
Vol.:(0123456789)1 3

Journal of Thermal Analysis and Calorimetry (2021) 146:1027–1038 
https://doi.org/10.1007/s10973-020-10107-0

Synthesis and thermogravimetric analysis of monoclinic yttrium 
citrate dihydrate

Władysław Janusz1 · Ewa Skwarek1   · Dariusz Sternik1 · Stanisław Pikus1

Received: 18 February 2020 / Accepted: 21 July 2020 / Published online: 5 August 2020 
© The Author(s) 2020

Abstract
The yttrium citrate was synthesized using freshly precipitated yttrium hydroxide and citric acid (or monosodium citrate) in 
the aqueous environment by the hydrothermal treatment at 80 °C or 100 °C. The properties of the samples were investigated 
using the CHN, XRD, TGA and static light scattering. Crystalline yttrium citrate dihydrate is formed by the reaction of citric 
acid with freshly precipitated yttrium hydroxide after 14 days of reaction at 80 or 100 °C. The thermogravimetric analysis 
of the crystalline sample of yttrium citrate dihydrate, thermal decomposition of the compound in the synthetic air occurs 
in four stages with the release of mainly water and carbon dioxide. Methane and propyne are formed in smaller amounts.

Keywords  Chemical synthesis · Thermogravimetric analysis (TGA) · X-ray diffraction

Introduction

Yttrium citrate is a precursor used for the production of vari-
ous functional yttrium oxide coatings, doped with rare earth 
elements yttrium oxides, mixed oxides, ceramics [1–5]. In 
addition, yttrium citrate radiocolloids are used to treat the 
joint pain, e.g., rheumatoid arthritis [6–8]. Rheumatoid 
arthritis caused by inflammation of the synovium (thickening 
and swelling of the synovitis) invades cartilage and destroys 
the joint capsule and bone, so that it may be necessary to 
remove the synovial membrane, to restore the functionality 
of the joint. The alternative methods in relation to the surgi-
cal synovectomy are chemical synovectomy using thiotepa, 
nitrogen mustard, methotrexate, osmic acid or antibiotics 
[9] and synovectomy using radioactive isotopes deposited 
on the colloidal carriers (radiosynectectomy). Recently, 
good treatment results have been obtained by combining 
the method of surgical synovectomy and radiosynectomy 
[10, 11]. The method of radiosynectectomy involves inject-
ing a radioactive colloid into a sick joint where radiation 
destroys the top layers of the membrane and reduces the 
number of blood vessels in it. The European Association 

of Nuclear Medicine indicates in Guideline for Radiosyn-
ovectomy the following radiocolloids: 90Y silicate or citrate, 
186Re sulfide and 169Er citrate [12]. To avoid radioisotope 
leakage beyond the treatment area, radioisotopes are admin-
istered in the form of insoluble salts or are encapsulated 
[13]. Reducing the particle size is advantageous from the 
point of view of homogeneity irradiation; however, small 
particles promote the leakage and spread of the isotope. 
However, in the papers describing the application of radio-
colloids used in radiosynovectomy, the sizes of radiocolloid 
particles differ significantly even for the same radioisotope 
[14–16]. In the literature, there is no agreement what size 
of particles is optimal in radiosynovectomy. According to 
EANM, 5–10-μm particles do not cause leakage [10] while 
van der Zant et al. consider 2–5 μm as the optimal size [3]. 
However, C. Cruz-Esteban believes that the ideal particle 
size is 100 nm [17]. In view of the above, it seems that one 
should use methods of making for monodisperse colloids for 
synovectomal colloids and characterize the dispersions by 
investigating the particle size distribution.

Isotope synovectomy (radiosynothesis) using colloids 
(citrate or silicate) labeled with 90Y is an effective method 
recommended for the local treatment of chronic inflamma-
tion of the knee joints [18]. The first treatment with the use 
of the 90Y isotope was made in 1968 to replace the 198Au 
colloids, which due to the emission of γ radiation of 411 keV 
energy induced undesired radiation [8]. Yttrium citrate is a 
common 90Y carrier in radiosynovectomy.
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The methods of monodisperse colloids synthesis are 
based on the control of the nucleation process followed by 
the crystal growth process. Monodisperse particles are char-
acterized by the same size, shape and composition. Their 
particle size distribution is characterized by a 10% relative 
standard deviation [19]. Numerous methods of obtaining 
monodisperse colloidal systems of various compounds or 
elements have been described in the literature. The most 
common methods that have been applied, among others, 
to metal oxides, meta-sulfides and metal selenides, can be 
divided into: precipitation from homogeneous solutions, 
phase transformations and aerosol reactions [20]. In the 
homogeneous precipitation methods to obtain homogene-
ous particles, forced hydrolysis, controlled release of anions 
or controlled release of cations was used. The structure and 
properties of yttrium citrates were studied initially for the 
separation of this element from other rare earth elements. 
The subsequent research concerned obtaining yttrium cit-
rate for the purposes of synovectomy and in the synthesis of 
nanoscale yttrium oxides. In the literature reports, yttrium 
citrate was obtained by reacting citric acid with 90Y ions 
eluted from ionite (to separate from 90 Sr) [21]. Yttrium 
citrate was obtained by mixing 0.1 mol dm−3 of yttrium 
chloride with trisodium citrate, maintaining the pH in the 
range from 7 to 8. The sediment obtained in this method 
contained a variable number of water molecules from 1 to 3 
[22]. Lanthanum citrate and an amount of lanthanide citrate 
were obtained by reacting the oxide with citric acid [22, 23].

This paper attempts to optimize the conditions for the 
synthesis of monodisperse yttrium citrate by transforming 
yttrium hydroxide to yttrium citrate in the reaction of freshly 
precipitated yttrium hydroxide with citric acid or its salts. To 
determine the preliminary synthesis conditions, the analysis 
of the solubility of yttrium hydroxide and yttrium citrate was 
carried out. These diagrams are based on the constant dura-
bility of yttrium complexes, yttrium citrates and the product 
of the solubility of yttrium hydroxide and yttrium citrate 
available in the literature.

In the literature, there are described/characterized sev-
eral yttrium citrates compounds, two of which are complex 
compounds [24]:

where Cit−3 = C6H5O7
−3.

(1)YCit ↔ Y3+ + Cit3− pβ1= 7.87

(2)
[

Y(Cit)2
]3−

↔ Y3+ + 2Cit3− pβ2= 10.95

The solubility product of the compound YCit*5H2O [22] 
is:

In the aqueous solutions between the reactions of dissolu-
tion of yttrium hydroxide and precipitation of yttrium citrate, 
there should be taken into account the following reactions: 
dissociation of citric acid [25], formation of hydroxides with 
yttrium, solubility product of yttrium hydroxide. Based on 
the literature data [23–26], the solubility of yttrium citrate 
and yttrium hydroxide as a function of pH was calculated; 
Fig. 1 illustrates these relationships.

As one can see, the minimum solubility of citrate falls in 
pH range from 4.3 to 9.2, while that of yttrium hydroxide 
at pH 10.1, and at the pH above 7.00 yttrium hydroxide is a 
more stable phase than yttrium hydroxide. In addition, it is 
considered that complexes of basic citrates may be formed 
at pH above 6.5 [22]. The dependencies shown in Fig. 1 
indicate that the transformation of yttrium hydroxide into 
yttrium citrate is possible at pH below 7.0. It should be noted 
that the pH of the minimum solubility of yttrium citrate cor-
responds to the pH values of synovial fluid, which are in the 
range of 7 to 7.5 [27, 28], so under these conditions, yttrium 
citrate has the lowest solubility. After application, the pH 
value of synovial fluid will not change.

(3)YCit ↔ Y3+ + Cit3− pKso= 11.026
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Fig. 1   A comparison of the solubility diagrams of yttrium hydroxide 
and yttrium citrate
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Experimental

Preparation of yttrium hydroxide

The first stage in this method of obtaining yttrium citrate was 
the synthesis of yttrium hydroxide as an intermediate product 
according to the procedure given by Brzyska [29]. 60 mL of 
a 0.1 M solution of yttrium chloride was added to a beaker to 
which 0.1 M NaOH solution was also added in small portions 
until the pH reaches approximately 10 (pH = 10.1) and a pre-
cipitate was formed. Next, the obtained precipitate was washed 
out with redistilled water on the filter in order to remove the 
sodium chloride (NaCl) formed during precipitation and to 
obtain a constant conductivity of the filtrate. The final con-
ductivity was about 20 μS.

Description of the procedure for obtaining yttrium 
citrate

A 0.1 M citric acid solution was obtained by dissolution 
of citric acid (POCH S.A.) in redistiled water. The washed 
yttrium hydroxide was dispersed in a beaker in which 20 mL 
of 0.1 M citric acid solution was placed. The mixture was then 
sonicated for 3 min, the pH was measured, and the suspension 
was placed in the Teflon autoclave for a period of 14 days 
at the temperatures from 80 to 160 °C. The obtained sample 
of yttrium citrate was subjected to composition and structure 
analyses.

Methods

The elemental analysis of yttrium citrate samples for the C and 
H contents was conducted out using the PerkinElmer CHN 
analyzer. In addition to the quantitative analysis of the C and 
H contents, the thermogravimetric studies were carried out 
for the obtained yttrium citrate samples using the Netzsch 
STA 449 Jupiter F1 apparatus coupled with the Netzsch 
mass spectrometer and the Brucker FTIR spectrometer. The 
samples (20 mg) were heated at a rate of 10 °C min−1 in the 
range of 30–950 °C in the atmosphere of synthetic air (flow 
of 50 mL min−1). Alumina crucibles and samples carrier type 
S were used in the measurements. The MS measurement 
was performed in the scan mode of the range of m/z from 
10 to 150, and the FTIR spectra were recorded in the spec-
tral range of 650–4500 cm−1 with 16 scans per spectrum at 
a resolution of 4 cm−1. Data were collected and processed 
using the NETZSCH Proteus®. Diffraction measurements of 
the obtained samples were carried out by the PXRD (powder 

X-ray diffraction) method using the Panalytical Empyrean 
diffractometer. The radiation of the Cu lamp and SRM 676 
external standard were used. The particle size distribution of 
the obtained preparations was determined by the method of 
static light scattering using the Malvern Mastersizer 2000.

Results and discussion

To obtain the crystalline citrate synthesis of yttrium citrate 
from yttrium hydroxide, the synthesis of yttrium citrate from 
freshly hydrated yttrium hydroxide and citric acid was car-
ried out in a Teflon autoclave at the above-mentioned tem-
peratures of 80–160 °C for 14 days. Only temperatures of 
80 and 100 °C resulted in the crystalline deposit of yttrium 
citrate. The synthesis at higher than 100 °C led to amor-
phous samples. Table 1 presents the results of the C and H 
analyses for the samples obtained at 80 and 100 °C.

Table 1   Results of C and H analyses for the samples obtained at 80 
and 100 °C

Synt. no. Temp Content of elements 
in the sample

Content of 
elements in 
YCit*H2O

°C %C %H %C %H

1 100 23.65 2.88 24.35 2.38
2 80 23.36 2.94
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Fig. 2   TGA/FTIR spectra of sample No. 1
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The synthesized samples contained slightly less C and 
slightly more H compared to YCit * H2O (24.35% C and 
2.38%), but their composition was similar to YCit (22.93% 
C and 2.87%). The results of the TGA/FTIR and TGA/MS 
analyses of sample 1 are shown in Figs. 2 and 3.

Analyzing the results presented in Figs. 2 and 3, one 
can see that the main products of thermal decomposition 
of sample No. 1 are: H2O (in the FTIR spectra shows the 
absorption band at 1508 cm−1 and in the MS spectrum the 
signal m/z = 18) and CO2 (in the spectrum of FIRT the band 

was observed at 2359 cm−1 and the MS spectrum signal at 
m/z = 44). In addition, weaker signals from CH4 can be found 
(in the FTIR spectrum the band was at 2997 cm−1 and in the 
MS spectrum signal was for m/z = 16).

The dependencies of DTG, H2O and CO2 FTIR spectra 
as well as MS spectra as a function of temperature show 
four areas presented in Figs. 4 and 5. As can be seen, there 
are four stages of the thermal decomposition process. This 
decomposition differs from the thermogravimetric analysis 
of yttrium citrate carried out by Petrova and Thodorovsky 
that indicates that the yttrium citrate complexes are stable up 
to 60–80 °C, and heating them to higher temperature leads 
to their decomposition [30]. The Petrova and Thodorovsky 
decomposition process proceeds in six stages partially over-
lapped. However, their sample of yttrium citrate prepared in 
the water medium or ethylene glycol was not stoichiometric. 
The first area in the temperature range of 150–217 °C is 
associated with a 4.2% loss of mass; FTIR spectra (Fig. 4) 
and MS spectra (Fig. 5) indicate the release of H2O and CO2 
molecules that may be related to the physical adsorption of 
these molecules on the surface of yttrium citrate. In the tem-
perature range 217–367 °C, the mass loss on the TG curve is 
21.7%, it consists in the release of 2 molecules of crystalline 
water (11.47%), and in the FTIR spectrum there appears a 
band from CO2 at 2358 cm−1 and a weaker one for methane. 
This indicates a partial decomposition (oxidation of citrate 
ion). In this temperature range, Wiecinska observed release 
of H2O and CO2 as a result of thermal decomposition of 
citric acid [31]. The comparison of the peaks area in the MS 
spectrum (Fig. 5) shows that this range accounts for 8% of 
the total CO2, i.e., as a result of combustion/release and from 
6 C atoms, statistically 0.5 C releases in the form of CO2. 
A similar comparison of the peak area m/z = 18 (for H2O) 
as a function of temperature indicates that 60% of water is 
released, i.e., statistically 2.7 molecules of water. It follows 
that some of the released water in this temperature range 
can come from the decomposition of citric acid to aconitic 
acid [32]. In the temperature range from 367 to 550 °C, 
the sample mass decreases to 39% of the initial mass. The 
analysis of the peak field in this range at 1508 cm−1 and 
the MS spectrum signal m/z = 18) as well as CO2 (in the 
FIRT spectrum the band was observed at 2359 cm−1 and 
the MS signal spectrum at m/z = 44) shows that 35% of H2O, 
i.e., about 1.6 particles and 82% C in the form of CO2, are 
released. The signals observed in this temperature range for 
m/z = 16 (CH4) and m/z = 40 (for C3H4 propene) are much 
weaker (Fig. 3) [32, 33]. In the TGA/FTIR and TGA/MS 
spectra of gases released during heating, the bands char-
acteristic of itaconic anhydrite or citraconic anhydrite are 
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not observed [32], although these compounds formed in the 
citrate decomposition process do not evaporate but oxidize 
in the air atmosphere. The sample heated to a temperature 
of 550 °C is characterized by a gray color, a crystal structure 
corresponding to yttrium oxide, but in the FTIR spectrum, 
the bands characteristic of HCO3 and OH groups are vis-
ible. Subsequent heating of the sample to 900 °C causes a 
mass decrease of approx. 5%, which is a result of oxidiza-
tion of elemental carbon (as evidenced by the gray color of 
the sample heated to 550 °C) or decompositions of residual 
carbonates resulting from the disintegration/or oxidation of 
yttrium citrate. The MS spectrum of the characteristic peaks 
area for carbon dioxide shows 7.8%. A similar effect was 
observed by Petrova and Thodorovsky [30].

Results of diffraction measurements of crystalline sample 
of yttrium citrate.

Crystalline yttrium citrate was obtained as a result of 
a 14-day reaction of citric acid with freshly precipitated 

yttrium hydroxide in a Teflon autoclave at temperatures of 
80 or 100 °C. An example of a diffraction pattern of a sam-
ple of yttrium citrate is shown in Fig. 6. The peaks of the 
resulting powder diffraction pattern were analyzed using the 
Dicvol program [34], and the obtained data are shown in 
Table 2 and the positions of the peaks are below the abscissa 
in Fig. 6, whereas the sets of cell parameters determined, M 
(20) and F (20) values [35, 36] for the studied samples are 
presented in Table 3. The analysis of Miller indices of dif-
fraction reflections did not reveal any systematic absences, 
and hence, possible space groups are P2, Pm or P2/m. The 
average size of crystallites of sample No 1 using the peak 
maximum placement and full width at half maximum in the 
2θ angle range from 9 to 23 deg and the Halder–Wagner 
method [37, 38] was 54.2 ± 3.7 nm. Using the Waxfit pro-
gram, the determined crystallinity of the sample based on 
the analysis of the diffraction pattern in the 2θ range from 
17 to 20 deg was 96.5%. Then, a sample of yttrium citrate 

Fig. 4   DTG/FTIR spectra of 
yttrium citrate after the 14-day 
synthesis using citric acid and 
freshly precipitated yttrium 
hydroxide
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heated to 550 °C was analyzed; the resulting X-ray powder 
diffraction pattern is shown in Fig. 7.

The X-ray powder diffraction pattern of a sample of 
yttrium citrate heated to 550 °C indicates the presence of 
several peaks whose position corresponds to yttrium oxide 
the PDF card 1-88-1040. The analysis of the X-ray powder 
diffraction pattern by the Waxfit program showed that the 
degree of crystallinity of the sample is 67.3%, while the 
crystallite size estimated by the Halder–Wagner method 
is 4.0 ± 0.2 nm. Thus, heating the sample to a temperature 
of 550 results in the decomposition of yttrium citrate to 
yttrium oxide and the associated reduction in crystallites 
from 54 to 4 nm. Nevertheless, from the course of TG 
curves after fencing the sample above the temperature 
of 550 °C and the color of the sample after heating at 
550 °C, it follows that in the samples after heating above 
550 °C CO2 is released. The XRDP pattern of yttrium 
citrate heated to 850 °C shows more reflections and is 
sharper. Their position is consistent with the yttrium oxide 
PDF card 1-88-1040. The analysis of the X-ray powder 
diffraction pattern by the Waxfit program showed that the 
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Table 2   Powder diffraction data 
of sample No. 1

2θobs/° dobs/Å Iobs h k l 2θcal/° dcal/Å Δ2θ/°

9.633 9.1739 26 2 0 0 9.635 9.1720 − 0.002
11.312 7.8156 56 1 0 − 2 11.319 7.8110 − 0.007
11.809 7.4879 45 1 0 2 11.809 7.4878 0.000
15.871 5.5796 100 1 1 0 15.877 5.5773 − 0.007
17.467 5.0732 2 3 0 − 2 17.471 5.0720 − 0.004
17.966 4.9333 26 2 1 0 17.974 4.9311 − 0.008
18.433 4.8095 36 0 1 2 18.462 4.8019 − 0.029
18.931 4.6839 19 1 1 − 2 18.943 4.6810 − 0.012
19.391 4.5738 37 4 0 0 19.387 4.5748 0.004
21.154 4.1966 57 0 0 4 21.149 4.1976 0.005
22.795 3.8980 18 2 0 − 4 22.799 3.8973 − 0.004
23.194 3.8319 1 3 1 − 2 23.201 3.8308 − 0.007
23.937 3.7146 6 3 1 2 23.940 3.7142 − 0.003
24.699 3.6017 5 4 1 0 24.694 3.6024 0.005
25.802 3.4501 1 4 0 3 25.821 3.4477 − 0.018
26.011 3.4229 3 5 0 − 2 26.009 3.4232 0.002
26.434 3.3690 8 3 0 4 26.427 3.3699 0.007
26.797 3.3242 13 1 1 4 26.795 3.3245 0.002
27.097 3.2881 2 5 0 2 27.110 3.2865 − 0.013
27.483 3.2428 17 2 1 − 4 27.487 3.2423 − 0.004
28.025 3.1813 1 4 0 − 4 28.036 3.1800 − 0.011
28.332 3.1475 10 2 1 4 28.329 3.1479 0.003
28.771 3.1005 18 5 1 0 28.770 3.1006 0.000
29.296 3.0461 14 6 0 0 29.284 3.0473 0.012
29.689 3.0067 3 3 0 − 5 29.644 3.0111 0.045
30.233 2.9538 1 5 1 − 2 30.235 2.9536 − 0.002
30.576 2.9214 2 0 2 0 30.553 2.9236 0.023
30.944 2.8875 6 1 2 0 30.951 2.8869 − 0.007
31.210 2.8635 5 5 1 2 31.200 2.8645 0.011
32.078 2.7880 4 1 0 − 6 32.086 2.7873 − 0.008
32.652 2.7403 13 1 0 6 32.639 2.7414 0.013
33.478 2.6745 3 3 1 − 5 33.452 2.6765 0.026
33.703 2.6572 1 2 2 − 2 33.720 2.6559 − 0.017
33.993 2.6352 20 2 0 6 34.020 2.6331 − 0.028
34.322 2.6107 0.9 3 2 − 1 34.288 2.6132 0.034
34.529 2.5955 6 3 0 − 6 34.517 2.5964 0.012
35.161 2.5503 3 5 1 − 4 35.155 2.5507 0.005
35.388 2.5344 2 3 2 − 2 35.428 2.5316 − 0.040
35.660 2.5157 18 1 1 − 6 35.661 2.5156 − 0.001
35.951 2.4960 1 3 2 2 35.935 2.4971 0.016
36.448 2.4631 1 2 1 − 6 36.449 2.4631 − 0.001
36.584 2.4543 12 7 0 2 36.577 2.4548 0.007
36.865 2.4362 3 5 1 4 36.832 2.4383 0.033
37.469 2.3983 22 0 0 7 37.503 2.3962 − 0.033
37.729 2.3824 2 4 2 − 2 37.740 2.3817 − 0.011
37.960 2.3684 4 1 2 4 37.972 2.3677 − 0.011
38.401 2.3422 11 4 2 2 38.379 2.3435 0.022
39.449 2.2824 0.9 5 0 − 6 39.448 2.2825 0.001
39.939 2.2555 13 3 2 − 4 39.938 2.2556 0.001
40.573 2.2217 0.8 5 2 − 2 40.567 2.2220 0.006
40.863 2.2066 8 3 2 4 40.851 2.2072 0.012
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Table 2   (continued) 2θobs/° dobs/Å Iobs h k l 2θcal/° dcal/Å Δ2θ/°

42.488 2.1259 5 2 2 5 42.520 2.1244 − 0.032
43.126 2.0959 4 0 0 8 43.116 2.0964 0.010
43.317 2.0871 7 5 2 3 43.300 2.0879 0.017
43.825 2.0641 6 6 2 − 2 43.832 2.0638 − 0.008
44.462 2.0360 12 4 1 − 7 44.466 2.0358 − 0.004
44.698 2.0258 7 6 2 2 44.680 2.0266 0.018
44.882 2.0179 0.8 0 2 6 44.837 2.0198 0.045
45.344 1.9984 4 1 2 6 45.334 1.9988 0.010
45.583 1.9885 2 2 2 − 6 45.570 1.9890 0.013
45.981 1.9722 5 0 1 8 45.958 1.9731 0.023
46.581 1.9482 11 0 3 0 46.586 1.9480 − 0.005
46.879 1.9365 1 0 3 1 46.918 1.9350 − 0.039
47.678 1.9059 8 2 3 0 47.698 1.9051 − 0.021
48.123 1.8893 4 1 3 − 2 48.113 1.8897 0.010
48.916 1.8605 6 7 1 − 6 48.914 1.8606 0.002
49.303 1.8468 8 2 0 − 9 49.333 1.8457 − 0.030
50.096 1.8194 6 3 3 − 2 50.139 1.8179 − 0.043
50.886 1.7930 4 3 2 − 7 50.861 1.7938 0.025
52.475 1.7424 2 2 3 − 4 52.492 1.7419 − 0.017
52.686 1.7359 5 8 1 − 6 52.671 1.7364 0.015
53.102 1.7233 3 8 0 6 53.139 1.7222 − 0.038
53.349 1.7159 3 4 3 − 3 53.311 1.7170 0.037
54.149 1.6924 1 4 0 9 54.146 1.6925 0.003
54.330 1.6872 2 2 2 − 8 54.306 1.6879 0.024
55.299 1.6599 4 2 2 8 55.271 1.6607 0.028
55.627 1.6509 4 8 1 6 55.592 1.6519 0.035
56.033 1.6399 3 3 0 − 10 56.031 1.6399 0.002
57.067 1.6126 2 0 1 10 57.107 1.6116 − 0.040
57.720 1.5959 3 1 3 − 6 57.712 1.5961 0.008
58.666 1.5724 4 2 1 10 58.653 1.5727 0.014
59.884 1.5433 2 6 3 − 4 59.876 1.5435 0.008
60.766 1.5230 2 4 3 − 6 60.756 1.5232 0.010
61.359 1.5097 2 1 3 − 7 61.336 1.5102 0.023
62.667 1.4813 1 5 3 − 6 62.672 1.4812 − 0.006
63.902 1.4556 1 0 4 1 63.929 1.4551 − 0.027
64.378 1.4460 2 2 2 − 10 64.339 1.4468 0.038
65.750 1.4191 2 2 4 2 65.742 1.4192 0.008
66.602 1.4030 1 3 4 − 2 66.588 1.4033 0.014
66.947 1.3966 2 0 0 12 66.926 1.3970 0.021
67.231 1.3914 2 4 4 0 67.248 1.3911 − 0.017
68.052 1.3766 2 1 4 − 4 68.022 1.3771 0.029
68.665 1.3658 2 4 2 10 68.623 1.3665 0.042
70.565 1.3336 1 1 4 5 70.590 1.3332 − 0.025
70.950 1.3273 1 2 2 11 70.961 1.3271 − 0.011
71.931 1.3116 1 3 1 12 71.966 1.3110 − 0.035
73.755 1.2836 1 4 1 12 73.770 1.2834 − 0.015
74.534 1.2721 1 3 4 − 6 74.499 1.2726 0.035
75.066 1.2644 1 6 4 − 4 75.034 1.2649 0.033
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degree of crystallinity of the sample is 96.33% while the 
crystallite size estimated by the Halder–Wagner method is 
15.6 ± 0.2 nm. To identify other compounds than yttrium 
oxide in the sample, the FTIR analysis of the sample 
heated to 550 °C was made.

As shown in Fig. 8 in the spectrum of the YCitr sample 
heated to 550 °C, the band at 3439 cm−1 is characteristic 
of the stretching vibrations of adsorbed water [39]. The 
bands at 1511, 1407 and 1075 cm−1 can be attributed to the 
stretching of the carbonate group and the band at 850 cm−1 
to the stretching CO group, whereas the bands at 668 cm−1 

and 463 cm−1 can be assigned to the stretching group YOH 
and the band 426 cm−1 associates with Y–O–Y bonds [40]. 
The FTIR spectrum indicates the presence of carbonate 
groups in the sample that can form basic yttrium carbon-
ate. The XPS analysis was made out to determine the com-
position of the sample heated to 550 °C.

The survey scan depicted in Fig. 9a is composed of C 
1s, O 1s and Y3d signals. The deconvolution of Y 3ds 
spectrum, (Fig. 9b) reveals four peaks at 160.4, 158.5, 
157.6 and 156.9 eV. The peaks at 156.9 and 158.5 cor-
respond to the spin–orbit splitting of Y 3d 5/2 and Y 3d 
3/2 of Y in Y2O3 and two others at 157.6 and 160.4 eV 
for Y 3d5/2 and 3d3/2 of Y in yttrium carbonates [41, 
42]. Figure 9c shows the C 1s band and the results of its 
deconvolution three components. The first peak located 
at 284.9 eV can be assigned to adventitious carbon, the 
second peak located at 286.2 eV (C–O–H, C–O–C), and 
the third peak located at 289.8 (O–C=O) [42]. These 

Table 3   A comparison of 
crystal parameters of the studied 
samples

Sample Cell parameters M(20)3 F(20)3

a/Å b/Å c/Å β/° V/Å3

1 18.2286 5.8226 16.7186 93.09 1772 20.8 45.1 (0.0054, 82)
2 18.2673 5.8334 16.7724 93.18 1785 18.4 41.7 (0.0058, 82)
3 18.2834 5.8384 16.7793 93.18 1788 19.1 43.9 (0.0058, 79)

In
te

ns
ity

/a
.u

.

Heating temperature

550

°C

850

10 20

PDF 1-88-1040

2θ °/(Kα )
30 40 50 60 70

Fig. 7   XRDP of yttrium citrate sample heated up to 550  °C (brown 
line) and 850 °C (red line). (Color figure online)

800

0

20

40

56
1.
13

85
0.
33

10
75

.9
5

14
07

.5
7

15
11

.5
6

34
39

.8
5

66
8.
61

Tr
an

sm
ita

nc
e/
% 60

80

100

1200 2000 2400 2800 3200 3600 4000

Wavenumber/cm–1
1600

Fig. 8   FTIR spectrum of the sample heated up to 550 °C



1036	 W. Janusz et al.

1 3

carbon oxygen species point out to the presence of car-
bonate compounds in the sample. The deconvolution of 
O1s band, depicted in Fig. 9d, results in three peaks. The 
first peak located at 529.4 eV is the nominal position of 
O1s in Y2O3, the second peak located at 531.9 eV can be 
attributed to the Y–OH group, and the third one located 
at 533.6 can be assigned to C–O–C=O [42]. The results 
of XPS analysis confirm the presence of carbonates and 
carbon in the YCit sample heated up to 550 °C.

The particle size distribution of yttrium citrate.
Figure 10 depicts the particle size distributions of yttrium 

citrate sample obtained in the synthesis after 14 days. As can 
be seen, the sample obtained after the 14-day synthesis is 
characterized by a wide range of particle sizes from 0.5 to 
800 μm. The comparison of the particle size for this sample 
with that of the crystallites indicates that the particles are a 
crystallites conglomerate.
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Conclusions

The above presented study can be summarized as follows:
Crystalline yttrium citrate dihydrate is formed by the 

reaction of citric acid with freshly precipitated yttrium 
hydroxide after 14 days of reaction at 80 or 100 °C. The 
yttrium citrate is crystallized in a monoclinic system 
with the cell parameters a = 18.2286  Å b = 5.8226  Å 
c = 16.7186 Å and β = 93.09. The decomposition of the 
crystalline sample of yttrium citrate dihydrate in the 
synthetic air proceeds in four stages with the release of 
mainly water and carbon dioxide. Methane and propyne 
are formed in smaller amounts. In the first stage, physi-
cally adsorbed water and carbon dioxide are released from 
the surface of the compound; in the second the loss of 
water of crystallization and partial dehydration of citrate 
are observed. In the temperature range 350–550 °C, fur-
ther dehydration and oxidation of citrate occur. Subsequent 
heating of the yttrium citrate to 550 °C releases carbon 
dioxide and semicrystalline yttrium oxide with the addition 
of amorphous yttrium carbonate, and elemental carbon is 
formed. Decomposition of the yttrium citrate by heating 
up to 850 °C leads to formation of crystal yttrium oxide of 
the size 15.6 ± 0.2 nm.
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