic, and cadmium ions was studied at the pH
levels of 7-10, and the experiments were repeated in the
temperature range of 5-45 degrees of Celsius [4]. In
addition, to investigate the thermodynamic equilibrium
in the mentioned aqueous two-phase systems, the
UNIQUAC model was employed, and the interaction
coefficients of the metal ions in different systems were
reported. Finally, the obtained results were compared
with the laboratory results. In 2013, a two-phase
aqueous system consisting of PEG1500 and (NH4)2SO4
was used to extract different metal ions. Another study
(2000) investigated the effect of temperature on the
separation of a specific copper complex. They found that
the extraction rate increased upon increasing the
temperature probably due to the expansion of the two-
phase region and deviation of the operating point from
the binodal curve. In other words, with an increase in the
temperature and deviation from the two-phase curve, the
difference in the physical properties of the two phases
would increase. In this regard, if the metal ion tends to
be in the upper phase, its tendency will increase, hence
more extraction. Conversely, if the heavy metal tends to
disperse in the lower phase, less extraction will occur
while increasing the temperature.

(2023), 29-38. (https://doi.org/10.30501/jamt.2022.349039.1232).
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2. MATERIALS AND METHODS

While conducting the experiments, dextran (solid in
form and a product of Merck company, Germany) with
an average molecular weight of 8000 g/mol was used.
Sodium phosphate and sodium citrate (both products of
Merck company, Germany) with the purity of 99 % were
used. Before use, they were dried completely in an oven
at the constant temperature of 115 degrees of Celsius for
24 hours. Additionally, potassium iodide with the purity
of 99.5 % from Sinchem, Japan, was used. In this study,
nitrate or chloride salts of cadmium, arsenic, and lead
metal ions (all produced by Merck company, Germany,
were used as the sources of heavy metals. Of note,

double-distilled water was used in all experiments to
prepare the solutions.

3. RESULTS AND DISCUSSION

Table 1 shows the extraction rate of each heavy metal
investigated in this study in the absence of any
extractant. As observed, in the absence of a suitable
extractant, the extraction rate was negligible and not
satisfactory at all. The reason for the low extraction, as
mentioned before, is the weak interaction between the
metal ion and polymer. Meanwhile, the interaction
between the metal ion and salt anion that leads to a phase
formation is relatively strong, thus creating a relatively
stable complex.

Table 1. Percentage of extraction of heavy metals in the absence of an extractant

Metal ion Dextran/sodium citrate system Dextran/sodium phosphate system
Cd? 16 % 6 %
As? 8 % 11%
Pb?* 12% 9%

The experimental results of the dextran/sodium citrate
system at the temperature of 25 degrees Celsius and pH
9 show that the extraction percentage increases with an
increase in the amount of extractant. Although this may
seem obvious at first glance, in reality, the stability
constant of the complexes plays a significant role in the
distribution of the metal ions between the two phases. In
other words, if an inappropriate extractant is used, there
will be no increase in extraction whatsoever.

The binary interaction parameters in the
Ex-UNIQUAC model for the studied systems were
fitted using the Rachford-Rice algorithm and the
proposed fitting algorithm. In this section, the fitted
binary interaction parameters between the components
present in each aqueous two-phase system are reported.

4. CONCLUSION

In this study, sodium citrate or sodium phosphate salts
were used to create aqueous two-phase systems owing
to their high solubility in water and strong salting-out
effect on dextran. The current research also examined
the separation of cadmium, arsenic, and lead metal ions
in aqueous two-phase systems as well as the effect of the
temperature, amount of extractant, pH, and heavy metal
concentration in wastewater on extraction. The
modeling results were also reported that included the
fitted binary interaction parameters, modeling error, and

model evaluation parameters such as the correlation
coefficient and RMSE. Both the model and proposed
algorithm used for predicting the extraction behavior of
heavy metals in aqueous two-phase systems as well as
the distribution coefficients of the metal ions in such
systems proved to be suitable and applicable.
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Use of y-glycidoxypropyltrimethoxysilane (GPTMS) enhances the stability and strength of
hydrogels and improves the bioactivity and cellular performance of the scaffolds in bone applications. Given
that one of the leading factors that affects the properties of the scaffold is the percentage of the cross-linking
agent, chitosan and gelatin scaffolds with different percentages of GPTMS were prepared and evaluated through

Keywords: freeze-drying method. The results from Scanning Electron Microscope (SEM) confirmed the achievement of
Gelatin, porous scaffolds with open pores and upon increasing the amount of cross-linking agent, the size of the pores
Chitosan, reached approximately 290 microns. The results of the infrared spectrum showed the interaction among the
Cross-linker, polymers and process of cross-linking with the formation of silane groups. In this study, upon increasing the

Bone Tissue Engineering amount of the transverse bonding agent, the contact angle decreased, the optimal contact angle of the sample

with 75 (weight percent) GPTMS reached 60.7 + 3.5 degrees, and the percentages of both swelling and
degradation ultimately decreased. It should be noted that the mechanical properties were improved by adding
GPTMS up to 1590 + 267 kPa. According to the findings of this study, application of GPTMS led to an
enhancement in the bioactivity properties and deposition of the hydroxyapatite layer, and the X-ray diffraction
pattern confirmed this claim. The obtained results support the hypothesis that gelatin-chitosan scaffolds with 75
(wt %) GPTMS seem to be the best samples for use in bone tissue engineering.

https://doi.org/10.30501/jamt.2022.347635.1229 URL.: https://www.jamt.ir/article_156933.html

1. INTRODUCTION

Given that large bone injuries cannot be repaired by
themselves, they require external interventions. Since
use of grafts is associated with limitations [1], tissue

different weight ratios of GPTMS. The effect of adding
different weight ratios of the cross-linking agent on
different properties of the scaffold was evaluated
through different in-vitro tests, and the scaffold with the
best weight percentage of the cross-linking agent

engineering has been introduced as a new method.
Material selection is one of the most influential
parameters in scaffold properties. Chitosan is a
hydrophilic, biocompatible, biodegradable polymer
with antibacterial properties [2]. Gelatin is also a
biocompatible,  biodegradable, hydrophilic, and
economical natural polymer that can dissolve in aqueous
solutions [3]. Glycidoxypropyltrimethoxysilane
(GPTMS) is a suitable crosslinking agent for chitosan-
gelatin [4]. Tonda-Toro et al. [5] used GPTMS to
crosslink a gelatin freeze-cast scaffold, which enhanced
the stability of the scaffolds in an aqueous environment
as well as their mechanical and cellular properties. The
weight percentage is also an important factor in the
application of reticulating agents.

In this study, -chitosan/gelatin scaffolds were
fabricated by freeze-drying and cross-linked using

optimized for bone applications was identified.

2. MATERIALS AND METHODS

To prepare a 2 % (w/v) chitosan/gelatin solution,
chitosan (3 gr) was added to the acetic acid solution and
stirred at the temperature of 35 °C. Then, gelatin (3 gr)
was added to the solution. In order to crosslink the
solutions, different amounts (30, 40, 50, 75, and 150 %
(w/v)) of GRTMS were added to 30 ml of the prepared
chitosan/gelatin solution. The samples are called the
control, GP30, GP40, GP50, GP75, and GP150,
respectively, based on the GPTMS concentrations.

2.1. In-vitro tests

In order to observe the morphology of the scaffolds, a
Scanning Electron Microscope (SEM, Vega, Czech

(https://doi.org/10.30501/jamt.2022.347635.1229).
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Republic) was used. Fourier Transform Infrared
Spectroscopy (FTIR) was taken from the prepared
samples. Then, the contact angle, swelling, and
biodegradation tests were taken from the scaffolds to
evaluate their ability to interact with water. The
mechanical properties of the scaffolds were tested. In
order to compare the ability of the GPTMS crosslinked
scaffolds to support apatite deposition, they were
immersed in 50 mL of Simulated Body Solution (SBF)
(pH of 7.3). The results were presented as mean *
standard deviation.

3. RESULTS AND DISCUSSION
3.1. Morphology observations

2.- -~

- Y

1mm ——

1 mm

The porous structure, with an appropriate pore size, is
very effective in cell adhesion and proliferation,
nutrient, oxygen, and cellular waste material transport
[6]. Figures 1 (a-g) demonstrate the SEM images. The
sample without the cross-linking agent is considered the
control sample. According to the images, the scaffolds
have a highly porous structure with open pores, which is
essential for cell growth and adhesion. The scaffold of
the control sample, with a heterogeneous structure, has
a larger and rounder pore size than that of other samples.
Upon increasing the percentage of the cross-linking
agent, the structure becomes more regular than before as
a result of which, the shape of the pores changes and
becomes elongated.

o3 U
mm —

-

Figure 1. SEM images of GP30, GP40, GP50, GP75, and GP150 samples (a-g) and control sample (f)

The bioactivity and apatite deposition ability of the
scaffolds containing GPTMS were investigated through
incubation of scaffolds in the SBF solution for 14 days
(Figure 2 (a-€)). Apatite is formed by the formation of
the spherical mineral particles on the inner and outer
walls of the pores of scaffolds. Followed by comparing
the SEM images, it was concluded that the amount of
the apatite particles increased significantly with an
increase in the GPTMS content of the scaffold. This can
be attributed to the reduction in the surface energy for
the nucleation of apatite minerals on the surface of the
scaffolds due to the GPTMS crosslinking agent [7]. In
fact, the interaction between the Si-O-Si and Si-OH

groups in GPTMS and calcium ions, due to the change
of surface charge, creates nucleation sites with the
positive absorption of calcium ions [8]. In order to
confirm the formation of apatite on the samples, X-ray
diffraction spectra were also taken from them (Figure
2(f)). The XRD pattern of hydroxyapatite was according
to JCPDS card #0432-09 with some peaks at 20s of
31.75, 32.67, 46.03, 56.13, 65.45, and 76.4° [9] that
confirmed the formation of apatite on the samples. The
results demonstrated that the amount of the deposited
layer increased with an increase in the GPTMS
percentage.
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Figure 2. SEM images of hydroxyapatite deposited on the surface of GP30, GP40, GP50, GP75, and GP150 scaffolds (a-e), and X-
ray diffraction patterns of the deposited hydroxyapatite (f)

4. CONCLUSION

Optimizing the amount of the used GPTMS is one of
the most important parameters in the design of
gelatin/chitosan scaffolds for bone tissue engineering
applications. In this study, various weight percentages
of GPTMS cross-linking agents were used for this
purpose, and the scaffolds were subjected to various in-
vitro tests. The increase in GPTMS reduced the pore
sizes that in turn made the morphology of the pores more
homogeneous and more longitudinal. With an increase
in GPTMS, the mechanical and bioactive properties of
the scaffolds were improved while the wettability was
reduced. According to the results, the GP75 sample was
introduced as the best sample for bone applications,
which needs further investigation in the future.
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In this research, PZT fibers were fabricated using PZT-5A commercial powder, polymeric
additives, and deionized water as a solvent. The rheological behavior of different pastes with various amounts
of solids and additives was investigated, and the best paste was selected for syringe injection (extrusion process).
Meanwhile, the paste containing 85 wt % solid content and 1 wt % glycerol, prepared by a 15 wt % PV A solution,

Keywords: exhibited the best rheological behavior. The resulting fibers were dried at 100 °C, and the burnout process was
Piezoelectric, conducted at 600 °C with the heating rate of 1 °C/min for 2 hours. The sintering process occured in the
Fiber, temperature range of 1220-1270 °C for 2.5-4 hours. X-Ray Diffraction (XRD) analysis conducted for phase
PZT, investigations revealed that the fibers sintered at 1220 °C were characterized by a single-phase perovskite
Sintering, structure. Further, the peak splitting confirmed the ferroelectric nature of fiber. However, at higher sintering

Microstructure

temperatures, the secondary peaks attributed to zirconium and titanium oxides appeared in the fiber diffraction

patterns. According to Scanning Electron Microscope (SEM) images from the surface of the fibers, the fibers
sintered at 1220 °C for 2 hours were devoid of any cracks and possessed an acceptable density. Additionally,
based on the SEM images from the fracture surface of the fibers, the microstructure of this sample comprised
cuboid grains with the average size of 1.5 pm, which is half of the average grain size of bulk PZT with spherical
grains at its optimum sintering temperature.
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1. INTRODUCTION

Among piezoelectric composites, the 3-1 type or
polymer matrix composite with ceramic rods owns
significantly higher properties than other types, hence
regarded as the most useful type of piezoelectric
composite. Among the advantages of this type of
composite are its large coupling factor, low acoustic
impedance, good compatibility with water and human
body tissue, mechanical ductility, wide bandwidth, a
low mechanical quality factor, and possibility of making
cut arrays with a simple design of electrodes.
Piezoelectric composites are particularly useful in
underwater  sonar applications and ultrasonic
transducers in medical imaging [1]. Considering the
shape and geometry of devices, piezoelectric ceramic
fibers have recently gained recognition as a part of 1-3
type composites. Understanding the potential
applications of these fibers has made the fabrication of
small-scale fibers increasingly important. Extrusion
stands out as the most common method for fabricating
fine PZT fibers, involving a thorough mixing of ceramic
powder and an organic binder. This method has found
widespread applications in the commercial production
of PZT fibers [2]. Three commercial methods of fiber
synthesis have been introduced by three key commercial
companies and are compared below: 1- Extrusion

method, initially employed in 1999 by Sturk et al. [3] for
making PZT fibers, ia still utilized today by Ceranova
company for the commercial production of PZT fibers
using the same method; 2- Viscose Slurry Spinning
Process (VSSP) method, performed by Advanced
Cerametrics and first introduced by Cass et al. [4] in
1991; 3- ALCERU method, executed by Smart
Materials and first invented by Meinster et al. at 2003.

In this research, PZT pastes were prepared using
commercial PZT-5A powder, polyvinyl alcohol, and
glycerol additives, and deionized water as solvent. The
raw fibers were extruded from a needle with a diameter
of about 300 um using a syringe injection method.
Subsequently, this study investigates the impact of
different sintering conditions on the microstructure and
density of the fibers.

2. MATERIALS AND METHODS

PVA Aqueous solutions were prepared from PVA
powder with the weight percentages ranging from 5 to
20. Next, an appropriate amount of this solution,
determined by the percentage of the solid content, was
added to the PZT powder. Fiber injection was carried
out using plastic syringes with volumes ranging feom 1
to 5 cc. Given that the viscosity of the optimal pastes
was too high to easyly perform manual injection, a

(https://doi.org/10.30501/jamt.2023.411504.1287).
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single-axis press machine was necessary to apply
pressure. Once dried in the environment, the obtained
raw fibers were heated in the oven at the temperature of
100 °C for 12 hours to completely remove moisture. The
burnout process (binder removal) and sintering were
then conducted in a box electric furnace. The burnout
operation proceeded at a very slow rate of 1 °C/min at
the temperature of 600 °C for 2 hours, followed by
sintering at the desired temperature with a common
heating rate of 5 °C.

3. RESULTS AND DISCUSSION

Investigations into the effect of the binder solution
concentration and amount of plasticizer on the
rheological behavior of the pastes were carried out, the
corresponding diagrams of which are shown in Figure 1
(a-b). As observed, the sample containing 15 wt % PVA
and 1 wt % glycerol with an average viscosity of 1068
mPa.s exhibited the best rheological behavior. Other
samples, however, were unsuitable for extrusion or
injection due to sudden changes in viscosity at higher
shear rates.

viscosity (mPa.s)

T T T
40 60 100

shear rate (1/s)

@)

viscosity (mPa.s)

The SEM images from the fracture surface of fibers
sintered at 1220 °C for 2.5 and 4 h, compared with the
image of the fracture surface of bulk PZT sample at the
optimum sintering temperature, are presented in the
micrographs of Figure 2. The results indictate that upon
increasing the sintering time, the grain microstructure
becomes denser, and the average grain size increases,
compared to the dwell time of 2.5 h. According to grain
size histograms, the majority of grains increased from 1-
1.2 pm for 2.5 h to 1-2.5 pum for 4 h sintering time. In
Figure (2-c), the bulk PZT sample sintered at 1270 °C
for 2.5 h exhibits a morphological change from cubic to
quasi-spherical, forming a completely dense
microstructure with an average grain size in the range of
2-3.5 um.

A comparison of the average grain size in the sintered
PZT fibers under their optimal sintering conditions and
the sintered bulk sample revealed that the grain size in
the sintered fibers is about half of the average grain size
in the bulk sample. Similar results were reported by
Chang et al., who attributed this phenomenon to the
higher internal stress in the fibers compared to the bulk.
This behavior results in higher tetragonality and a
considerable decrease in grain size [5].
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Figure 1. Graphs of changes in viscosity according to shear rate, a) the effect of PVA solution concentration on samples containing 1
% by weight of glycerol and b) the effect of glycerol amount on samples containing 20 % by weight of PVA
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Figure 2. SEM images of the fracture surfaces of fibers sintered at (a) 1220 °C for 2.5 h, (b) 1220 °C for 4 h and (c) bulk sample
sintered at 1270 °C for 2.5 h

4. CONCLUSION

In this research, PZT fibers were prepared using the
extrusion method. Among the various compositions, the
paste containing 85 % solids, prepared with the
appropriate amount of 15 wt % PVA solution and 1
wt % glycerol, exhibited the best rheological behavior
for injection. The raw fibers with an average diameter of
321 pum were sintered at different temperatures and
sintering times, and the microstructure and phases in
were studied through SEM and XRD analyses. The
density of raw and sintered fibers was also measured
using Archimedes method. Based on the obtained
results, the fiber sintered at 1220 °C for 2.5 h, with the
density of 93 % of the theoretical value and average
diameter of 321 pm, was selected as the best fiber since
it was devoid of any cracks.
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Abstract Nickel-rich layered oxide cathode materials with the chemical formula of LiNigsCop;Mng;0,
(NCM) are increasingly utilized in the electric vehicle industry owing to their high energy density and high
capacity. Although increasing the nickel concentration would enhance the chemical reaction between the surface
layer and Li*/Ni?* cationic mixing, the structural and thermal stability of the cathode material would be degraded.
The single crystallization strategy of the particles can improve the structural stability and electrochemical
performance of the cathode materials; however, their mechanism is not well understood yet. In this research, a
computational model was proposed to show that by reducing the pH and controlling the amount of
supersaturation, the nucleation rate of hydroxide particles and consequently the number of formed nuclei would
decrease. Based on the results of this model, the numbers of hydroxide nuclei formed at the end of
co-precipitation synthesis at pH 11.5, 11, and 10.5 were, respectively, 5.73, 4.3, and 2.27 times the number of
nuclei formed in co-precipitation synthesis at pH 10. According to the observations, by reducing the pH during
the synthesis process from 11.5 to 10, the fine particles produced in the system will be completely transformed
into larger crystals, thus tending to become single crystals. As a result, the problems of the cathode/electrolyte
intermediate layer will be minimized. The results of this model can justify the experimental results obtained by
other researchers who synthesized single-crystal cathode materials.

https://doi.org/10.30501/jamt.2022.351905.1238 URL: https://www.jamt.ir/article 156840.html

1. INTRODUCTION

Many parameters, such as pH, ammonia
concentration, reaction temperature, inlet salt
concentration, feed flow rate, stirring speed, reaction
time, and reactor design, determine the morphology and
chemical properties of the hydroxide precursors in the
coprecipitation synthesis process [1-3]. Different
morphology (shape, particle size, and tap density) as
well as the structural stability of the hydroxide precursor
cause differences in the electrochemical properties of
LiNixCoyMn,O, layered cathode material [4]. Ternary
cathode materials LiNiggCoo1Mng 10, are usually
synthesized as polycrystalline particles. First, the
primary hydroxide particles nucleate and grow and then,
as the primary particles aggregate together, the
secondary particles become spherical. The secondary
spherical particles of these polycrystalline materials
create a new impedance during the charging process due
to the formation of Cathode/Electrolyte Interface (CEI)
and cation mixing in the cracks, which damages the
capacity of this polycrystalline ternary cathode material.
The single crystallization strategy of the particles can
improve the structural stability and electrochemical
performance of LiNigpgCopiMng 0, ternary cathode
materials. Single-crystal cathode materials have an
anisotropy structure that can effectively reduce the

micro-strain created during crystal lattice changes. The
better mechanical strength of single crystal particles can
prevent the expansion of microcracks during cycling,
reduce the side reactions that occur between the active
material and electrolyte in the cathode material, and
finally create a single crystal ternary cathode material
with excellent and stable cyclability [5].

pH is one of the most influential parameters in
coprecipitation synthesis. It is possible to create
hydroxide particles of different sizes and cathode
materials with other electrochemical properties by
controlling the pH. Li et al. [6] synthesized
Nip.sMng2Coo2(OH), hydroxide precursor with suitable
particle size to prepare single crystal oxide cathode
material by adjusting the pH in the co-precipitation
process. Zhang et al. [5] reported that by lowering the
pH during the synthesis, nickel-rich
Nip3C00.1Mng 1(OH), single crystal cathode precursor
would exhibit better cyclability and performance than its
synthesized counterpart at constant pH.

In this research, a computational model was proposed
to clarify the mechanism of the particle size variation
upon decreasing pH during synthesis. According to the
proposed computational model, reducing the pH and
controlling the supersaturation ratio would decrease the
nucleation rate of the hydroxide particles. Consequently,
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the number of formed nuclei is low as a result of which,
the produced microparticles in the system can be
completely transformed into larger crystals, hence their
tendency to single-crystal formation.

To confirm the modeling results, two
Nip3Co00.1Mng 1(OH), hydroxide precursors were
synthesized at two different pHs of 10 and 11.5. The
results from the computational model and experiments
showed that by reducing the pH during synthesis as well
as controlling the supersaturation ratio and the number
of formed nuclei, the hydroxide precursor formation
with the desired particle size and tap density was made
possible. According to the conducted experiments and
computational model results, reducing the pH during
synthesis leads to the formation of the hydroxide
precursors with the desired morphology and tap density
by controlling both the supersaturation ratio and the
number of formed nuclei. On the contrary, the results of
this model can justify the results obtained from recent
research on the synthesis of single-crystal cathode
materials.

2. MATERIALS AND METHODS
2.1. Computational methodology

Once the equilibrium relations are combined with the
mass balance ones, two sixth-order polynomial
equations with two unknown [M?'] and [NH;] are
obtained. Followed by solving the equations based on
the Newton—Raphson nonlinear method, the values of

|

NaOH

M({OH):

® \=NiCoMn e °

pH controller

[M?*] and [NH;] are obtained. As a result, the
concentration of the ammonia metal complex,
nucleation rate, and number of synthesized hydroxide
nuclei can be determined at any time of synthesis.

2.2. Experiments

In this study, practical experiments were carried out to
evaluate the results of the computational model. The
metal sulfate solution (MSQ,) with a concentration of 2
mol/L was pumped into the reactor, where M stands for
the transition metal: Ni (0.8), Mn (0.1), and Co (0.1).
The pH inside the reactor was maintained constant by
injecting the required amount of sodium hydroxide
solution (NaOH). Concomitantly, the NH4OH solution
was separately pumped into the reactor at a fixed rate.
Ammonia acts as a chelating agent and prevents the
formation of impure phases. To ensure satisfactory
mixing of reactants and products, the reactor was
constantly stirred at the speed of 1000 rpm. After
synthesis, the precipitate was filtered and washed
several times with distilled water to remove the residual
ions. The precipitate was dried overnight at 100 °C to
obtain a metal hydroxide precursor. The morphology
and particle size of the synthesized powders were
observed using a Field Emission Scanning Electron
Microscope equipped with an energy-dispersive X-ray
spectrometer (FESEM, TESCAN, Mira3-XMU). Figure
1 shows the schematic of the batch co-precipitation
synthesis reactor.

Temperature
Sensor

|
S =

pump

iakwe=anl

NILOL

Figure 1. A schematic diagram of a batch co-precipitation synthesis reactor

3. RESULTS AND DISCUSSION

As the concentration of ammonia in the reactor
increases, the amount of metal ammonia complex would
also increase. In this condition, if there is a sufficient
amount of OH  in the reactor, the metal ammonia
complex reacts with OH" as a result of which, hydroxide
nuclei will be formed. On the contrary, if OH" is
insufficient, the metal ammonia complex remains in the
solution in the reactor and after the end of the synthesis,

it leaves the reactor in the form of blue effluent. Figure
2 shows the nucleation rate of hydroxide particles in the
computational model. At the concentration of 0.5 mol/L
ammonia, pH has a negligible effect on the nucleation
rate. In the case of increasing the ammonia
concentration, pH plays a key role in that with its
increase from 10 up to 11.5, the nucleation rate and the
number of nuclei formed contribute to a significant
increase in the reactor.
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Figure 2. Nucleation rate of NiosMno.1Coo.1(OH)2 hydroxide precursor at different pH values and ammonia concentration

Figure 3 shows the number of hydroxide nuclei
(calculated by the model) in co-precipitation synthesis
at different pH values. Based on the results of this
model, the numbers of hydroxide nuclei formed at the
end of co-precipitation synthesis at pH 11.5, 11, and
10.5 are, respectively, 5.73, 4.3, and 2.27 times the
number of nuclei formed in co-precipitation synthesis at
pH 10. Therefore, it can be concluded that by reducing
the pH value during the synthesis process from 11.5 to
10, the microparticles produced in the system will be
completely transformed into larger crystals, thus tending
to become single crystals. As a result, the problems of
the cathode/electrolyte interface are minimized which
can justify the experimental results from the study
conducted by Zhang et al. [5] on improving the
electrochemical performance of the synthesized cathode
material when the pH is reduced from 11.5 to 10.5

during the synthesis. Therefore, based on the calculation
model and synthesis results, it is suggested to start co-
precipitation synthesis at pH 11.5 mainly because at this
pH, as shown in Figure 3, the highest number of primary
hydroxide nuclei are obtained, which, due to the high
surface energy, aggregate together to form secondary
particles. When the first packages of the secondary
particles are created by lowering the pH of the reactor,
the formation of new nuclei can be controlled so that the
formed microparticles have enough time to grow. As the
pH gradually decreases from 11.5 to 10, the secondary
particles are formed that are composed of larger primary
particles than in the synthesis at the constant pH of 11.5.
In contrast, the size of the secondary particles does not
increase. As a result, the tap density of the particles will
not decrease, and Cathode/Electrolyte Interface (CEI)
problems will be less.
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Figure 3. The number of Nio.sMno.1Coo.1(OH)2 hydroxide precursor nuclei during the synthesis process
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4. CONCLUSION

The computational model presented in this research
calculates the nucleation rate and number of formed
nuclei by measuring the supersaturation ratio in the co-
precipitation synthesis process. This model provides a
better understanding of the mechanism of hydroxide
particle size change and its tendency to single
crystallization when the pH value decreases during
synthesis. Based on the computational model and
performed syntheses, in co-precipitation synthesis at pH
11.5, the highest number of primary hydroxide nuclei
are formed, which aggregate, join together due to the
high surface energy, and create spherical packages of
secondary particles. In the case of the formation of the
first packages of the secondary particles, the formation
of new nuclei is controlled by gradually reducing the
reactor pH; therefore, the formed microparticles will
have enough time to grow. Thus, changing the pH
during synthesis from 11.5 to 10 makes it possible to
synthesize the secondary particles in which there are
larger primary particles than those when the pH takes the
constant value of 11.5. The tendency to single crystal in
these particles is more, and they will have fewer
problems of Cathode/Electrolyte Interface (CEI).
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