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ABSTRACT: In this study, Copper oxide (CuO) nanoparticles (NPs) were prepared using  

the chemical co-precipitation method and treated at different calcination temperatures. The synthesized 

CuO NPs have been calcinated at 300 °C, 500 °C, and 700 °C. The X-Ray Diffraction (XRD) results 

exhibited a decrease in the width of the principle diffraction peak with the temperature rise. Crystallite 

size was determined by Scherrer’s formula, whereas, the Williamson-Hall method presented drastic 

variation in size indicating the creation of lattice strain with the rise in calcination temperature. 

Scanning Electron Microscopy (SEM) images showed an increase in grain size and vary from 170 nm 

– 430 nm. X-ray Energy Dispersive Spectroscopy (EDS) results indicate the formation of CuO NPs and 

relative Cu contents increased (52.9 to 72.5 Atomic percentage) with temperature. Optical properties 

are also affected by the calcination temperature and a reduction in bandgap is observed with  

the increase in temperature. Fourier Transform Infra-Red (FT-IR) spectroscopy spectra of different 

samples showed identical bonding behavior and no apparent change in bonding was observed. Photo-

degradation of Congo Red dye was performed with CuO NPs treated at different temperatures and NPs 

treated at 500 °C, have shown maximum degradation efficiency in 75 min under visible light. 
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composition; photocatalytic activity. 

 

 

 

* To whom correspondence should be addressed. 

+ E-mail: myasi60@hotmail.com 

1021-9986/2022/5/1549-1560      12/$/6.02 

 



Iran. J. Chem. Chem. Eng. Chegeni M. & Enjedani M. Vol. 41, No. 5, 2022 

 

1550                                                                                                                                                                Research Article 

INTRODUCTION 

Nanomaterials have received attention owing to their 

large surface area, and quantum effect, and exhibited much 

improved characteristics as compared to bulk materials [1,2]. 

Nanomaterials are extensively studied for biological  

and optical sensors [3], coating formulations [4], 

photocatalysis [5-8], and photovoltaic cells [9]. However, 

there are still different challenges, such as shape control, 

size, size distribution, the release rate, and stability of 

nanoparticles (NPs), which need to be addressed [10,11]. 

During the last two decades, the scientific community  

and engineers are highly interested in metal oxide 

nanostructures due to their tremendous applications  

in various fields [12,13]. Among transition metal oxides, 

copper oxide (CuO) is a monoxide compound with p-type 

nature and a narrow bandgap (1.2 eV) semiconductor.  

Due to low electrical resistance, CuO NPs have been used  

as a heterogeneous catalyst in several chemical processes, 

such as nitrous oxide degradation, phenol, and 

hydrocarbon in supercritical water [13,14]. CuO NPs have 

also applications in optical switches [15], magnetic storage 

media [16], gas sensors [17], solar cells [18], active 

catalysts [19], and lithium-ion batteries [20] due to their 

photochemical and photoconductive characteristics. 

CuO crystallizes in the monoclinic braves lattice with 

space and point group symmetry C2/c (No.15) and P2/m 

respectively. At the corners of the rectangular 

parallelogram, the copper atom is enveloped by four 

oxygen atoms to form chains by sharing the edges. 

Moreover, at the corners of the distorted tetrahedron,  

the oxygen atom is linked with four copper atoms.  

The chain traverses the crystal structure in the directions 

of [110] and [-110] [21]. In the [001] direction, chains 

alternate and in the [010] direction, each chain is stacked 

with a separation of about 2.7 Å [14]. Cu2O is the 2nd most 

stable phase and has a cubic structure with a lattice 

constant 4.2696 Å and space group Pn-3m (No. 224) [22]. 

In this unit cell, the copper atom is coordinated with two 

oxygen atoms. Cu4O3 is a mixture of Cu(I)/Cu(II) oxide, 

3rd most stable phase of CuO with 1.33 atomic ratio, belonging 

to tetragonal structure and space group I41/amd [23].   

The oxidation stability of metal oxide is very important 

when applied in high-energy applications because of the 

change in phase, size, and other parameters due to heating  

can affect the efficiency of the nanomaterials. Therefore, 

stability studies under heat are very important. CuO has 

applications in high-temperature reactions and efficacy 

will certainly be affected by temperature changes [24]. 

Literature is reported on the effect of heating on CuO thin 

films. Johan et al [25] investigated copper oxide thin films 

annealed between 200 to 400 °C and observed that at 

different annealing temperatures, the structure of thin films 

was changed. At 200 °C, thin films have a cuprite (Cu2O) 

structure, mixed cuprite (Cu2O) and tenorite (CuO) phases 

at 300 °C, while changed into pure tenorite phase at  

400 oC. Raship et al. [26] demonstrated a dip-coating  

sol-gel method for the growth of CuO films on Si 

substrates. The effect of different temperatures on CuO 

films was studied. It was observed that increasing  

the annealing temperature results reduction in resistivity, 

grain size, and surface roughness. 

Copper oxide nanostructures can be synthesized by 

various methods i.e. sonochemical [27], wet chemical 

route [28], co-precipitation method [29], pulse laser 

ablation [30], sol-gel method [31], and hydrothermal 

method [32]. Among these methods, the chemical  

The co-precipitation method is a facile way for high yield 

due to low cost, temperature, and low energy consumption. 

In this study, the key objective was to evaluate the effect 

of temperature on the structure, morphology, optical,  

and photocatalytic properties of CuO nanomaterials. 

Chemical co-precipitation was used to prepare CuO NPs 

and calcinated at 300 °C, 500 °C, and 700 °C. Different 

characterization tools such as XRD, SEM, EDS, UV-Vis 

spectroscopy, and FTIR were used to investigate prepared 

samples. 

 

EXPERIMENTAL SECTION 

Chemicals 

During the experiment, all analytical-grade chemicals 

were used without any further purification. Copper 

chloride dihydrate (CuCl2.2H2O), Sodium hydroxide 

(NaOH), and distilled water was used for preparing the 

CuO NPs. 

 

Synthesis procedure 

A standard procedure was adopted to synthesize CuO 

NPs [33]. During synthesis, firstly 0.3 M of CuCl2.2H2O 

and 0.6 M of NaOH were dissolved in distilled water  

to prepare precursor solutions. At room temperature, 

NaOH was incorporated gradually into the solution of 

CuCl2.2H2O under constant stirring. The solution color  
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was gradually changed from green to bluish-green and 

finally black while the reaction proceeded. The pH 11  

was maintained throughout the reaction. Black precipitates 

were filtered and washed several times with distilled water 

to eliminate impurities. After that, precipitates were dried 

in the oven at 70 °C for 12 h. Dried samples were calcinated 

in the furnace at 300 °C, 500 °C, and 700 °C temperature 

for 2 h. The obtained samples were characterized by XRD, 

SEM, EDS, UV-Vis spectroscopy, and FT-IR. The overall 

chemical reaction can be expressed as: 

2 2CuCl 2NaOH CuO 2NaCl H O                     (1) 

 

Photocatalytic experiment 

CuO NPs have been utilized for the degradation of 

Congo Red (CR) dye under visible light irradiation. First, 

a dye solution of 0.01 g/L was prepared and 0.1 g/L 

catalysts were inserted in the dye solution in the presence 

of a small amount of H2O2 and irradiated under visible 

light and the readings were noted every 15 min. Samples 

with different CuO (0.01, 0.05, 0.1, 0.2, 0.4 g/L) and dye 

(10, 15, 20, 25, 30 mg/L) concentrations have been prepared 

and evaluated. Prior to irradiation, the suspensions  

were stirred for 40 min in the dark to ensure the system 

attained the adsorption-desorption equilibrium. The 

prepared solutions were kept under visible light  

for 75 mins under ambient conditions. A Xenon lamp  

of 300 W was used as the visible light source. The final 

dye color has been investigated by taking absorption 

spectra using a UV-Vis spectrophotometer. 

 

RESULTS AND DISCUSSION  

Fig. 2: XRD spectra of CuO nanomaterials treated  

at different calcination temperatures, (a) The as-synthesized, 

(b) 300 °C, (c) 500 °C, (d) 700 °C, (e) Variation in peak 

broadening with temperature for the principle diffraction 

peak at the peak position 38.90°.   

The XRD patterns of copper oxide samples treated  

at different temperatures are shown in Fig. 2(a-d).  

The diffraction peaks of as-synthesized, treated at 300 °C  

and 500 °C are well-matched with JCPDS card 00-041-

0254, whereas, treated at 700 °C are matched with 00-041-

0937 of copper oxide having a monoclinic crystal structure 

with C2/c space group. The position of the XRD peaks is 

consistent with CuO and high-intense sharp peaks indicate 

the crystalline nature. The peaks are observed at 32.53°, 

35.63°, 38.90°, 48.45°, 53.84°, 58.38°, 61.69°, 66.00°, 

68.15°, 72.33° and 75.15° corresponds to (110), (002), 

(200), (-202), (020), (202), (-113), (-311), (220), (311) and 

(004) diffraction planes respectively. In the XRD spectrum 

of copper oxide treated at 700 °C (Fig. 2d), an additional 

peak is observed at 46.16° belonging to the (-112) plane. 

No impurity peaks are detected in the XRD pattern which 

exhibits that CuO is well crystalline and pure. Fig. 2e 

shows the effect of calcination temperature on the peak 

broadening for the highest intensity diffraction peak.  

The peak width decreases with the temperature which 

indicates an improvement in the degree of crystallinity  

of the material.  

XRD patterns of CuO nanomaterials are also used  

to calculate various crystal structure parameters. The lattice 

constants can be calculated by the following formula  

2 2 2 2

2 2 2 2 2

1 1 h k sin l 2hlcos

acd sin a b c

  
       

                (2) 

Where d is interatomic spacing, a, b, c are lattice 

constants. β is the angle of the monoclinic structure  

and is taken as 99.52°.  

The volume of the unit cell of the monoclinic structure 

can also be calculated from the following formula: 

V abcsin                      (3) 

The packing factor can be found using the following 

formula, 

2a
Atomic Packing Fraction

6bcsin





                 (4) 

‘a, b and c’ is the lattice constant of monoclinic 

structure and β is an angle.  

The density of the monoclinic unit cell can be 

calculated. 

W

A

nM

vN
                      (5) 

Where n is the number of atoms per unit cell, Mw is  

the molecular weight, V is the volume of the unit cell 

and NA is Avogadro's number.  

For a monoclinic structure, the value of ‘n’ is 4 because 

the unit cell has 4 atoms and accommodates four CuO 

dimers in the crystallographic unit cell and two CuO units 

in the primitive cell. Each copper atom is present in the 

center of an oxygen parallelogram [31]. Mw is taken  
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Fig. 1: Schematic representation of different steps involved in CuO nanomaterials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: XRD spectra of CuO nanomaterials treated at different calcination temperatures, (a) The as-synthesized, (b) 300 °C, (c) 500 

°C, (d) 700 °C, (e) Variation in peak broadening with temperature for the principle diffraction peak at the peak position 38.90°. 

 

as 79.54 g/mol. Values calculated for different parameters 

are presented in Table 1. There is an increase in lattice 

constant values observed for different temperatures,  

as a result, affected the volume of the unit cell.  

This increase explains the unit cell stretching which 

consequently affects the unit cell volume, packing 

fraction, and unit cell density. 

Another parameter that can be calculated from the 

XRD pattern is the average crystallite size. Scherrer’s 

formula is usually used to calculate the crystallite size  

with the formula given below,  

D 0.94 Cos                       (6) 

Where λ is the wavelength of X-rays, β is the full  

width at half maximum, θ is Bragg’s angle and D is the 

crystalline average size [24]. Scherrer’s formula  

has generally underestimated the value of crystallite size 

due to the absence of lattice strain in its relation. Therefore,  
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Table 1: Calculated values of lattice constants, unit cell volume, packing factor, and density. 

Sample Temperature (°C) 
Lattice constant (Å) 

Volume (Å3) APF Density (g/cm3) 
a b c 

Ref file -- 4.685 3.423 5.132 81.17 0.6629 6.51 

1 As synthesized 4.694 3.405 5.109 80.5329 0.6721 6.56 

2 300 4.699 3.414 5.1239 81.0675 0.6668 6.51 

3 500 4.700 3.408 5.105 80.6437 0.6737 6.55 

4 700 4.712 3.422 5.126 81.4611 0.7949 6.48 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: W-H plots of XRD spectra of nanomaterials (a) as-synthesized, (b) 300 °C, (c) 500 °C, (d) 700 °C. 

 

considering the strains present in the lattice due to crystal 

defects, Williamson-Hall (WH) method is a good 

approximation that considers and removes any broadening 

in the diffraction peaks due to lattice strains and 

instrumentation. The relation for WH method considering 

a uniform deformation model can be described as  

hk1

K
Cos 4 Sin

D


                         (7) 

Where D is crystallite size and ε is lattice strain. K is  

a constant with a value 0.94, β is peak broadening and  

the wavelength of X-rays is taken as 0.154 nm. A plot 

between Sinϴ  and βCosϴ  can be plotted and the equation 

of linear fit provides lattice strain and crystallite size.  

Fig. 3(a-d) shows WH plots of CuO powder treated  

at different temperatures. Linear fit equations are provided 

in Fig. 3. Table 2 shows a comparison of crystallite size calculated 

by Scherrer’s formula and WH plots. The lattice strain  

calculated from the WH plot is also provided in Table 2. 

Crystallite size calculated by the Scherrer formula provided 
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Table 2: Effect of calcination temperature on average crystallite size Dshr, Dwh, and strain. 

Temperature (°C) DShr (nm) DWH (nm) Strain 

As-synthesized 18.81 20.92 0.00114 

300 °C 23.78 276.25 0.04197 

500 °C 28.05 31.26 0.00038 

700 °C 32.7 163.75 0.00196 

 

Table 3: Texture coefficients calculated for different samples.  

Planes As synthesized 300 °C 500 °C Planes 700 °C 

(110) 0.87400 0.9264 1.0030 (110) 1.1064 

(002) 1.2743 1.6867 1.5350 (002) 0.8853 

(200) 0.81120 1.1384 1.0313 (200) 1.023 

(-202) 0.66145 0.9727 0.8902 (-112) 0.8851 

(020) 0.7534 0.1124 0.7322 (-202) 1.082 

(202) 0.6427 0.7722 0.888 (020) 0.8805 

(-113) 0.71298 0.9655 0.87730 (202) 1.1311 

(-311) 1.1661 1.17118 1.3057 (-113) 0.9286 

(220) 2.6858 1.0107 0.943 (-311) 1.3053 

(311) 0.5063 0.76847 0.6617 (220) 1.076 

(004) 0.9178 0.8538 1.11324 (311) 0.6280 

    (004) 1.0678 

 

the expected trend of increase in size from 18.81 nm  

to 32.7 nm, but drastic changes are observed in crystallite 

size using WH method, were stresses in the lattice  

are considered. An increase in size is generally observed 

in the WH method which indicates that lattice strain is 

present in all the samples. When we talk specifically, from 

as-synthesized to 300 °C, size changes drastically from 

20.92 nm to 276.25 nm indicating the creation of a large 

number of crystal defects with calcination temperature.  

At 500 °C, the crystallite size was reduced to 31.26 nm  

and rose, again at 700 °C, to 163.75 nm. Variations  

in the crystallite size of the two methods originated due to 

imperfections in the structure [34]. 

Another important parameter that can be deduced from 

the XRD pattern is the Texture Coefficient (TC) which gives 

information about the preferred growth direction  

of the crystal. TC can be calculated by the following formula 

 

 
0

C
0

N I I
T

I I



                    (8) 

Where TC is the coefficient texture, I and I0 are relative 

intensities of synthesized and reference card patterns and 

N is the number of peaks matched with the reference card. 

The calculated values of texture coefficients for different 

CuO samples are provided in Table 3. The highest value 

of TC in a given material indicates the preferred growth 

orientation of crystals during the growth process. From  

as synthesized to 500 °C, crystal growth is governed by [002] 

direction. TC values vary for these three samples, however, 

indicate the same growth direction i.e. [002], whereas,  

for 700 °C, the preferred growth direction is [202].  

 
SEM Analysis 

The morphology of untreated and treated copper oxide 

nanomaterials is evaluated through scanning electron 

microscopy as shown in Fig. 4. SEM images of all  

the samples show that a high yield of nanomaterials  

is produced. Although it is observed that grain size  

is increased with the temperature rise, XRD showed  
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Fig. 4: SEM images of CuO nanomaterials calcinated at a different temperatures, (a) as-synthesized, (b) 300 °C, (c) 500 °C,  

(d) 700 °C. 
 

that nanomaterial maintains its crystalline structure.  

The morphology of the nanostructure transforms during 

heating, as evident from the images at different 

temperatures. Initial morphology is irregular flake-like 

shapes observed till 300 °C. At 500 °C, flat surface types 

of large aggregates are observed, and with further increase 

in temperature i.e. 700 °C, fine particles with spherical 

morphology are witnessed. The SEM images show the 

non-uniform grains distributions in all compositions. The 

average grain size of CuO nanoparticles untreated, treated 

at 300 °C, 500 °C, and 700 °C are 170 nm, 220 nm, 430 nm, 

and 235 nm respectively. From these images, it can be 

observed that the calcinated NPs are more agglomerated 

and yet have a smooth surface as compared to untreated 

nanomaterials. The reason for agglomeration is the 

diffusion phenomenon and diffusion occurs due to the 

annealing of the material [35]. The particle aggregation 

rate is a prime influencer that controls the morphology  

and crystalline kinetics of the materials [36]. With the rise 

in calcination temperature, an increase in agglomeration  

is observed in SEM images. The increase in crystalline size 

and reduction in the surface area was also evidenced  

by the rise in calcination temperature in the literature [37].  

 

EDS Analysis 

Energy Dispersive Spectroscopy (EDS) has been used 

to detect changes in the chemical composition of the 

sample heated at different temperatures. Fig. 5(a-d) shows 

the EDS spectrum of CuO powder samples i.e.  

as synthesized, 300 °C, 500 °C, and 700 °C. The EDS 

spectrum displays only Cu and O peaks without any level 

of impurity, suggesting the synthesized nanomaterials are 

chemically pure. There is variation in relative atomic 

percentage (At %) with temperature, these changes may be 

linked with morphological changes that arise during 

heating. The spectra indicate the high chemical purity of 

the samples and the formation of CuO at the early stage of 

heating. The copper (Cu) and oxygen (O) compositions  

are increased due to the increase in temperature.  

 

Optical Properties Analysis  

UV-Visible absorption spectra of different copper 

oxide nanomaterials are shown in Fig. 6. A strong 

absorption peak in the visible region at 672 nm can be 

observed in all the samples. This absorption wavelength 

belongs to the bulk CuO material. The optical band gap is 

an important parameter to study the behavior of 

semiconductor materials as this provides an energy gap 

between valence and conduction bands. This is important 

to identify the efficiency of the synthesized nanomaterials 

and can be determined from the optical absorption 

spectrum of the material. The optical band gaps of all 

samples are evaluated by plotting Tauc’s plot using 

Equation (8). 
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Fig. 5: EDS spectra of CuO nanomaterials treated at a different temperature, (a) as-synthesized, (b) 300 °C, (c) 500 °C, (d) 700 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: UV-Visible Spectra of all the samples; (a) as-synthesized, (b) 300 °C, (c) 500 °C, (d) 700 °C. Inset: Tauc’s plots  

of corresponding spectra for calculating the energy bandgap. 
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Fig. 8: Photocatalytic degradation C/Co profile of Congo Red 

(CR) over CuO NPs at different time intervals. 

 

 g

n
ahv A hv E

2
                     (8) 

Where h is the Plank’s constant, ν is the incident 

photon’s frequency, α is the absorption coefficient, A is  

a constant n depends on the nature of transition (n = 1 for direct 

transition), Eg is the optical energy direct bandgap [26]. 

and α is the absorption coefficient and calculated by using 

Eq. (9),   

Abs
2.303

L

 
   

 
                   (9) 

Where L is the path length and is related to the inside 

width of the quartz tube. The band gap can be calculated 

by the intercept of a tangent on (αhν)2 and (hν) plots. The band 

gaps obtained are 1.32 eV, 1.29 eV, 1.16 eV, and 1.06 eV 

for the as-synthesized, 300 °C, 500 °C, and 700 °C 

respectively. These results are indicating that the bandgap 

is being reduced with the increase in temperature. 

Vidyasagar et al [14] also observed a reduction in the 

bandgap with the increase in annealing temperature  

of CuO from 400 °C to 800 °C and attributed a decrease  

in the bandgap to the improvement of the crystallinity of 

the material. Our results are also consistent, which is showing 

that calcination temperature is an important parameter  

for tuning the bandgap of the semiconductor materials. 

 

FT-IR Analysis 

FT-IR spectroscopy is a useful tool for the 

identification of functional groups and bonding 

information. Fig. 7 represents the FT-IR spectra of  

as-synthesized and calcinated at 300 °C, 500 °C, and 700 °C 

copper oxide NPs. The FTIR spectra show different well-

defined absorption bands at 601.68 cm-1, 774.70 cm-1, 

879.47 cm-1, and 1418.70 cm-1. The occurrence of 

prominent peaks at 601.11 and 774.70 cm-1 is linked with 

the stretching vibrations of Metal – Oxygen (Cu – O) bonds, 

thereby reinforcing CuO formation [38-40]. The absorption 

peak at 1412 cm-1 can be associated with CO2-, generally 

appearing due to sampling preparation for the FT-IR 

spectrum [41], whereas, the band at 1418.7 cm-1 belongs  

to in-plane OH bending [42]. 

 
Photocatalytic activity 

Decolorization of textile organic dyes is an important 

concern in the modern industrial world. Therefore,  

the potential of as-prepared CuO NPs has been evaluated 

against the degradation of azo dye Congo Red (CR) under 

visible light at different time intervals. Fig. 8 exhibits the 

concentration change of CR dye solution at different 

intervals of time. For comparison purposes degradation 

was also observed in photolysis, CuO without light, and 

CuO with light. It is observed that the CR dye 

degraded/decompose 90 % within 75 min over CuO 

NPs@500 oC. The rate constants were also measured for 

all the samples and it is found that CuO NPs@500 oC has 

a high rate of degradation K = 0.08 min−1 than the others 

0.031, 0.0468, and 0.0588 min−1. The influence of catalyst 

dose (10, 50, 100, 200, 400 ppm) on CR dye was also 

investigated (Fig. 9a); and it was noticed 0.1 g/L is  

the optimum amount of CuO NPs to exhibit superior 

degradation. When the catalyst amount is small,  

the surface area diminishes which results in low photo 

decolorization of dye [43,5-7], while at a higher dose of 

catalyst, the degradation rate decreases because the 

absorption of light is restricted to the upper layer and limits 

scattering of the photons upon the CuO surface, 

consequently, did not produce sufficient light intensity for 

subsequent layers of the solution [44]. The effect of dye 

concentrations (10, 15, 20, 25, 30 ppm) was also checked 

by making a different amount of solution of CR dye  

(Fig. 9b). It is observed that degradation reduces as  

the dye amount increases. A large amount of dye prohibits 

the invasion of light into the CR layers which makes  

it difficult to excite the reactive state of the nanomaterials. 

Another perception of nominal degradation is reduced 

surface area availability of CuO nanomaterials which cause 

lesser production of hydroxyl and oxide radicals [45].  
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Fig. 9: Photodegradation of CR dye for different (a) CuO  

(10, 50, 100, 200, 400 ppm) catalyst dose (treated at 500 °C),  

(b) CR dye, concentration (10, 15, 20, 25, 30 ppm), (c) Recyclability, 

and reusability of CuO nanomaterials for CR dye solution. 

 

For practical uses, reusability and stability are essential for 

cost-effectiveness. Two runs for the degradation of CR dye 

solution over CuO NPs were cycled. It was experimentally 

noticed CuO NPs exhibited good stability and recyclability 

as indicated in Fig. 9c.  

CONCLUSIONS 

In summary, crystalline CuO NPs having monoclinic 

structures have been prepared through the chemical  

co-precipitation method. The crystallinity of the samples 

has been improved by calcination temperature. XRD 

results indicate variation in parameters such as lattice 

parameters, volume, packing factor, and density with  

the temperature rise. An increase in calcination 

temperature also affects the growth directions. Grain and 

morphology also vary with the temperature rise.  

The optical band gap varies with the temperature and 

shows a minimum value at 500 °C. The photocatalytic 

degradation of CR dye using CuO NPs has been evaluated. 

It is observed that CuO nanomaterials calcinated at 500 °C 

are more efficient for dye degradation as compared to other 

calcination temperatures. 
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