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Introduction 
The research theme on nanomaterials is increasingly evolving 
with several thousand research articles published each year [1]. 
The extremely small dimensions of these nanomaterials give 
them unique properties that open the way to many applications 
from energy storage [2-3] to biochemical engineering 
applications [4]. Among all the forms that nanomaterials can 
take, nanoparticles are in the forefront such as in dentistry 
applications [56], depollution of the environment [7-8], 
sustainable agriculture [9-10], optical components [11-12] and 
nanomedicine [13-14]. A civilizational issue concerns the fight 
against organic pollutants on a global scale [15] including the 
depollution of wastewater which requires the implementation 

of remediation processes [16-17]. The textile industry 
generates large volumes of wastewater, polluted with organic 
dyes, leading to high carcinogenic risks when the contaminants 
are dispersed in ecosystems [18-19]. Water depollution can be 
achieved by means of photocatalytic reactions induced by the 
irradiation of a semiconductor metal oxide [20-21]. Lanthanides, 
thanks to their particular electronic configuration and their 
energy gap, are interesting candidates for the photocatalytic 
depollution of polluted waters [22-23]. In the lanthanide group, 
gadolinium oxide is used as a semiconductor photocatalyst [24-
25]. Concerning the photocatalytic reaction of organic dye in 
wastewater, gadolinium oxide is often used together with the 
addition of oxygen peroxide as co catalyst, a process called 
advanced combined oxidation (AOP) [26-27]. In this study, we 
demonstrate that the synthesized Gd2O3 suspension can be used 
successfully for the photocatalytic degradation of Rhodamine 
B complexity of the decontamination process.
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ABSTRACT
Photo-degradation of Rhodamine B (RhB) in aqueous solution was use as a probe to assess the photocatalytic activity 
of Gadolinium oxide (Gd2O3) nanoparticles in suspension under UV irradiation. The nanoparticles in suspension 
were prepared by a polyol method using gadolinium chloride hexahydrate (Gd2Cl6.6H2O) and diethylene glycol 
(DEG) as starting precursors. The physico-chemical properties of the elaborated suspension are analyzed using 
X-ray diffraction (XRD), ultraviolet visible (UV-vis) and infrared (FTIR) spectroscopies, transmission electron 
microscopy (TEM) and viscosimetry. The Gd2O3 nanoparticles in suspension were used as photocatalyst for the 
degradation of Rhodamine B (RhB) dye under irradiation with UV light. The results of the kinetic studies showed 
that the photodegradation reactions were followed by a pseudo first order reaction rate law over the first 30 minutes of 
monitoring. The elaborated Gd2O3 nanoparticles suspension showed a great efficiency in the photocatalytic test without 
any addition of a co-catalyst, thus limiting the complexity of the further decontamination process of waste water.
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Experimental Section
Materials 
The following analytical-grade reagents were used without further 
purification: 
Gadolinium (III) chlorate hexahydrate (99.9%) and diethylene 
glycol (99%) were purchased from Alfa Aesar. Sodium hydroxide 
pellets (99%) were purchased from VWR international. 

Synthesis of gadolinium oxide nanoparticles in suspension
In order to produce the gadolinium oxide (Gd2O3) core of the 
nanoparticles, a polyol synthesis was used [28-29]. Firstly, 
Gd2Cl6.6H2O was dissolved in diethylene glycol (DEG) by using 
magnetic stirring and heating to reflux for 3 hours. Secondly, to 
this colorless solution, concentrated sodium hydroxide solution 
(10 M) was added drop by drop. This addition causes the formation 
of a white precipitate. Thirdly, the resulting mixture is then 
heated to reflux under magnetic stirring for 5 hours. After these 5 
hours of treatment, the white precipitate has disappeared and the 
mixture becomes a clear suspension. The last step of the synthesis 
consists in a return to room temperature by maintaining a magnetic 
stirring during 15 hours. A stable suspension of gadolinium oxide 
nanoparticles in diethylene glycol is obtained. 

Transmission Electron Microscopy (TEM)
The TEM image of the Gd2O3 suspension sample is obtained 
using a Hitachi transmission electron microscope (H7650). The 
accelerating voltage used was 80 kV. Picture was taken using 
a Hamamatsu AMT CCD camera placed in a side position. To 
perform the characterization, 10 µL sample solution was deposited 
on a 300-mesh carbon-coated copper grid and dried at room 
temperature. 

X-ray diffraction spectroscopy (XRD) 
The XRD measurement was performed using a Bruker D2 Phaser 
diffractometer. The pattern was recorded by CuKα1 radiation 
with λ of 1.5406 Å and nickel monochromator filtering wave at 
tube voltage of 30 kV and tube current of 10 mA. The scanning 
was done in the region of 2θ from 20° to 60°. The size of the 
nanoparticles was calculated using the Scherrer's formula. 

UV spectroscopy 
The UV-vis spectra of the suspensions of gadolinium oxide 
nanoparticles were recorded using a Jenway 7310 single beam 
UV-vis spectrophotometer from 300 to 700 nm. Ultra-pure water 
was taken as reference for the photocatalytic measurement whereas 
diethylene glycol is used for the blank for the Gd2O3 suspension 
alone. 

FTIR spectroscopy 
The spectrum was obtained using a Perkin Elmer Spectrum one 
Fourier Transform Infrared (FTIR) spectrometer in transmission, 
with the KBr pellet method. 

Dynamic viscosity measurements 
The dynamic viscosity of the suspension of gadolinium oxide 
nanoparticles in diethylene glycol was measured using a 

Brookfield DV2T programmable viscosimeter connected to a 
Julabo temperature-controlled bath as shown in Figure 1. The 
DV2T viscosimeter drives a spindle immersed in the tested fluid 
through a calibrated spring. The viscous drag of the fluid against the 
rotating spindle was measured by the deflection of the calibrated 
spring and recorded by a rotary transducer. An amount of 16 mL 
was used in the measurement. The fluid sample was filled into the 
water jacket specialized for the measurement of low viscosity. 
The cylinder water jacket was connected to the ULA (Ultra Low 
Adapter). The water jacket was attached to the viscosimeter. The 
water bath maintains the sample temperature in the range 20-80°C. 
The temperature of the sample is measured using the thermocouple 
connected with the viscosimeter. The fluid sample was heated up 
to reach as table temperature before the viscosity measurement. 
The spindle rotation speed is selected to ensure that the applied 
torque was set between 10% and 100%. Within this torque range, 
the instrument produced satisfactory result. The viscosimeter is 
connected to a computer which records the data automatically. The 
Rheocalc T 1.2.19 software is used to treat the experimental data 
such as spindle rpm, viscosity, temperature, shear stress, shear 
rate, torque % and time.

Figure 1: Experimental set-up for viscosity measurement of the suspension.

Results and Discussion
Transmission electronic microscopy (TEM) characterization 
Figure 2 shows a high magnification TEM image of the Gd2O3 
nanoparticles in suspension prepared with NaOH as alkaline 
source. This panoramic image of the as-prepared Gd2O3 sample 
clearly exhibiting that the sample is entirely composed of small and 
relatively uniform spherical nanoparticle with diameter of 2-6 nm. 
It can be seen that the suspension of well dispersed nanoparticles 
with a spherical morphology. 
 
X-ray diffraction characterization 
The XRD spectrum of the synthesized Gd2O3 nanoparticles is 
shown in Figure 3. The main diffraction peaks are positioned at 
2θ =27.26°, 31.59°, 42.36° and 57.21° are closely matched with to 
the (222), (400), (134) and (622) crystal planes of the Gd2O3 cubic 
phase published by the Joint Committee on Powder Diffraction 
Standards (JCPDS) N° 43-01014 data card. These experimental 
data also coincide well with other previous published data [30-31]. 
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Figure 2: TEM micrograph of Gd2O3 nanoparticles in suspension prepared 
with NaOH as alkaline source.

The interplanar distance d is calculated from the Bragg equation: 

Based on the (222) crystal plane of Gd2O3, the interplanar distance 
was equivalent to 3.269 Å which is in goof agreement with 
previous studies [32]. 

The particle size of the Gd2O3 nanoparticles was determined by the 
X-ray line broadening method using the Scherrer equation [33]: 

where D is the particle size in nanometers, λ is the wavelength of 
the radiation (1.54056 Å for CuKα radiation), k is a constant equal 
to 0.94, β is the peak width at the half-maximum intensity and θ 
is the Bragg diffraction angle. We calculated the crystallite size by 
using the FWHM of the Gd2O3 (400) peak. From the calculation, it 
was found that the Gd2O3 nanoparticle had a crystallite size in the 
range of 2.4 nm which is in a good agreement with the TEM image 
considering possible aggregation during sampling for microscopic 
analysis. 

Figure 3: XRD pattern of the synthesized Gd2O3 nanoparticles in 
suspension.

UV-vis spectroscopic analysis 
The Gd2O3 suspension was analyzed using UV-vis spectroscopy. 
The UV-vis spectrum of the suspension was displayed in Figure 4. 
The maximum absorbance of the Gd2O3 nanoparticles was found 
under the 300 nm wavelength, near 230 nm wavelength [34]. 

Figure 4: UV-vis spectrum of the Gd2O3 nanoparticles suspension.

FTIR spectroscopic analysis 
The Gd2O3 nanoparticles were analyzed using FTIR spectroscopy. 
The FTIR spectrum was displayed in Figure 5. On this spectrum, 
the band at 547 cm-1 can be assigned to the Gd-O stretching 
frequency of Gd2O3 [35]. This result is in good agreement with the 
XRD pattern revealing the presence of Gd2O3. 

Figure 5: FTIR spectrum of the Gd2O3 nanoparticles.

Dynamic viscosity measurements 
In order to verify the analysis setup, dynamic viscosity 
measurements are performed on the diethylene glycol as a function 
of temperature. The data obtained are compared with those that 
have been published [36]. The experimental values match nicely 
with the published data, see Figure 6. The maximum difference is 
of ± 3 % between the experimental data and the published ones, 
with the temperature ranging from 30 to 60°C.
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Figure 6: Comparison of published viscosity values (line) and experimental 
data (dots) for diethylene glycol. 

Figure 7 shows shear stress (dyne/cm2) versus shear strain rate 
(s-1) for the Gd2O3 suspension at 20°C. The suspension clearly 
exhibits a Newtonian behavior. Since the carrying liquid of the 
nanoparticles exhibits a Newtonian behavior, it seems that the 
rheological property of the liquid dominates the whole mixture if 
the nanoparticle concentration is not high enough to modify the 
viscous properties [37]. 

Figure 7: Shear stress (dyne/cm2) versus shear rate (s-1) for the Gd2O3 
suspension at 20°C.

Viscosity measurements of the Gd2O3 suspension were carried out 
with varying temperature between 25 and 40°C. The results are 
shown in Figure 8. Analysis of this data indicates an exponential 
decrease of the viscosity with the increase of the temperature. This 
general trend was observed repeatedly in viscosity measurements 
as a function of temperature for nanofluids [38-39].

All these rheological tests show the stability and the good 
dispersion of gadolinium oxide nanoparticles in the carrier liquid. 
This stability is very important to optimize the photocatalysis 
of the photodegradation reactions of organic compounds which 
occur on the surface of the nanoparticles and which requires a 
maintenance of their individualization in order to maximize the 
number of active sites. 

Figure 8: Experimental values of the viscosity of Gd2O3 suspension with 
respect to sample temperature.

Photocatalytic degradation of Rhodamine B dye using Gd2O3 
nanoparticles in suspension
The histogram of photocatalytic degradation of Rhodamine dye 
under various conditions is shown in Figure 9. It can observe from 
the histogram that the adsorption of the dye Gd2O3 nanoparticles is 
negligible as it represents about 1% at the end of one hour of contact 
without irradiation. Secondly, the irradiation of the Rhodamine 
B solution without the nanoparticles leads to only a small value 
of the photocatalytic efficiency, after one hour of UV (Figure 9), 
the dye degradation process is very slow and limited. Finally, the 
histogram shows that the joint use of Gd2O3 nanoparticles and 
UV irradiation considerably accelerates the degradation process, 
after only 30 minutes of UV light exposure, the photocatalytic 
degradation efficiency is the highest, as it reaches 30% unlike to 
some works involving doping processes [40-41] or co-catalyst 
addition [42].

Figure 9: Histogram of photocatalytic degradation efficiency under different 
conditions.
(Experimental conditions: initial dye concentration: 2.4 ppm, wavelength 
of UV irradiation: 
254 nm, dye volume: 5 mL photocatalyst volume: 5 µL). 

The aqueous solution of Rhodamine B containing the Gd2O3 
nanoparticles showed the classical absorbance peak at 552 nm 
[43-44]. The intensities of maximum absorption peak at 552 nm 
continuously decrease with the increase of UV light exposure time 
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showing the progressive degradation of the Rhodamine B dye, see 
Figure 10. 

Figure 10: UV-VIS absorption spectra of photocatalytic degradation of 
the Rhodamine B dye. 
(Experimental conditions: initial dye concentration: 2.4 ppm, wavelength 
of UV irradiation: 
254 nm, dye volume: 5 mL photocatalyst volume: 5 µL).

The photodegradation process of the Rhodamine B dye catalyzed 
over the surface of the synthesized Gd2O3 nanoparticles occurred 
with short irradiation times, in the absence of cocatalyst and 
with low UV power densities. This result validates the use of the 
synthesized gadolinium oxide nanoparticles suspension as a high 
efficiency photocatalyst for the implementation of simple and 
efficient wastewater treatment processes.

Kinetic study for photocatalytic degradation of Rhodamine B 
dye 
Considering the photocatalytic degradation of Rhodamine B as a 
first-order reaction: 

[RℎB] → Products
The rate (v) of the reaction is expressed as follows: 

Where [RhB] is the Rhodamine B concentration, k the first order 
rate constant and t is the time. 
After separation of the variables we obtain 

And finally, by integration

Where [RhB] is the Rhodamine B at an initial time t0, [RhB] is 
the Rhodamine B concentration at a specific time t and k is the 
first order rate constant. The experimental results obtained confirm 

that the photodegradation reaction of rhodamine assisted by the 
nanoparticle suspension follows a pseudo first-order reaction rate 
law as reported in previous work [45-46]. From Figure 11, the 
values of the determination coefficient (R2) for the pseudo first-
order reaction kinetics are 0.9856 using Gd2O3 nanoparticles  

Figure 11: Kinetic study of the photodegradation reaction of Rhodamine B 
assisted by the Gd2O3 nanoparticle suspension. (Experimental conditions: 
initial dye concentration: 2.4 ppm, wavelength of UV irradiation: 254 nm, 
dye volume: 5 mL photocatalyst volume: 5 µL).

Concerning the mechanism pathway, the photodegradation 
reaction of rhodamine belongs to the category of the advanced 
oxidative process (AOP) [47-48]. AOPs are associated with 
various reactive oxygen species (ROS), such as hydroxyl radical 
(•OH). Under UV irradiation, the electrons present in the valence 
band of the gadolinium oxide pass into the conduction band see 
Figure 12. Electron-hole pairs are thus continuously generated, 
which ensures the activity of the gadolinium oxide. Holes with a 
high oxidative power are able to absorb on water molecule which 
forms a radical species (•OH). On the surface of the nanoparticles, 
the radicals act as oxidizing agents on the azo dye molecules [49].

OH + RhB → intermediate products → degraded products (9)

Figure 12: Possible mechanism of photocatalytic degradation of 
Rhodamine B dye by Gd2O3 nanoparticles. CB: Conduction Band, VB: 
Valence Band. e-: Electron; h+: hole. 
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It seems that the electrons present in the conduction band generate 
a superoxide radical ∙ O which is not involved in the degradation 
process [50-51].
 
 
Only the hydroxide radicals and the holes participate effectively in 
the degradation process of the azo compound. 

Conclusion
In this study, we have demonstrated the relevance of using a 
gadolinium nanoparticle suspension as a photocatalytic substance 
using Rhodamine B to simulate an organic pollutant present in 
wastewater. We highlight in our case that the degradation reaction 
does not require any cocatalyst or complex alloy. In order to better 
define the characteristics of these photocatalytic nanoparticles, 
physicochemical characterizations have been performed using 
TEM, XRD, UV-Vis and FTIR. The rheological behavior of 
this nanofluid was also analyzed in the future perspective of the 
practical use of the suspension in wastewater treatment. These 
viscometric analyses show that the nanofilled suspension has a 
Newtonian behavior similar to the carrier liquid alone because 
of the small flow modification introduced by the gadolinium 
nanoparticles which remain well dispersed in the suspension.
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