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Direct precipitation of insoluble praseodymium carbonate salt by reaction of
the corresponding cation and anion was utilized in this study. This facile,
routine, and effective route was optimized statistically through an orthogo-
nal array design for fabrication of nanoparticles, using a Taguchi method to
quantitatively evaluate the effects of the major operation conditions on the
particle diameter via analysis of variance. The results indicated that high-
purity particles with very small dimension (30 nm) could be produced simply
by regulating the cation and anion concentrations and flow rate of intro-
ducing the cation into the anion solution. The product was thermally
decomposed to yield praseodymium oxide nanoparticles by single-stage
reaction. Both products were characterized using various conventional
techniques including x-ray diffraction analysis, scanning electron micro-
scopy, transmission electron microscopy, Fourier-transform infrared spec-
troscopy, and ultraviolet–visible diffuse reflectance spectroscopy to monitor
the effects of the optimization on their physicochemical properties. Fur-
thermore, the photocatalytic behavior of the nanoparticles was evaluated for
treatment of water polluted with methyl orange, revealing high efficiency for
degradation of the organic pollutant.

Key words: Praseodymium carbonate, nanoparticles, photocatalyst,
carbonation, direct precipitation, particle size control

INTRODUCTION

Regulated preparation of well-defined inorganic
materials is an area of interest among material
scientists worldwide, mostly due to their potential
for application in varied fields.1–4 Praseodymium
oxides are critical ingredients of different catalytic
systems, including those used in combustion

reactions, oxygen storage components, as well as
materials with higher electrical conductivity.5–7

Wang and coworkers reported synthesis of single-
crystalline Pr6O11 nanotubes by a molten salt
method at 840�C using bulk Pr6O11 and NaCl or
KCl.8 Hydrothermal synthesis of Pr(OH)3 nanorods
was reported by Huang and his team. The reaction
was reported to be performed at 180�C, and the
product was further calcinated to yield Pr6O11

nanorods.9(Received August 30, 2016; accepted March 16, 2017;
published online March 28, 2017)
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Crystalline praseodymium oxide (PrOx) has
shown good potential for application in nano- and
microelectronic devices as this compound offers high
effective dielectric constant and negligible leakage
current.10 It has also been used in highly conductive
materials,11 as a semiconducting oxide for dielectric
materials,12 as well as in ethanol vapor sensors,13

organic light-emitting diodes,14 high-temperature
pigments,6 catalysts,15,16 and nonvolatile ferroelec-
tric random-access memory (Nv-FRAM) devices.17

Moreover, praseodymium as a member of the lan-
thanides is capable of complex formation with Lewis
bases (i.e., thiols, aldehydes, amines, etc.) via
interaction of its f-orbital with the base functional
group. Thus, lanthanide compounds may display
attractive photocatalytic behavior for future appli-
cations in water treatment and pollution removal.

Common routes used for synthesis of praseody-
mium carbonate and oxide include thermal decom-
position of precursor complex,18 electrodeposition,19

precipitation,20 sol–gel techniques,21 and the
hydrothermal method,9 but new, simple, rapid,
and cheap methods for synthesis of nanoparticles
of this element and its other family members are
still required, especially with greater simplicity and
milder operation conditions.

Consequently, in this work, we focused on syn-
thesis of praseodymium carbonate (for later use as a
precursor for preparation of praseodymium oxide
nanoparticles by calcination) through an optimized
yet simple, fast, and controllable direct precipitation
method. Due to the importance of optimization of
this route for successful synthesis, the Taguchi
method, which is a frequently used combined math-
ematical and statistical technique, was applied.
This method has proven to be very reasonable for
characterization of multivariable processes, since it
requires a smaller number of experiments for
optimization of the parameters and can determine
operating conditions with minimum effect on the
outcome of the process.22–25 The main aim of this
work is to determine an optimized route for synthe-
sis of praseodymium carbonate salt in the form of

noncrystalline particles with minimal particle size
distribution, as well as to evaluate the effects of
the operating conditions on the dimension of the
product. Previous studies have shown that the
major operating conditions influencing the out-
come of this reaction in terms of product charac-
teristics include the concentrations of the cation
and anion as well as the temperature and mixing
flow rate,9,21–28 hence we focused directly on
application of an experimental design procedure
to investigate the role of these four parameters. A
further aim was to investigate the use of this
product as a precursor for single-stage synthesis of
praseodymium oxide nanoparticles via thermal
decomposition. In the final stage of this work,
methyl orange (MO) degradation was used as a
probe reaction to assess the photocatalytic activity
of the synthesized praseodymium carbonate and
oxide nanoparticles.

EXPERIMENTAL PROCEDURES

Materials and Apparatus

Reagent-grade praseodymium nitrate and sodium
carbonate and analytical-grade ethanol were used
as received from Merck (Germany). Scanning elec-
tron micrographs of the samples were recorded
using a Philips XL30 series instrument, applying
gold film to make the surface of the samples
conductive before loading into the instrument. The
gold film was applied using a sputter coater (model
SCD005; BAL-TEC, Switzerland). Transmission
electron microscopy (TEM) images were obtained
using a Zeiss model EM900 from samples coated on
a Cu grid with a carbon layer. X-ray powder
diffraction (XRD) analysis was conducted using a
Rigaku D/Max 2500 V diffractometer with graphite
monochromator and Cu target. Fourier-transform
infrared (FT-IR) spectra were recorded using a
Bruker Equinox 55 IR using KBr. For ultraviolet–
visible (UV–Vis) measurements, praseodymium car-
bonate and oxide particles were dispersed in aque-
ous medium and studied in the range from 200 nm

Table I. Assignment of factors and levels in experiments using an OA9 (34) matrix and mean width of
praseodymium carbonate produced

Experiment
number

Pr3+ concentration
(M)

CO3
22 concentration

(M)

Pr3+ feed
flow rate
(ml/min)

Temperature
(�C)

Diameter
of praseodymium

carbonate particles (nm)

1 0.01 0.01 2.5 0 36
2 0.01 0.05 10.0 30 30
3 0.01 0.25 40.0 60 39
4 0.05 0.01 10.0 60 36.5
5 0.05 0.05 40.0 0 37
6 0.05 0.25 2.5 30 42
7 0.25 0.01 40.0 30 47
8 0.25 0.05 2.5 60 44
9 0.25 0.25 10.0 0 46
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to 700 nm using a PerkinElmer Lambda 35 UV–Vis
spectrophotometer.

UV–Vis diffuse reflectance spectra (UV–Vis DRS)
were obtained under ambient conditions using an
AvaSpec-2048-TEC instrument. The concentration
of the organic pollutant in the treated water sam-
ples was also studied by UV–Vis spectrometry using
a PerkinElmer Lambda 25.

The samples were also studied by thermogravime-
try and differential thermal analysis (TG/DTA) in
the range from 30�C to 800�C using a Stanton
Redcroft instrument (STA-780 series) with heating

rate of 10�C/min under inert atmosphere (nitrogen
blown at 50 mL/min).

Precipitation Reaction

Praseodymium carbonate particles were prepared
by introduction of a flow of praseodymium nitrate
solution of various concentrations at different rates
into sodium carbonate solution under rapid stirring
at various temperatures. After reaction completion,
the product was filtered and washed with distilled
water and ethanol, then dried in an oven at 80�C for

Fig. 1. SEM images of praseodymium carbonate nanoparticles obtained by direct precipitation method in different runs of the experimental
design in Table I: (a) run 2, (b) run 4, (c) run 6, and (d) run 8.
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4 h. The variables considered for optimization in the
Taguchi method were the concentrations of the
praseodymium and carbonate solutions, the addi-
tion flow rate (Fz), and the temperature; an over-
view of the different levels of the parameters used
and the resulting dimensions is presented in
Table I.

Synthesis of Oxide Nanoparticles

Praseodymium oxides were prepared by subject-
ing the carbonate salt prepared under the optimal
conditions to thermal decomposition in a furnace
under static air atmosphere at 650�C for 4 h. The

experiments were based on use of 0.25 g precursor
loaded into the oven in a 40 mm 9 20 mm alumina
crucible, which was well wrapped using thin copper

Fig. 2. Average effects of investigated variables at different levels on
the diameter of the praseodymium carbonate nanoparticles. (a)
Concentration of reagents and (b) flow rate and temperature.

Table II. ANOVA table for synthesis of praseodymium carbonate particles using precipitation procedure by
OA9(3

4) matrix with diameter of synthesized praseodymium carbonate particles (nm) as response

Factor Code DOF S V

Pooleda

DOF S¢ F¢ P¢

Praseodymium concentration (mol/L) Cu 2 177.4 88.7 2 177.4 3175.8 73.1
Carbonate concentration (mol/L) WO4 2 42.7 21.4 2 42.7 764.8 17.6
Flow rate (mL/min) F 2 22.4 11.2 2 22.4 400.8 9.2
Temperature (�C) T 2 0.06 0.03 – – – –
Error E – – – 2 0.06 – 0.1

aSignificance was set at 90% confidence level; pooled error results from pooling insignificant effect.

Fig. 3. TEM image of praseodymium carbonate nanoparticles pre-
cipitated under optimum conditions.

Fig. 4. FT-IR spectra of praseodymium carbonate nanoparticles
precipitated under optimum conditions.
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foil to avoid sample loss; the reaction product was
collected and used for further analyses.

Diffuse Reflectance Spectroscopy (DRS)

To study the optical bandgap energy (OBGE) of
the prepared praseodymium carbonate and oxide

nanostructures, UV–Vis DRS was used. The OBGE
is defined as the lowest photon energy required to
excite an electron from the valence band of a
semiconductor to its conduction band. The relation-
ship between the absorption edge of a semiconduc-
tor and energy is expressed by the following
equation29:

Fig. 5. UV–Vis absorption spectrum of praseodymium carbonate nanoparticles (precipitated under optimum conditions) dispersed in ethanol.

Fig. 6. TG and DTA curves for praseodymium carbonate nanoparticles prepared by precipitation method under optimum conditions (sample
weight 5.0 mg, heating rate 10�C/min, nitrogen atmosphere).
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aht ¼ A ht� Eg

� �g
; ð1Þ

known as Tauc’s equation, where h, t, a, and Eg

refer to Planck’s constant, the frequency of light,
the absorption coefficient, and the OBGE. A and g
are constant values. g can be either 1

2 or 2
depending on whether the transition mechanism
is direct (as is the case of the present semiconduc-
tor) or indirect.

Photocatalytic Activity of Nanoparticles

The effect of the presence of praseodymium
carbonate and oxide nanoparticles as catalysts in
the photodegradation of methyl orange (MO) in
aqueous medium under UV irradiation was studied.
For these studies, a high-pressure Hg lamp (250 W,
k> 254 nm) was fixed concentrically inside a Pyrex
double-pipe air-lift used as a photoreactor.

Experiments were performed by adding 0.05 g
photocatalytic nanoparticles to 500 mL 5 mg/L
aqueous MO solution and stirring the resulting
mixture for 20 min before applying UV irradiation.
The reactor temperature was kept at 25�C. Before
the beginning of the reaction and also at 10-min
intervals from its start (i.e., at 10 min, 20 min,
30 min, 40 min, and 50 min after reaction onset),
samples were taken from the reaction mixture and
their MO content evaluated by UV–Vis spectrome-
try at the kmax of MO.

Using the relationship between the concentration
(C) and the absorbance of light (A) by a solution
(Eq. 2, Beer–Lambert equation)30:

A ¼ ebC; ð2Þ
in which e and b refer to the molar absorptivity and
the path length of light through the solution, the
absorbance values after time t [i.e., At corresponding
to the concentration of the solution at time t (Ct)],
and the initial absorbance of the solution (i.e., A0

corresponding to the initial concentration C0) were
divided as shown in Eq. 3:

A=A0 ¼ C=C0 ð3Þ
and the At and A0 values used to calculate the
photocatalytic degradation efficiency using Eq. 4:

Degradation efficiency %ð Þ ¼ ððA0 � AtÞ=A0Þ � 100:

ð4Þ
For the case of the kinetics of photocatalytic degra-
dation of organic species at low initial concentra-
tion, the Langmuir–Hinshelwood model (Eq. 5) can
be used29,30:

�dC=dt ¼ kapp � C; ð5Þ

where C, kapp, t, and �dC/dt are the concentration of
the organic species, rate constant, degradation time,
and reaction rate, respectively.

RESULTS AND DISCUSSION

Optimization of Direct Precipitation Reaction
by Statistical Experimental Design

Simply mixing the corresponding cation and
anion to yield an insoluble salt is a common method
for synthesis of such materials.29,30 Fine-tuning of
the product dimension is a rather sophisticated task
requiring clear understanding of the interactions
between the reagents but can be simplified by use of
statistical approaches.

The factors summarized in Table I, chosen based
on previous work,9,21–28 were applied at different
levels and the corresponding mean diameter of the
resulting carbonate particles recorded. SEM images
of several samples prepared under the conditions of
Table I are shown in Fig. 1, to confirm these
experimental results.

Fig. 7. (a) SEM and (b) TEM images of praseodymium oxide
nanoparticles obtained via thermal decomposition of precursor.
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Analysis of such data in the absence of interac-
tions among the variables includes determination of
the optimum conditions, identification of the influ-
ence of each factor on the outcome, and estimation
of the result expected under the optimal conditions.

The average diameter of the praseodymium car-
bonate particles obtained using the different levels
of the factors (Fig. 2) was calculated by averaging
the diameter of the particles produced in the
experiments in which one factor was at a given
level; e.g., in the case of carbonate concentration of
0.01 M (level 1), the sum of the results of experi-
ments 1, 4, and 7 was divided by 3. These average
values reveal how the dimension of the particles
varied upon alteration of each factor.

The analysis of variance (ANOVA) of the diameter
of the praseodymium carbonate particles is pre-
sented in Table II. This analysis of the effect of the
three levels of the concentrations of praseodymium
and carbonate ions (i.e., 0.01 M, 0.05 M, and
0.25 M) on the characteristics of the product showed
that both these parameters significantly influenced
the diameter of the particles. Next, the influence of
the addition flow rate (Fz) at the three levels of
2.5 mL/min, 10 mL/min, and 40 mL/min was stud-
ied, also being shown to be a significant variable
determining the product dimension. A similar
ANOVA analysis was performed to evaluate the
effect of the reactor temperature at three levels of
0�C, 30�C, and 60�C, on the basis of which the reactor
temperature was shown to be an insignificant vari-
able in terms of influencing the product dimension.
In general, it was therefore concluded that, except for
the reactor temperature, all three of the other factors

were significant in determining the product dimen-
sion at 90% confidence level.

The results obtained from the ANOVA (Table II)
and the average effect of the different levels (Fig. 2)
were used to identify the optimum values of the
variables as carbonate and praseodymium concen-
tration of 0.05 M and 0.01 M and Fz of 10 mL/min.
The optimal diameter of the praseodymium carbon-
ate particles (Yopt), obtained under these optimal
conditions, was calculated according to the following
expression31,32:

Yopt ¼
T

N
þ CPr �

T

N

� �
þ CCO3 �

T

N

� �
þ FZ � T

N

� �
;

ð6Þ
where T/N is the average diameter of the praseody-
mium carbonate particles and CPr, CCO3, and Fz are
the praseodymium and carbonate concentrations
and the flow rate of adding the cation to the anion,
respectively. The confidence interval (CI) of Yopt was
also calculated using the following expression31,32:

CI ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Faðf1; f2ÞVe

Ne

s

; ð7Þ

where Faðf1; f2Þ is the critical F-value based on the
degrees of freedom of f1 and f2 (at confidence level of
90%), f1 and f2 are the degrees of freedom (DOF) for the
mean (DOFm = 1) and pooled error term, respectively,
and Ne signifies the number of effective replications,
as calculated from the following equation:

Ne ¼ Nexp

DOFm þ
P

DOFi
; ð8Þ

Fig. 8. XRD pattern of praseodymium oxide nanoparticles prepared by thermal decomposition of precursor.
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where Nexp is the number of experiments, DOFm

equals 1, and
P

DOFi is the sum of the degrees of
freedom of the factors utilized in the prediction.

The calculations of Yopt at confidence level of 90%
led to Yopt values of about 30 ± 0.5 nm. The SEM
results revealed good agreement between these
calculated results (run 2) and those of the

Fig. 9. FT-IR spectrum of praseodymium oxide nanoparticles after calcination of precursor at 650�C during 4 h.

Fig. 10. Diffuse reflectance UV–Vis spectra of as-synthesized (a)
praseodymium carbonate and (b) praseodymium oxide nanoparti-
cles.

Fig. 11. Tauc plots for synthesized (a) praseodymium carbonate
and (b) praseodymium oxide nanoparticles.
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praseodymium carbonate nanoparticles prepared
under the same conditions (about 30 nm) (Fig. 1a).
To further check the accuracy of the calculations,
the sample obtained using the optimal conditions
was also investigated by TEM (Fig. 3), which not
only confirmed the average diameter of about
30 nm, but also proved the nanoparticles to have
spherical morphology. Samples prepared in this
way (using the experimental conditions of run 2)
were further characterized to evaluate their phys-
ical and chemical properties, and also utilized as
precursor for synthesis of praseodymium oxide
nanoparticles by thermal decomposition.

FT-IR, UV–Vis, and Thermal Analysis
of Product

Optimally fabricated praseodymium carbonate
nanoparticles were firstly explored by FT-IR spec-
troscopy; the results are presented in Fig. 4. The
absorption bands of the vibrations of CO3

2� were
observed in the range of 400 cm�1 to 1800 cm�1.33,34

The strong and wide band with maximum at about
1397 cm�1 was attributed to asymmetric stretching
vibrations of the anion, and that at 1513 cm�1 to the

t3 mode of CO3
2� group. Furthermore, the bands at

1079 cm�1, 844 cm�1, 747 cm�1, and 699 cm�1 were
assigned to stretching modes of carbonate.35 Also,
stretching and bending vibrations of O–H were
detected at 3407 cm�1, indicating presence of sur-
face-adsorbed water molecules in the structure of
the product.

Figure 5 presents the UV–Vis absorption spec-
trum of the produced nanoparticles in water, con-
firming their nanoscale dimension and the narrow
distribution of the particle size with small standard
deviation, as concluded from the narrow absorption
band observed in the wavelength range centered at
about 190 nm in this experiment. This further
supports the idea that the optimized conditions
presented herein can lead to formation of nanosized
praseodymium carbonate particles with narrow size
distribution.22,23

Since this compound can be used as a precursor
for preparation of praseodymium oxide by thermal
decomposition, its thermal behavior was also stud-
ied; the results are shown in Fig. 6. The TG–DTA
curves of the praseodymium carbonate nanoparti-
cles showed two mass loss phenomena in the tested
range. A rather weak mass loss was observed from

Fig. 12. MO UV–Vis absorbance spectra at different intervals for reaction mixtures containing 0.1 g/L of (a) praseodymium carbonate and (b)
praseodymium oxide nanoparticles.

Synthesis, Characterization, and Photocatalytic Behavior of Praseodymium Carbonate and
Oxide Nanoparticles Obtained by Optimized Precipitation and Thermal Decomposition

4635



about 50�C to 250�C, and a second loss occurred
from above 300�C up to 550�C. The overall mass loss
in these two stages reached almost 43% of the
sample mass. The first phenomenon in the range of
50�C to 250�C, which was responsible for around
20% mass loss, was ascribed to dehydration of water
content of the sample, while the second, which
caused a further 23% loss, was due to decomposition
of the carbonate salt into the oxide of praseody-
mium. Since no further losses occurred above
temperature of 550�C, it was decided that the
thermal decomposition reaction was completed
here, thus temperatures above this would be suit-
able for the decomposition stage.

Thermal Decomposition Reaction

Based on the initial information gained from the
thermal analysis experiments, praseodymium oxide

nanoparticles were fabricated by calcination of
carbonate nanoparticles at 650�C for 4 h. The
reaction was performed in air atmosphere due to
the nature of the product. The obtained product was
studied by SEM; the results are shown in Fig. 7,
confirming that the oxide nanoparticles retained the
spherical morphology of the precursor while their
average size increased to a value of about 82 nm, as
further confirmed by the TEM image of praseody-
mium oxide prepared under the optimum conditions
in Fig. 7b.

The chemical properties of the product were then
evaluated using XRD and FT-IR techniques. Fig-
ure 8 presents the XRD pattern of the produced
oxide nanoparticles, where all the peaks are in good
agreement with those indexed for cubic praseody-
mium oxide phase reported elsewhere [Joint Com-
mittee on Powder Diffraction Standards (JCPDS)
00-006-0329]. This indicates that the product was

Fig. 13. Changes in C/C0 and degradation of MO solution subjected to UV irradiation in presence of (a) praseodymium carbonate and (b)
praseodymium oxide nanoparticles.
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pure and had crystalline structure. The FT-IR
spectrum of the sample (Fig. 9) prepared via ther-
mal decomposition of the precursor at 650�C for 4 h
was is very good agreement with literature
results,36–38 confirming the nature of the sample.
In this figure, absorption bands corresponding to
praseodymium oxide nanoparticles are observed at
596.77 cm�1 and 461.97 cm�1. Comparing the FT-
IR spectrum of this product with that of its precur-
sor (Fig. 4), it is evident that the broad band at
around 3434 cm�1, which arises from stretching
and bending vibrations of water molecules, is con-
siderably reduced in Fig. 9.

DRS Studies

UV–Vis DRS results for the fabricated nanopar-
ticles are shown in Fig. 10a and b, while Fig. 11a
and b shows exemplary Tauc plots for these nanos-
tructures. Based on these data, the OBGE for
praseodymium carbonate and oxide was estimated

to be around 4 eV and 3.85 eV, corresponding to
absorption edges of around 310 nm and 322 nm,
respectively.

Photodegradation Activity

Figure 12 presents the photocatalytic activity of
the praseodymium carbonate and oxide nanoparti-
cles. These data were acquired by monitoring the
photodegradation performance of the catalysts by
measuring the absorbance of light by the reaction
solution. Furthermore, Fig. 13 shows the MO con-
centration versus time for reaction mixtures con-
taining praseodymium carbonate and oxide
nanoparticles, depicting the changes in C/C0 versus
UV irradiation time. These results clearly show that
MO was effectively degraded in the presence of
praseodymium carbonate and oxide nanoparticles,
reaching maximum values of about 99% and 99.9%
for after 50 min, respectively.

Photocatalytic decomposition of a single dye solu-
tion at low concentration followed pseudo-first-order

Fig. 14. �ln(C/C0) versus irradiation time, indicating pseudo-first-order kinetics for MO degradation in presence of (a) praseodymium carbonate
and (b) praseodymium oxide nanoparticles.
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kinetics, being well approximated by the Langmuir–
Hinshelwood (L–H) model, while without nanopho-
tocatalyst and under similar conditions of continu-
ous light irradiation, the concentration of the dye
remained unaffected during the experimental per-
iod.39–41 Plots of �ln(C/C0) versus irradiation time
for the studied nanoparticles are presented in
Fig. 14a and b. The slopes of the linear regression
obtained from these plots indeed indicate pseudo-
first-order kinetics for the degradation of MO in the
presence of praseodymium carbonate and oxide
nanoparticles. The rate constants and maximum
conversion values obtained for each catalyst are
presented in Table III. These results clearly indi-
cate that both praseodymium carbonate and oxide
exhibited excellent photocatalytic effect for degra-
dation of MO, leading to the expectation of similar
effects on other organic pollutants.

CONCLUSIONS

The results presented herein show that the
optimized direct precipitation method can be used
as a very effective yet simple, fast, and controllable
method for synthesis of praseodymium carbonate
nanoparticles in aqueous medium. The product
obtained using reaction conditions optimized by
the Taguchi method was found to possess very good
characteristics in terms of size, size distribution,
morphology, and purity. The parameters investi-
gated included the concentrations of praseody-
mium and carbonate solution, their addition flow
rate, and the reactor temperature. All of the first
three parameters were found to significantly influ-
ence the characteristics of the product at confi-
dence level of 90%, while temperature did not. The
product prepared using the optimal conditions had
dimension of about 30 nm, in good agreement with
the calculated diameter. This product was sub-
jected to thermal decomposition to yield praseody-
mium oxide particles. SEM, TEM, XRD, UV–Vis,
and FT-IR analyses confirmed the synthesis of
pure praseodymium carbonate and oxide nanopar-
ticles with limited size distribution in the two
reactions. Finally, exploration of the photochemical
behavior of the fabricated products revealed that
praseodymium carbonate and oxide nanoparticles
could be effectively applied for elimination of the
organic pollutant.
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