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a b s t r a c t
A sequence of organized precipitation test was conducted based on the Taguchi robust design so as to 
evaluate the best conditions for the preparation of Gd2(CO3)3 nano-particles in the absence of common 
additives like surfactants, templates or catalysts, indicating that the dimensions of the product nano-
particles can be manipulated merely through altering the parameters affecting the reaction. These 
parameters include the concentrations of Gd(III) and carbonate ions as well as the reactor temperature. 
The optimal reaction conditions led to the production of Gd2(CO3)3 nano-particles of 36 nm in average 
diameter, which were evaluated by scanning electron microscopy (SEM), fourier transform infrared 
spectroscopy (FT-IR), thermogravimetric-differential thermal analysis, and UV–Vis spectrophotometry. 
Gd2(CO3)3 was further calcinated at 700°C to decompose into spherical Gd2O3 nano-particles with average 
diameters below 25 nm, the formation of which was established by SEM, X-ray diffraction (XRD), and FT-IR 
techniques. In order to obtain the band gap energies of the fabricated carbonate and oxide nano-products, 
they were characterized by UV–Vis diffuse reflectance spectroscopy (DRS). Besides, the photocatalytic 
behaviors of the nano-products in degradation of methyl orange as a pollution of water were explored, 
and the results exhibited the efficacy of both products in eliminating of the organic pollutant.
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1. Introduction

Due to the exceptional optical and magnetic properties, 
nano-structures of lanthanides have turned out as likely can-
didates for application as luminescent biomarkers or contrast 
agents in magnetic resonance imaging. More specifically, 
the use of oxide of gadolinium, in high-k gate dielectrics, 

has been of incremental interest in complementary metal- 
oxide-semiconductor (CMOS) technologies [1]. Gd2O3 has 
further been used as a promising candidate for application 
in III-V CMOS, due to it can be allowed to have a charge 
matching with the Ga–As interface [2]. Gadolinium oxide 
also has applications in dimerization catalysts [3], neutron 
converters in imaging plate neutron detectors [4], as addi-
tives in UO2 fuel rods for nuclear reactors [5]; for enhancing 
the toughness of ZrO2 [6]; for boosting densification of SiC 
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and Si3N4 [7,8]; and for enhancing the sintering properties of 
CeO2 in fuel cells [9]. The use of Eu-doped gadolinium oxide 
in ultraviolet detectors [10] and scintillators coupled with a 
CCD-TV camera for high-resolution X-ray medical imaging 
[11] has also been described. The possibility of application of 
ultrafine Gd2O3 powder is rather desirable in many of these 
applications.

Many synthesis routes have been proposed for the prepa-
ration of oxides of rare earths [12,13], but little has been 
published on the specifics of the synthesis of Gd2O3. The 
compound is conventionally prepared by the thermal decom-
position of precursor compounds like Gd(CH3COO)3·4H2O 
[3], Gd(OH)CO3 [14], and Gd(OH)3 [15,16]. Obviously various 
routes have their benefits and drawbacks, and hence selec-
tion of a suitable procedure for the preparation of the product 
necessitates the consideration of numerous features includ-
ing the complication, time, cost affectivity, etc. Consequently, 
alternative synthesis routes for synthesizing rare earth oxide 
especially in nano-scales are always desirable.

Nano-technology as the knowledge of the materials at the 
molecular scales (considerably lower than 100 nano- meters) 
permits preparation of the materials with manipulated 
properties. Among the widespread application of the nano- 
structured materials, heterogeneous photocatalysis gained 
considerable attention recently [17,18] due to the importance 
of this area in addition to the malleable character of the 
resulted solutions from it. Photocatalysis generally is dealing 
with the extending of the light to a variety of  processes, i.e., 
oxidative cleavages, oxidations,  isomerizations, reductions, 
 polymerizations, and substitutions condensations. Prolonging 
the concept of nano-technology to the  heterogeneous 
catalysis could be useful for the more accurate understanding 
of the occurred transformations on the  surface of catalyst 
at the molecular levels [19,20]. Furthermore,  fabrication of 
the materials with nano-sized dimensions could facilitate 
understanding of their reaction mechanisms and hence 
designing novel catalytic systems [21–23].

The organic pollutants presented in wastewater may cause 
serious environmental difficulties. Organic dyes as water pol-
lutants are chemically stable, and their decomposition and 
degradation to the safe ingredients are important threat to the 
surrounding environments. Elimination of color from waste-
water today is a challenging necessities countered in textile, 
dye, and paper industries [24,25]. On the other hand, lantha-
nides are renowned for their proficiency in formation of com-
plexes with Lewis bases (i.e., thiols, aldehydes, amines, etc.) 
via interacting the base functional groups with the f-orbitals 
of the lanthanides. Consequently, lanthanide derivatives com-
pounds might deliver gorgeous photocatalytic activities and 
are proposed for employing in polluted water treatment.

Precipitation is among the first chemical techniques 
used for the preparation of insoluble salts, i.e., gadolin-
ium carbonate [26,27]. Although rather simple, the method 
requires the precise control of the characteristics of the prod-
uct with respect to its size, shape, chemical composition, 
and substructure. As results, a great deal of work has been 
directed toward gaining control over such reactions, which 
produce single crystals or poly-crystals composed of a large 
number of small crystals. The formation of single crystals 
can be explained by the classic nucleation and growth the-
ory [28–31]. The inherently unstable nano-particles, which 

readily aggregate to form larger particles, are often the main 
product of the precipitation routes [28–33].

The dimensions of precipitation products are greatly 
influenced by experimental conditions that can be optimized 
by means of an orthogonal array design (OAD) [33–35], 
which is a style of fractional factorial design where an orthog-
onal array is used for assigning the chief factors for a set of 
experimental combinations [36]. The method helps character-
ize a complicated process in fewer numbers of experiments; 
however, the proper setup of the test mandates a specialized 
design experiment, further to the specialized statistics needed 
for the interpretation of the results [35–38]. During multilevel 
OADs, one parameter is considered at more than two lev-
els, and hence a significant curvature in the response surface 
can satisfy the nonlinear character [39,40]. The OAD results 
are next analyzed through analysis of variance (ANOVA) to 
gain object information explaining and confirming the signif-
icance of the experimental factors studied [41–43].

What we focused on was optimizing the factors influ-
encing the direct precipitation reaction (DPR) leading to the 
formation of Gd2(CO3)3 nano-particles, through a statistical 
experiment design. Next the composition and morphology of 
the product particles were investigated, and the product was 
thermally treated so as to produce Gd2O3 by thermal decom-
position, and the optimum conditions of this latter reaction 
were also evaluated by thermal analyses. Moreover, degra-
dation of methyl orange (MO) was followed as a test reaction 
to explore photocatalytic behaviors of the fabricated gadolin-
ium carbonate and gadolinium oxide nano-particles.

Several reports on the synthesis of gadolinium carbonate 
and oxide micro- and nano-particles through a variety of tech-
niques have been published [3,14–17], but none has focused 
on the synthesis of the two compounds via controlled precip-
itation and thermal decomposition of the precipitation prod-
uct in the absence of surfactants, templates, and/or catalysts.

2. Experimental setup

2.1. Optimization of the precipitation reaction

Gadolinium chloride and sodium carbonate salts of analyt-
ical grade were purchased from Merck (Darmstadt, Germany) 
and used without any treatment. Gd2(CO3)3 particles were 
synthesized by adding different Gd3+ solutions of several con-
centrations to carbonate solutions at different flows, vigorous 
stirring and different reactor temperatures. After the formation 
of the particles, they were filtered and washed with distilled 
water 3 times and next with ethanol and dried at 70°C for 4 h. 

The variables used for the experimental design were the con-
centrations of Gd3+ and CO3

2– solutions as well as the flow rate 
at which Gd3+ was added to CO3

2–, and the reactor temperature, 
which were studied at three different levels as shown in Table 1.

2.2. Decomposition of Gd2(CO3)3

Gd2O3 nano-particles were prepared through the thermal 
decomposition of Gd2(CO3)3, which was synthesized in the 
initial DPR under the optimum conditions. The decomposi-
tion reaction was performed in furnace under static air atmo-
sphere at 700°C for 4 h. During the tests, 0.3 g samples of 
Gd2(CO3)3 was loaded into a 40-mm width and 20-mm height 
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crucible made of alumina, which was covered with copper 
foil after sample loading, to avoid the loss of the powder 
during the decomposition process. The product was finally 
collected and used for further analysis.

2.3. Characterization of nano-scale products

Morphology of samples of all products was studied by 
scanning electron microscopy (SEM) tests using a Philips 
XL30 series instrument. The samples were loaded into the 
instrument using gold films prepared using a sputter coater 
model SCD005 produced by BAL-TEC (Switzerland).

A Ziess EM900 scanning electron microscope was used to 
acquire the transmission electron microscope (TEM) images. 
The samples used for TEM were coated on Cu-carbon coated 
grids. X-ray diffraction (XRD) tests were carried out with a 
Rigaku D/max 2500V diffractometer equipped with a graph-
ite monochromator and a Cu target. A Brucker Equinox 55FT-
IR spectrophotometer and KBr pellet technique were used for 
acquiring the infrared (IR) spectra.

The solid samples were subjected to UV–Vis diffuse reflec-
tance spectra (UV–Vis DRS) studies, and the organic contents 
of the photocatalytically treated water samples were studied 
by UV–Vis spectrophotometry. The UV–Vis DRS studies 
were performed on an Avantes spectrometer (Avaspec-2048-
TEC), and the quantitative analyses were performed using a 
PerkinElmer Lambda 25 UV/Vis spectrometer.

The thermogravimetric-differential thermal analysis 
(TG-DTA) results were acquired using a thermobalance 
Stanton, model TR-01 coupled with a differential thermal 
analysis attachment (STA 1500). During these tests 5.0 mg of 
Gd2(CO3)3 and a reference (Pt foil) were placed in alumina 
pans and heated at a rate of 10°C/min from 40°C to 800°C, 
while nitrogen gas was blown at 50 mL/min at 1 bar.

2.4. Diffuse reflectance spectroscopy (DRS)

The purpose of the UV–Vis DRS studies was to evalu-
ate the optical band gap energy (OBGE) values for the syn-
thesized nano-particles. OBGE is defined as the minimum 
optical energy required for transferring an electron from the 
valence band of a semiconductor to its conduction band. The 
relationship between the absorption edge of a semiconductor 
and energy is as follows [44]: 

α ηhv A hv Eg= −( )  (1)

where h, υ, α, Eg, and A, respectively, are the Planck’s con-
stant, frequency of light, absorption coefficient, band gap 
energy, and a constant, while η is ½ since the transition mech-
anism is direct for the gadolinium salts under study. 

2.5. Evaluation of the photocatalytic activity

The gadolinium carbonate and oxide nano-particles were 
evaluated as photocatalysts in the UV-induced degradation 
of MO in water samples. The reaction was performed in 
cylindrical Pyrex double pipe air-lift photoreactor, and the 
UV irradiation was from a (250 W, λ > 254 nm) high pressure 
Hg lamp positioned inside the reactor.

The reaction mixture was a suspension of 0.05 g of the syn-
thesized nano-materials in 0.5 L of a 5 mg/L MO solution and 
was prepared by magnetically stirring it in the dark for 20 min. 
Before the onset of the reaction and at 10 min intervals from 
it samples were taken from the reaction suspension and ana-
lyzed to evaluate their MO content by UV–Vis spectrometry at 
the λmax of MO. The reaction mixture was kept at 25°C through 
the course of the reaction. The UV–Vis absorbance (A) values 
were used to calculate the MO concentration (C) of the sample 
solutions by the Beer–Lambert equation (Eq. (2)) [45]:

A = εbC (2)

in which ε represents the molar absorptivity, and b is the 
length of the path length occupied by the sample. Considering 
A0 and At as the absorbance of the samples taken before the 
reaction and at time t, respectively, and C0 and Ct as the corre-
sponding concentrations, we have Eqs. (3) and (4):

A
A

C
C0 0

=  (3)

Degradation efficiency of the catalyst (%) =
−A A
A

t0

0

100×  (4)

The photocatalytic kinetics of the nano-structures was 
evaluated as opposed to Langmuir–Hinshelwood kinetics 
model, which is expressed as follows [2–3]:

Table 1 
Orthogonal array used for parameter optimization during gadolinium carbonate synthesis by direct precipitation reaction while 
mean diameter of gadolinium carbonate are as response

Experiment 
number

Gd3+ concentration 
(M)

CO3
2– concentration 

(M)
Gd3+ feed flow rate 
(mL/min)

Temperature 
(°C)

Diameter of gadolinium 
carbonate particles (nm)

1 0.01 0.01 2.5 0 44
2 0.01 0.05 10.0 30 36
3 0.01 0.25 40.0 60 46
4 0.05 0.01 10.0 60 43
5 0.05 0.05 40.0 0 46
6 0.05 0.25 2.5 30 48
7 0.25 0.01 40.0 30 52
8 0.25 0.05 2.5 60 51
9 0.25 0.25 10.0 0 68
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− =
dC
dt

k Capp  (5)

and is used in the case of photocatalytic degradation of 
organic molecules at low initial concentration (C = concentra-
tion of the organic species, kapp = rate constant of the reaction, 

t = degradation reaction time, –dC
dt

 = reaction rate).

3. Results and discussion

Given the applicability of DPR for the synthesis of insol-
uble materials [45,46], and the importance of controlling the 
size and morphology of the product through optimizing the 
different influencing parameters, a Taguchi robust design 
was applied so as to define the interrelations of the various 
parameters, i.e., Gd3+ and CO3

2– concentrations, Gd3+ addition 
flow rate and the reaction temperature, and the results are 
given in Table 1.

The SEM images of the Gd2(CO3)3 samples obtained 
through DPR at various conditions of Table 1 are given in 
Fig. 1. It was observed that all samples prepared under the 

different conditions had spherical morphologies and their 
diameters varied depending on the conditions as illustrated 
in Table 1. 

To determine the effect of changing the levels of various 
factors on the dimensions of the product, the average effect 
of each factor at any level was calculated [37–43]. According 
to Fig. 2, the mean values for three levels of a factor reveal 
the product size behavior upon changing the level of the fac-
tor. Fig. 2(a) shows that altering the Gd3+ and CO3

2– concen-
trations at three different levels (0.01, 0.05, and 0.25 mol/L) 
greatly influences the product dimensions. Further, the 
ANOVA results summarized in Table 2 indicate that both of 
these concentrations are critical in the determination of par-
ticle size. 

The effect of varying the Gd3+ addition flow rate (i.e., 2.5, 
10, and 40 mL/min) on the particle size is shown in Fig. 2(b). 
The ANOVA results in Table 2 further indicated the flow rate 
as an insignificant parameter in determining the size of the 
product while based on Fig. 2(b), an opposite conclusion 
can be made about the reactor temperature, which is fur-
ther confirmed by the results of ANOVA in Table 2. Based 
on the ANOVA results in Table 2, with 90% of confidence 

(a)

(c)

(b)

(d)

Fig. 1. SEM images of gadolinium carbonate nano-particles obtained under different runs of precipitation reaction (shown in Table 1): 
(a) run 2, (b) run 4, (c) run 6, and (d) run 8.
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all parameters except for the flow rate of adding Gd3+ to the 
reactor play significant roles in determining the diameter of 
Gd2(CO3)3 nano-particles. It should be noted that the interac-
tions among the different variables have been ignored in this 
work. Based on the ANOVA results and the effects of altering 
the levels in Fig. 2, it was concluded that the minimum prod-
uct dimension can be achieved with 0.01 and 0.05 M as the 
Gd3+ and CO3

2– concentrations respectively, and 30°C as the 
reactor temperature.

The maximum performance of the procedure based on 
Taguchi experiment design [32–34] is given as follows:

Y T
N

C T
N

C T
N

T T
Nx y zopt = + −









 + −









 + −









  (6)

where T/N is the average diameter of the produced particles 
(T being the grand total of all results and N being the total 
number of results obtained by experiments in Table 1); Yopt 
is the diameter of product prepared under the optimal con-
ditions; and Cx, Cy, and Tz represent the optimum Gd3+, CO3

2– 
and reactor temperature, respectively. Under the optimal 
conditions, the confidence interval (CI) for the particle size is 
calculated using [40–42]:

CI = ±
F f f V

N
e

e

α ( , )1 2  (7)

where Fα(f1,f2) concerns with the F value at the degrees of 
freedom (DOF) f1 and f2 at the significance level of 90%, 
which is achieved from statistical F tables: f1 = DOF of the 
mean (always is one), f2 = DOF for the pooled error term,  
Ne = effective replications number, while is given by Ne = trials 
number/(DOF of mean (always is one) + total DOF of factors 
utilized for the prediction). Calculations for the particle size 
of the product was prepared under optimal conditions, and 
CI for the calculated particle size indicated that at a 90% con-
fidence level, the size of the product particles is 35 ± 3 nm.

The second run in Table 1 covers the optimum condi-
tions for the synthesis based on the ANOVA results (i.e., 0.01 
and 0.05 M of Gd3+ and CO3

2– and 30°C as the reactor tem-
perature). The SEM results showed that the product parti-
cles achieved under the conditions of run 2 are about 36 nm 
in average diameter (Fig. 1(a)), which is consistent with the 
estimations. The optimal nano-particles were also studied by 
TEM (Fig. 3), which confirmed the size (36 nm) and spherical 
morphology observed by the previous tests. Given these con-
firmations, the product prepared under the conditions of run 
2 was used for further characterization by fourier transform 
infrared spectroscopy (FT-IR), UV–Vis, and thermal analysis.

3.1. FT-IR, UV–Vis, and thermal analysis of the optimal product

The absorption peak at 3,447 cm–1 in the IR spectra of 
the dried product prepared under the conditions of run 2, 
which is illustrated in Fig. 4, corresponds to the stretching 
vibration of the O–H bond and the bending vibration of the 

Fig. 2. Average effects of different levels for each variable 
of precipitation reaction on the diameter of the gadolinium 
carbonate particles.

Table 2 
Results of ANOVA for optimization of synthesis of gadolinium carbonate nano-particles via precipitation procedure using OA9(34) 
matrix, while diameter of synthesized gadolinium carbonate particles (nm) are as response

Factor Code DOF S V Pooleda

DOF S′ F′ P′

Gd3+ concentration (mol/L) CGd 2 366.9 183.4 2 366.9 127.0 58.9
CO3

2– concentration (mol/L) CCar 2 156.2 78.1 2 156.2 54.1 24.8
Flow rate (mL/min) F 2 2.9 1.4 – – – –
Temperature (°C) Tem 2 91.6 45.8 2 91.6 31.7 14.4
Error E – – – 2 2.9 – 1.9

aThe critical value was at 90% confidence level; pooled error results from pooling insignificant parameter.
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surface absorbed H–O–H [45], while the bands at 1,513 and 
1,397 cm–1 represent the υ3 mode of CO3

2– group. The split-
ting of this band roots in the unequivalence of the crystal-
lographic environment of the CO3

2– ions. Further absorption 
bands at 1,079, 844, 747, and 699 cm–1 also correspond to the 
stretching states of CO3

2– [37,38].
UV–Vis spectrophotometry was applied to study the 

optimal product. As it can be seen in Fig. 5, which is the UV–
Vis absorption spectrum of the gadolinium carbonate nano- 
particles dispersed in distilled water, the main absorption by 
the sample occurs between 240 and 290 nm, which is due to 
the small crystal size, attributed to the strong quantum con-
finement of the excitonic transition for nano-structures [46].

DTA and TG techniques, which are used to study the ther-
mal stability of compounds, were also used. Thermal analysis 
techniques are commonly used prior to the formulation and 
development of new materials, and here they were applied to 
determine the thermal stability of the product. Fig. 6 shows 
the TG-DTA curves of the optimal product. From the TG 
curve, it is clear that the sample loses ~5% of its mass due to 
dehydration in the temperature range of 50°C–150°C, before 
undergoing a continuous decomposition stage in the range of 
200°C–600°C [47]. During the decomposition stage, the sam-
ple loses about 27% of its mass, but above the temperature of 
600°C the sample mass stays almost constant indicating the 
completion of a decomposition reaction. 

The complementary DTA data (Fig. 6) showed an endo-
thermic peak at about 110°C that were ascribed to the endo-
thermic nature of the evaporation of water from the surface 
of the nano-particles. The two endothermic peaks at the 
higher temperature are indicative of the slow but ongoing 
decomposing of Gd2(CO3)3 into Gd2O3 over a wide tempera-
ture range. The decomposition is however not one-step, and 
multiple gadolinium oxides may form intermediate products 
during the solid-state phase transition. The trend in mass 
loss of optimum Gd2(CO3)3 nano-particles revealed that the 
decomposition of the precursor completed at the tempera-
ture about 600°C, and proper temperatures for obtaining 
pure Gd2O3 by calcination are higher than 600°C. 

3.2. Preparation of Gd2O3 by calcination of Gd2(CO3)3

Based on the thermal analysis results described above, 
Gd2O3 nano-particles were prepared by calcinating Gd2(CO3)3 

Fig. 3. TEM image of gadolinium carbonate nano-particles 
obtained via precipitation method under optimum conditions.

Fig. 4. FT-IR spectrum of gadolinium carbonate nano-particles 
prepared with precipitation method.

Fig. 5. UV–Vis absorption spectra of the gadolinium carbonate 
nano-particles (prepared under optimum conditions of 
precipitation reaction) dispersed in distilled water.

Fig. 6. TG and DTA curves for gadolinium carbonate 
nano-particles prepared with precipitation method under 
optimum conditions (sample weight 6.1 mg; heating rate 
10°C/min; nitrogen atmosphere).
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nano-particles at 700°C for 4 h in air atmosphere. Fig. 7 illus-
trates the SEM and TEM images of the acquired Gd2O3 parti-
cles prepared via this way. The particles possess a spherical 
structure with an average size of about 23 nm.

The produced nano-particles were further analyzed by 
XRD and FT-IR spectroscopy techniques. Fig. 8 presents 
the XRD results for the synthesized Gd2O3 nano-particles. It 
can be seen that all diffraction peaks in the spectrum indi-
cate a cubic phase for the Gd2O3 nano-particles, which is in 
agreement with JCPDS 00–043–1014. This XRD pattern fur-
ther indicated the crystallinity and purity of the produced 
powder. 

Fig. 9 shows FT-IR spectra of Gd2O3 prepared through 
the calcination of the Gd2(CO3)3 precipitate at temperatures 
of 500°C and 700°C. The FT-IR spectrum of the product 
of calcination at 500°C shows a reduction in the carbon-
ate absorption band and the emergence of two absorp-
tion bands (in comparison with the FT-IR spectrum of the 
untreated Gd2(CO3)3), indicating the formation of cubic 
phase Gd2O3, at 550 and 449 cm–1 (Fig. 9(a)). Further calcina-
tion of samples at 700°C leads to the complete elimination 
of carbonate ions and their corresponding bands as well as 
maturity of the absorption bands of Gd2O3 at 552, 455, and 
360 cm–1 in the FT-IR spectra (Fig. 9(b)). The spectrum of 
the samples calcinated at 700°C actually contains no addi-
tional peaks except for those related to Gd2O3 at 552, 455, 
and 360 cm–1 [48].

3.3. UV–Vis diffuse reflectance spectroscopy results

UV–Vis DRS results and Tauc’s plots are illustrated in 
Figs. 10(a) and (b), and Figs. 11(a) and (b), respectively. The 
experiments showed band gaps to be around 3.75 and 4 eV 
for the carbonate and oxide sample, respectively. These val-
ues are equivalent to respective absorption edges of around 
330 and 310 nm.

3.4. Photodegradation activity studies

To assess the photocatalytic activity of the synthe-
sized gadolinium carbonate and oxide nano-particles, 
MO-containing water solutions were mixed with optimally 
synthesized nano-structures under the concentration and 
reaction conditions described above, and samples were taken 

(a)

(b)

Fig. 7. SEM and TEM images of gadolinium oxide nano-particles 
obtained via thermal decomposition of precursor.

Fig. 8. XRD pattern of the gadolinium oxide nano-particles 
prepared by thermal decomposition of precursor.

(a)

(b)

Fig. 9. FT-IR spectrum of gadolinium oxide nano-particles after 
calcination of precursor at 700°C during 4 h.
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Fig. 10. UV–Vis DRS of the as-synthesized (a) gadolinium 
carbonate and (b) gadolinium oxide nano-particles.

Fig. 11. Tauc’s plot obtained for the synthesized (a) gadolinium 
carbonate and (b) gadolinium oxide nano-particles.

Fig. 12. UV–Vis absorbance spectra of the MO content of an MO 
solution with the initial concentration of 5 mg/L treated in the 
presence of 0.1 g/L of (a) gadolinium carbonate, or (b) gadolinium 
oxide under UV irradiation.

Fig. 13. Photocatalytic degradation of MO solution under UV 
irradiation using: (a) gadolinium carbonate and (b) gadolinium 
oxide nano-particles.
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from them before starting the reaction as well as 10, 20, 30, 40 
and 50 min after the onset of the UV irradiation. These sam-
ples were subjected to UV–Vis spectrophotometric analysis 
to evaluate their MO content (Fig. 12). Also, Fig. 13 illustrates 
the changes in the MO concentration of the samples as plots 
of the C/C0 and degradation efficiency vs. UV–Vis irradiation 
time. The results clearly show that gadolinium carbonate and 
oxide nano-particles lead to maximum degradations of 99% 
and 99.8% after 50 min.

The plots of –ln(C/C0) vs. time for the two nano-particles 
(Fig. 14) are in accordance with pseudo-first-order kinetics 
behaviors by both nano-structures. The slope of the linear 
regression provides the reaction rate constants. Table 3 pres-
ents the rate constants and maximum conversion values of 
gadolinium carbonate and oxide, which prove both of these 
nano-particles as promising photocatalysts for the elimina-
tion of MO and other organic pollutants. 

4. Conclusion

Spherical Gd2(CO3)3 and Gd2O3 nano-particles were 
synthesized via DPR and solid-state thermal decompo-
sition reaction, respectively. The factors influencing the 
precipitation procedure for obtaining desired characteris-
tics were optimized through a Taguchi robust design. The 
results showed that DPR synthesis of Gd2(CO3)3 is depen-
dent on certain reaction parameters tuning of which param-
eters mainly effects the diameter of the product particles. 
Results of the ANOVA studies showed that Gd3+ and car-
bonate concentrations and temperature of the reactor are 
significant parameters in determining the dimensions of 
the Gd2(CO3)3 particles, while the flow rate of the gadolin-
ium solution does not. In the meantime, the results of the 
study demonstrated that Gd2O3 nano-particles can be effec-
tively synthesized through the thermal decomposition of 
Gd2(CO3)3 nano-particles formed through DPR as the pre-
cursor. The study showed that the thermal decomposition 
of the precursor leads to the formation of spherical Gd2O3 
nano-particles. The proposed optimized methods are rather 
simple and cost effective, and enjoy good potential for scale 
up and industrial applications.
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