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1  Introduction

Many researchers have reported the synthesis inorganic 
micro/nanomaterials with controlled structures, which can 
be attributed to the interesting chemical and physical prop-
erties of such materials [1–4]. Such compounds are usu-
ally prepared through precipitation reactions at very high 
and near super-saturation conditions. These reactions are 
influenced by various parameters including the reaction tem-
perature, reagent concentration and mixing conditions. So 
the formation and growth of the nuclei greatly depend on 
the concentration of the reagents and the rate at which they 
are mixed. There have also been reports on the fine-tuning 
of the morphology and size of the product particles through 
adding certain agents with non-stoichiometric influences on 
the reaction outcome [5–8].

Preparing lanthanide compounds such as lutetium car-
bonate or oxide have attracted some attention due to their 
promising performance as phosphors, and catalysts, owing to 
their interesting electronic, optical, and chemical properties 
[9–11]. Lu2O3 has various considerable properties includ-
ing high melting point and phase stability, and low thermal 
expansion. The compound is also known to have a wide band 
gap of 5.2–5.5 eV [12], has a high-κ dielectric constant of 
about κ = 11–13 [13, 14]. Lu2O3 possesses a unique set of 
characteristics like considerable mechanical strength, hard-
ness, thermal conductivity and can be easily doped with ions 
of rare earth elements [15].

Rare earth (RE) sesquioxides like lutetium oxide, are 
hence promising choices for use as laser hosts to be used 
in high-power lasers and/or those with ultra-short pulses. 
Lu2O3 is also interesting for use in various activators due 
to its wide band gap. It has also been reported that dop-
ing such RE ions as Nd3+, Lu3+, and Eu3+, compounds like 
Lu2O3 find further potential for use in high-power lasers, 
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given their high thermal conductivity. The compound can 
also be used in scintillators owing to its high density [11, 
16, 17]. Different Lu2O3 samples, with different structural 
properties, i.e. nanoflakes [18], microflowers [19], nanorods 
[20], core–shell structures [21] and nanocrystals [22] have 
been prepared through different methods.

Catalysts used in photo-induced reactions has are very 
attractive green procedures, which have become very attrac-
tive recently. Such catalysts, i.e. photocatalysts convert light 
energy to chemical energy [23–26], and are also known to be 
environment friendly tools for various environmental issues 
[27–31] such as removing pollutants, reducing heavy metals, 
and removing arsenic and Cr(VI) removal. Upon subject-
ing samples to UV or Vis light in the presence of photo-
catalysts, different organic contaminants, e.g. nitro-aromatic 
explosives [32], diclofenac [33], phenol [34], 4-Chlorophe-
nol [35], NOx [36], organic dye [37] have reportedly been 
decomposed.

As to precipitation reactions, orthogonal array design 
(OAD) can be used for optimizing the various factor influ-
encing the properties of the product through performing a 
limited number of preplanned experiments [38–41]. OAD 
is a fractional factorial design using an orthogonal array for 
assigning the major factors in a set of experimental combi-
nations [42]. This economical procedure is commonly used 
for characterizing complicated processes through fewer 
steps, yet it required a specific design of experiments, as 
well as specialized statistics for explaining the results [43]. 
To perform multilevel OAD, each factor is evaluated at more 
than two levels; and consequently a major curving in the 
response surface satisfies the nonlinear character [44, 45]. 
The results could be evaluated through the analysis of vari-
ance (ANOVA) to yield object information confirming the 
significance of the factors studied [46, 47].

Based on the above-mentioned, the present study was 
focused on optimizing the parameters influencing the direct 
precipitation of lutetium carbonate through a statistical 
experiment design, with the aim of preparing the salt in the 

form of nanoparticles. The composition and morphology 
of the product was then evaluated. The particles were then 
used in a thermal decomposition reaction and the thermal 
decomposition reaction was also studied through thermal 
analysis so as to determine the best conditions for preparing 
the resulting lutetium oxide nanoparticles. Review of the 
literature on the synthesis of lutetium carbonate micro and 
nanoparticles, revealed that this has been achieved through 
a range of few methods, but no report was found on the 
synthesis of nano-particular lutetium carbonate through a 
reagent or template-free direct precipitation procedure. The 
resulting products were eventually evaluated as photo-cata-
lysts in the UV-induced degradation of methyl orange (MO).

2 � Experimental

2.1 � Lutetium carbonate; optimizing the synthesis 
procedure

Using analytical-grade lutetium chloride and sodium car-
bonate (Merck Co.) various Lu3+, and CO3

2− solutions 
were prepared. The lutetium solutions were the added to 
the carbonate solutions at different flow rates (Fy) under 
vigorous stirring at different temperatures. Once the pre-
cipitation reaction was complete the product was filtered, 
repeatedly washed with distilled water, and then with ethanol 
and finally dried at 70 °C for 3 h.

Using the experimental design approach, variables 
including the concentrations of Lu3+ and CO3

2− solutions, 
the flow rate of adding the cation solution to that of the anion 
(Fy) and the temperature of the reactor were studied at three 
different levels, as summarized in Table 1.

2.2 � Synthesis of lutetium oxide

To prepare the lutetium oxide nanoparticles (precursor), 
optimally prepared lutetium carbonate nanoparticles were 

Table 1   Orthogonal array 
designed for parameter 
optimization in lutetium 
carbonate synthesis by direct 
precipitation reaction

Experiment 
Number

Lu3+ Concen-
tration (M)

CO3
2− Concen-

tration (M)
Lu3+ Feed flow 
rate (ml/min)

Tempera-
ture (ºC)

Size of lutetium 
carbonate particles 
(nm)

1 0.01 0.01 2.5 0 47
2 0.01 0.03 10.0 30 68
3 0.01 0.09 40.0 60 66
4 0.03 0.01 10.0 60 59
5 0.03 0.03 40.0 0 43
6 0.03 0.09 2.5 30 44
7 0.09 0.01 40.0 30 48
8 0.09 0.03 2.5 60 47
9 0.09 0.09 10.0 0 42
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subjected to a thermal decomposition reaction in furnace. 
The reaction was performed under an air atmosphere at 
750 °C for 3 h. A typical reaction included loading 0.5 grams 
of the precursor into an alumina crucible, covering the cru-
cible with aluminum foil to avoid loss of the precursor or 
the product and once the reaction was over the product was 
collected and used in the next steps.

2.3 � Characterization of the nanoparticles

To assess the morphology of the product samples a Philips 
XL30 scanning electron microscope (SEM) was used. The 
samples were loaded on a gold film prepared by an SCD005 
BAL-TEC Sputter Coater, for the purpose of analyses. XRD 
studied were conducted on a Rigaku D/max 2500 V instru-
ment with a graphite monochromator and a Cu target.

The FT-IR spectrophotometer used for the studies was a 
Bruck Equinox 55 and the KBr pellet technique was used 
for loading the samples into the instrument. Transmission 
electron microscopic (TEM) studies were also carried out 
using a Ziess- EM900 instrument. For the TEM studies the 
samples were coated on the cupper-carbon coated grid.

The TG-DTA thermal analyses were performed using a 
Stanton TR-01 thermobalance with a differential thermal 
analysis attachment (STA 1500). To perform the studies 
5.0 mg samples of lutetium carbonate samples and a ref-
erence (Pt foil) were placed in the pans of the instrument 
and the heating was performed at 10 °C/min from 40 to 
800 °C, while a flow of nitrogen (the purge gas) was applied 
at 10 °C/min at 1 bar. The UV–Vis diffuse reflectance spec-
tra (UV–Vis DRS) of the solid samples and the UV–Vis 
spectrometry of the of the organic species in the water sam-
ples were obtained using an Avaspec-2048-TEC Avantes 

Fig. 1   SEM images of lutetium carbonate nanoparticles obtained under different runs of precipitation reaction (shown in Table 1): a run 1, b 
run 4, c run 6, and d run 8
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Spectroscope and Spectronix Ar 2015 spectrometer (Elec-
tron Engineering Pishro Pajuhesh, Iran). The optical band 
gap energy (OBGE) of the samples, which shows the energy 
needed to excite a valence electron to the conduction band 
in a semiconductor were determined through UV–Vis DRS 
and Tauc’s Eq. [48]:

which shows the relation between the frequency of 
absorbed light (υ) and OBGE (Eg), using Planck’s constant 
(h), absorption coefficient (α), and constant values (A, η). η 
was 1

2
 for lutetium carbonate and oxide.

(1)�h� = A
(

h� − Eg

)�

2.4 � Evaluation of the photocatalytic activity 
of the nanoparticles

Lutetium carbonate and oxide nanostructures were added to 
aqueous solutions of methyl orange (MO) and the suspen-
sions were subjected to UV irradiation in a Pyrex double 

Fig. 2   Main effects for each variable of precipitation reaction on the 
diameter of the Lutetium carbonate particles

Table 2   ANOVA result 
for synthesis lutetium 
carbonate nanoparticles using 
precipitation procedure

a The critical value was at 90% confidence level; pooled error results from pooling insignificant effect
b Size of synthesized lutetium carbonate particles (nm) were used as response

Factorb Code DOF S V Pooleda

DOF S´ F´ P´

Lu3+ concentration (mol/L) Lu 2 360.2 180.1 2 360.2 57.9 43.7
Carbonate concentration (mol/L) CO3 2 6.2 3.1 – – – –
Flow rate (mL/min) F 2 162.8 81.4 2 170.7 26.2 19.3
Temperature (◦C) T 2 280.8 140.4 2 270.8 45.1 33.9
Error E – – – 2 6.2 – 3.1

Fig. 3   a SEM image and b TEM image of lutetium carbonate nano-
particles prepared via precipitation under optimum conditions
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pipe air-lift cylinder as a photoreactor. The source of UV 
light was a high pressure Hg lamp (250 W, λ > 254 nm) posi-
tioned inside the quartz pipe.

The reaction suspension contained 0.1  g/L of each 
nanoparticle and 5 mg/L of MO and stirred in the dark 
for 20  min before the reaction. Then the suspensions 
were subjected to ultraviolet light under aeration and the 
whole experiment was performed at a constant tempera-
ture (25 °C) through cooling the reactor. After the reac-
tion was started at 10 min intervals samples were taken, 
centrifuged, and studied by UV–Vis spectrometery at the 
maximum absorption wavelength of MO using the Lam-
bert–Beer law Eq. 2:

A, ε, b and C being absorbance of light, the molar 
absorptivity, the path length of light through the sample 
and the concentration of the analyte respectively. Consid-
ering C0 and C as the concentrations of MO in the sample 

(2)A = εbC

before the start of the reaction and at each 10 min inter-
val and A0 and A as the corresponding absorbance values 
equations 3 and 4 can be obtained from Lambert–Beer law:

(3)
A

A0

=
C

C0

(4)Degradation efficiency (% ) =
A0 − At

A0

× 100

Fig. 4   FT-IR spectrum of lutetium carbonate nanoparticles prepared 
with precipitation method

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

Fig. 6   TG and DTA curves for lutetium carbonate nanoparticles pre-
pared with precipitation method under optimum conditions (sample 
weight 5.0 mg; heating rate 10 °C/min; nitrogen atmosphere)

Fig. 7   Diffuse reflectance UV–Vis spectra of as-synthesized, a lute-
tium carbonate (LuCO3), and b lutetium oxide (LuO) nanoparticles
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The kinetics of the photodegradation reaction was also 
evaluated against the Langmuir–Hinshelwood kinetics 
model, which is expressed as:

in which C, kapp, t and − dC

dt
 reused for MO concentration, 

reaction rate constant, degradation time and reaction rate, 
respectively.

3 � Results and discussion

Using direct precipitation reactions (DPR) for preparing 
insoluble inorganic is a traditionally used procedure [49], 
while gaining control over the size and morphology of such 
particles is very complex and requires a detailed understand-
ing of the reaction mechanism. In this light, the present study 
was focused on using the Taguchi robust design to determine 
and optimize the overall effect of each reaction parameters 
on the size and morphology of lutetium carbonate particles 
prepared through DPR. The factors to be optimized were the 
concentrations of Lu3+ and CO3

2− concentrations, flow rate 
of the Lu3+ when added to the CO3

2− solution (Fy), and the 
reactor temperature as reported in Table 1.

(5)−
dC

dt
= kappC

The SEM images obtained for different lutetium car-
bonate powder samples obtained through DPR under the 
conditions of Table 1, are illustrated in Fig. 1. Table 1 also 
includes the experimental data on the average diameters of 
the lutetium carbonate particles obtained under each run, 
which clearly illustrates the relations among the experimen-
tal conditions and the properties of the products.

To assess the effects of the different levels of each fac-
tor on the properties of the products, the size at each level 
was determined [48, 49]. In Fig. 2, it can be seen that the 
mean value of the different levels of each factor indicates 
the relationship between the particle diameter and the vari-
ation of the factors. According to Fig. 2a, changing the con-
centration of the Lu3+ solution at the three different levels 
of 0.01, 0.03, and 0.09 M leads to considerable changes in 
the diameter of the product particles, while similar changes 
in the concentration of carbonate ion solutions at the same 

Fig. 8   Tauc’s plot for as-prepared, a lutetium carbonate (LuCO3), 
and b lutetium oxide (LuO) nanoparticles

Fig. 9   a SEM and b TEM images of lutetium oxide nanoparticles 
obtained via thermal decomposition of precursor
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levels cause’s slight changes in the outcome. Additionally, 
results obtained through ANOVA (Table 2) further proved 
the respective strong and weak relations between the con-
centrations of the cation and anion solutions on the outcome 
of the reaction in terms of the particle size.

Figure 2b illustrates the effects of changing in the levels 
of used flow rate for addition of Lu3+ reagent to the reac-
tor (at the three levels of 2.5, 10, and 40 mL/min) on the 
diameter of lutetium carbonate particles. ANOVA results 
(Table 2) indicating the significant effect of this parameter 
on the resulting product. Also, Fig. 2b also illustrates the 

effect of the variation in the level of reactor temperature on 
the size of the produced particles as another studied variable 
produces a considerable change on the diameter of synthe-
sized nanoparticles proving it to be a significant factor influ-
encing the properties of the product, which is also consistent 
with the lutetium carbonate particles. The results of ANOVA 
results summarized in Table 2.

The ANOVA results in Table 2 show that at a confi-
dence level of 90% except for the concentration of carbon-
ate ion, all other parameters (i.e. Lu3+ ion concentration, 
Fy, and reactor temperature) leave considerable effects on 

Fig. 10   XRD pattern of the 
lutetium oxide nanoparticles 
prepared by thermal decomposi-
tion of precursor

Fig. 11   FT-IR spectrum of 
Lu2O3 nanoparticles after cal-
cination of precursor at 350 °C 
during 4 h
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the properties of the resulting nano–particles, given the fact 
that the interactions among the variables were not taken into 
account.

Based on the ANOVA results and the particle size/param-
eter level profiles in Fig. 2, 0.09 M for the concentration of 
the lutetium ion solution, 2.5 mL/min for Fy and 0 °C as the 
reactor temperature can be considered as the optimal param-
eters for obtaining the best product. Based on the Taguchi 
experiment design method [49, 50], the optimal outcome 
(the size of the product particles here) is expressed by:

T being the sum of the average product size in each run, 
N being the total number of runs, and CX, Fy, and Temz illus-
trate the optimal Lu3+ concentration, flow rate, and tempera-
ture, and Yopt is diameter of the optimally prepared product 
particles. Using the above-mentioned equation the optimal 
diameter of the produced lutetium carbonate nanoparticles 
were calculated to be 32.6 ± 4.5 nm.

3.1 � Characterization experiments

Once the optimal conditions were determined and the best 
product was synthesize it was characterized. The result of 

Yopt =
T

N
+

(

Cx −
T

N

)

+

(

Fy −
T

N

)

+

(

Temz −
T

N

)

the morphology studies by SEM, as presented in Fig. 3a 
proves the average size of the optimal product to be 35 nm. 
This was reconfirmed by TEM results (Fig. 3b).

The results of the FT-IR analysis of the optimal product 
(Fig. 4) revealed absorption bands indicating the presence of 
various groups. The broad band at 3449.7 cm−1 was attrib-
uted to the stretching’s and bending of water molecules [44], 
and the split band at 1519.3 and 1393.4 cm−1 were attributed 
to the υ3 mode of the carbonate group. The splitting results 
from the non-equivalent crystallographic locations of the 
carbonate ions. The bands observed at 1080.1, 850.8, 748.9 
and 674.9 cm−1 were also assigned to the stretching modes 
the anion [9, 44].

UV–Vis spectroscopy was used to evaluate the absorption 
properties of the product and the results of the analysis on 
a water dispersion of the sample (Fig. 5) revealed that main 
absorption to occur in the 240–290 nm window, confirming 
the small crystal size of the particles, reflecting the strong 
quantum confinement of the excitonic transition for nano-
structures [9].

Thermal stability of samples can be studied by techniques 
such as DSC, DTA and TG [51]. Thermal evaluations can 
present data for pre-formulation and development of new 
compounds [52]. Consequently, thermal analyses were 
performed to assess the thermal stability of the optimal 
product. The TG-DTA result illustrated in Fig. 6 represents 
were obtained for the optimal lutetium carbonate·xH2O 
nanoparticles.

Figure 7a, b illustrate the UV–Vis DRS of the nanoparti-
cles and Fig. 8a, b represent the Tauc’s plots for the carbon-
ate and oxide nanoparticles, based on which the OBGEs 
of lutetium carbonate is determined to be around 4 eV and 
that of lutetium oxide is about 3.7 eV, which correspond to 
absorption edges of around 310 and 335 nm, respectively.

3.2 � Preparation of lutetium oxide nanoparticles

As formerly described, lutetium oxide nanoparticles were 
prepared by thermally treating the lutetium carbonate pre-
cursor at 750 °C for 3 h. The SEM result (Fig. 9) indicates 
the product to be spherical of about 36 nm in diameter.

The nanoparticles were further evaluated by XRD and 
FT-IR techniques. The XRD result (Fig. 10) includes dif-
fraction peaks which comply with a cubic Lu2O3 phase 
according to JCPDS 00-012-0728. The XRD spectrum fur-
ther proved high crystallinty and purity. The FT-IR spectrum 
(Fig. 11) was found to be in complete agreement with the 
reports in the literature [9] proving the formation of Lu2O3, 
as reflected by the absorption bands observed at 512.2 and 
405.9 cm−1 which correspond to the vibration modes of 
Lu–O [44].

Fig. 12   UV–Vis absorbance spectrum of MO at different time inter-
vals on irradiation using 0.1 g/L, a lutetium carbonate (LuCO3), and 
b lutetium oxide (LuO) nanoparticles as photocatalyst
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3.3 � Evaluation of the photodegradation behavior

The catalytic activities of the lutetium carbonate and lute-
tium oxide nanoparticles prepared under optimal conditions 
are illustrated in Fig. 12. Also, Fig. 13 shows the plots of 
C/C0 and degradation efficiencies against time of illumina-
tion, obtained in the presence of the nanoparticles. It can be 
concluded that the degradation of MO reaches its maxima 
of about 99 and 98% for the carbonate and oxide salts after 
50 min.

On the other hand, Fig. 14 illustrates the −ln(C/C0) versus 
irradiation time plots for both nanoparticles and indicates 
pseudo first order kinetic behaviors for both nanoparticles. 
These values together with the first-order reaction rate con-
stants obtained from the slopes of the linear regressions are 
summarized in Table 3. The data reveal both of carbonate 
and oxide nanoparticles to offer good efficiencies for elimi-
nating MO and possibly other organic pollutants, yet the rate 
of degradation is higher in the case of lutetium carbonate.

4 � Conclusion

Spherical lutetium carbonate and oxide nanoparticles were 
prepared through DPR and thermal decomposition of the 
carbonate salt as the precursor. The parameters influencing 
the DPR were optimized so as to produce nano-sized prod-
ucts, using the Taguchi robust design. The study proved 
that synthesis of lutetium carbonate through DPR can be 
optimized through controlling the reaction parameters 
with the aim of producing product particles of minimal 
size. The results of further illustrated that fine spherical 
lutetium oxide nanoparticles could be prepared through 
the thermal decomposition of the produced lutetium car-
bonate nanoparticles as the precursor. The overall method 
can be considered as a simple, cost-effective method with 
great potential scale up. The results also showed that the 
prepared nanoparticles can act as promising photocatalyst 
for removing MB upto 99% and 98% after 50 min under 
UV light, respectively.

Fig. 13   Photocatalytic degrada-
tion of MO solution under UV 
irradiation using, a lutetium car-
bonate (LuCO3), and b lutetium 
oxide (LuO) nanoparticles as 
photocatalyst
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