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Abstract

Fluorination of lanthanum oxide with ammonium fluoride is studied. Among all the known rare earth ele-
ments, lanthanum oxide is most commonly used as a stabilizing catalyst component, in particular in the hydro-
genation of heteroatomic compounds of biofuel. Previous thermodynamic and thermogravimetric studies point to 
the multistage fluorination of La

2
O

3
 with ammonium fluoride. The reaction kinetics is correctly described by the 

kinetic equation of a contracting sphere with the activation energy equal to 33.65 kJ/mol. The X-ray phase 
analysis of the formed crystal phase showed that complex fluorides like (NH

4
)
3
La

2
F

9 
⋅ H

2
O and (NH

4
)
3
LaF

6 
⋅ 0.5H

2
O 

are formed as impurities during the interaction of La
2
O

3
 with NH

4
F in addition to the major product (LaF

3
). 
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INTRODUCTION

Rare earth elements (REE) are an essential 
and integral part of many modern technologies. 
Their application in alloys and compounds may 
determine the productivity of complicated engi-
neering systems: automobile catalytic converters, 
catalysts of oil processing, production and polish 
of glass, ceramics, permanent magnets, metallur-
gical additives and alloys, as well as luminophores, 
monitor panels, radiolocation and X-ray intensi-
fying films [1–4]. 

REE are extensively studied both in the free 
and oxidized state as structural and electronic 
promoters to improve activity, selectivity and 
thermal stability of catalysts [5–8]. 

As described in review [9], lanthanum oxide 
La

2
O

3
 may act as an efficient stabilizer for nickel or 

copper active component of hydrodeoxygenation 
catalyst. La–Ni–Mo–B systems were also studied as 
the catalysts of hydrodeoxygenation [10].

The use of catalysts containing precious and 
rare elements is complicated by their deactiva-

tion during operation: carryover of the active 
component, carbonization. Some deactivation pro-
cesses develop so that they do not allow catalyst 
regeneration, so it is necessary to choose and 
study various methods of REE processing in or-
der to isolate them from worked out catalysts.

The search for the sources of raw material ba-
sis for obtaining REE is urgent too. The world 
market of REE compounds is monopolized by Chi-
na, which forces other countries to create and de-
velop their own sources of mining and production 
of these rare elements. Ore from the Chuktukon-
skoe deposit [11] with REE content up to 6 mass % 
and worked out catalyst of cracking (WCC) [12] 
may be considered as promising sources.

Various methods of the treatment of raw ma-
terials with high REE content (≥3 mass %) are 
known, in particular, treatment with sulphuric 
acid at 155–230 °С [13], alkaline treatment with 
sodium hydroxide at 140 °С [14], roasting with 
sodium carbonate at 900 °С and with sodium flu-
oride at 800–825 °С [15]. To search for an optimal 
processing technology, it is necessary to under-
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stand the chemical nature of the interaction of 
separate components and the mixture in general 
with the material to be processed. REE com-
pounds are present in the ore mainly in the form 
of their oxides. It is promising to use ammonium 
fluoride as one of the materials for REE (in par-
ticular lanthanum) isolation [12]. NH

4
F is com-

mercially available and does not bring special 
danger to the environment. The formed lantha-
num fluoride may be easily separated and trans-
formed into oxide with a high degree of purity, 
which is important for its subsequent use as a 
component of a hydrogenation catalyst. 

The basis of WCC processing is in the consecu-
tive separation of the main components of the cat-
alyst: SiO

2
, Al

2
O

3
 and La

2
O

3
 [12]. Silicon dioxide 

heated for a long time with ammonium fluoride 
sublimes in the form of (NH

4
)
2
SiF

6
. For more de-

tailed investigation of the possibility of WCC pro-
cessing, it is necessary to understand and study 
intermediate processes that take place in the reac-
tion system at the moment of fluorination. 

The goal of the present work was to study the 
kinetics of the interaction of lanthanum oxide 
with ammonium fluoride (NH

4
F) for the purpose 

of obtaining the pure component for subsequent 
use as a stabilizing component of hydrogenation 
catalyst for heteroatomic compounds of bio oil. 

expeRImeNTal

The object of investigation of lanthanum oxide 
(Kh. Ch. reagent grade), the most frequently used 
REE oxide for the development of catalytic sys-
tems. Kinetic studies were carried out within 
temperature range 100–130 °С at a step of 10 °С 
in a reactor made of aluminium. The amount of 
evolved ammonia was estimated using chroma-
tography. The reaction system composed of La

2
O

3
 

and a two-fold excess of NH
4
F (Kh. Ch. grade) 

was thoroughly mixed and placed in the reactor 
(Fig. 1). The reactor was blown with argon for 10 
min at a flow rate of 40 ml/min to remove excess 
air, so the reaction was carried out in the atmos-
phere of argon. The gas mixture running out of 
the reactor was passed through a Drexel bottle 
filled with powdered NaOH (Kh. Ch. grade) to 
bind excess water and hydrogen fluoride. Then 
the gas mixture under analysis entered the chro-
matograph to determine the amount of evolved 
ammonia. 

The dynamic curves were linearized to determine 
the degree of transformation with the help of basic 
kinetic dependences for solid-phase reactions [16]. Sub-
sequent calculation of activation energy was carried 
out according to the Arrhenius equation. 

X-ray phase analysis (XPA) was carried out 
using a Shimadzu XRD-7000 diffractometer 
(CuKα radiation, Ni filter, angle range 2θ 5–70°, 
step 0.05°) at room temperature and atmospheric 
pressure. Results of experiments were treated 
with the help of PowderCell 2.4 and WINFIT 1.2.1 
software packages. The phase composition of ini-
tial and resulting compounds was established by 
indexing powder diffraction patterns of the sam-
ples by analogy with theoretical diffraction pat-
terns. The fluorinated sample for XPA was pre-
pared by annealing the mixture of lanthanum 
oxide with ammonium fluoride at 250 °С for 3 h.

ResUlTs aND DIsCUssION

Initial lanthanum oxide was analyzed by 
means of XPA to identify the crystalline phase. 

One can see (Fig. 2) that lanthanum oxide used 
in the work is single-phase: all peaks in the dif-
fraction patterns correspond to the phase of lan-
thanum oxide (III) (Card No. 000-22-0369). 

To establish the probabilistic sequence of the re-
actions of ammonium fluoride with lanthanum (III) 
oxide, at the initial stage of the investigation we 
carried out thermodynamic analysis within tem-
perature range 300–1000 K and proved the princi-
pal possibility of chemical interaction to proceed 
[17]. We also carried out thermogravimetric analysis 
(TGA) and differential scanning calorimetry (DSC) 
as described in [17]. The sequence of reactions in-
volved in the fluorination of La

2
O

3
 with ammonium 

fluoride may be represented as follows [17]:

La
2
O

3
 + NH

4
F 

138 C°→ (NH
4
)
3
La

6
 ⋅ 0.5H

2
O 

173 C°→ (NH
4
)
3
La

2
F

9
 ⋅ H

2
O

 
225 C°→  LaF

3

Fig. 1. Scheme of the set-up for catalytic studies of lanthanum 
oxide fluorination with ammonium fluoride:  aluminium 
reactor (1), furnace (2), Drexel bottle (3), chromatograph (4).
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Analysis of the kinetic curves was carried out 
according to the proposed procedure to establish 
the kinetic model of solid-phase interaction of 
La

2
O

3
 with NH

4
F. 

The kinetic curves of the overall dynamics of 
ammonia evolution with time are presented in 
Fig. 3. Mathematical treatment of the experimen-

tal data on the interaction of lanthanum oxide 
with ammonium fluoride was carried out over six 
equations: contracting sphere, Jander, Krank–
Ginstling–Brounstein, Valency–Carter, anti-
Jander and anti-Valency–Carter. The applicabil-
ity of these equations was determined from the 
maximal correlation coefficient for k = f(α,τ) de-

Fig. 2. Diffraction patterns of initial lanthanum oxide sample. 

Fig. 3. Overall dynamics of ammonium evolution at reaction temperature, °С:  
100 (1), 110 (2), 120 (3), 130 (4).
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pendences [16, 18–20]. On the basis of the ob-
tained dependences, the percentage of the high-
est linearization (correlation coefficients 0.95–
0.98) of the dependence of transformation degree 
on time at different temperatures for the fluori-
nation of lanthanum (III) oxide with ammonium 
fluoride corresponded to the model of contracting 
sphere. Then the dependence of lanthanum oxide 
transformation degree (α) on time (τ, s) and tem-
perature (Т, K) was deduced:

   
(1)

The use of the model of contracting sphere al-
lowed us to make the following conclusions: the 
activation energy of the process is equal to 33.65 
kJ/mol, the limiting stage of the process is the 
rate of the chemical reaction. 

Lanthanum oxide in mixture with NH
4
F was 

annealed at 250 °С for 3 h and then subjected to 
X-ray phase analysis for the purpose of identify-
ing the formed components. 

According to the results of XPA (Fig. 4), the 
synthesized sample contains three components: 
intense peaks in the region of small angles 2θ and 
peaks in the region of large angles 2θ in the dif-
fraction patterns correspond to LaF

3
 phase (card 

No. 000-08-0461), other peaks correspond to 
(NH

4
)
3
LaF

6
•0.5H

2
O and (NH

4
)
3
La

2
F

9
•H

2
O (card 

Nos. 000-46-0079 and 000-28-0071, respectively). 
The three-component composition of the system 

explains non-coincidence between theoretical and 
practical data on mass decrease observed during 
TGA [17].

CONClUsION

Fluorination of lanthanum oxide with ammo-
nium fluoride was studied for the purpose of de-
termining the kinetic features of their interaction. 
it was shown that reaction kinetics is described 
by the equation of the contracting sphere with 
the activation energy of the process equal to 33.65 
kJ/mol. The dependence of the degree of lantha-
num oxide transformation on time within tem-
perature range 100–130 °С was determined. X-
ray analysis of the final mixture points to the 
presence of complex fluorides having the compo-
sition (NH

4
)
3
LaF

6
•0.5H

2
O and (NH

4
)
3
La

2
F

9
•H

2
O, 

in addition to LaF
3.

Acknowledgements 

The work was carried out within the State Assign-
ment for CNCT IC SB RAS according to the Programme 
of Fundamental Research in State Academies of Science 
for the years 2013–2020 in the direction No. V. 46, num-
ber of State Record in the system of EGISU NIOKTR No. 
AAAA-A19-119061490025-0.

The studies were carried out using the equipment of 
the National Centre of Catalyst Investigation, IC SB RAS. 

RefeReNCes

1 Swift T. K., Moore M. G., Rose-Glowacki H. R., Sanchez E. 
The economic benefits of the North American rare earths 
industry, Rare Earth Technology Alliance. 2014. Vol. 1.  
P. 817–824/ 

2 Goonan T. G. Rare earth elements – end use and 
recyclability, Scientific Investigations Report. 2011.  
Vol. 5094. P. 1–12. 

3 Webster D. E. 25 Years of catalytic automotive pollution 
control: a collaborative effort, Top. Catal. 2001. Vol. 16.  
P. 33–38. 

4 Yung Y., Bruno K. Low rare earth catalysts for FCC opera-
tions: features including high zeolite and matrix stability 
and high accessibility architecture characterise a family of 
low rare earth FCC catalysts, Petroleum Technology Quar-
terly. 2012. Vol. 17, No. 1. P. 17–19. 

5 Trovarelli A., de Leitenburg C., Boaro M., Dolcetti G. The 
utilization of ceria in industrial catalysis, Catal. Today. 1999. 
Vol. 50, No. 2. P. 353–367. 

6 Alonso E., Sherman A. M., Wallington T. J., Everson M. P., 
Field F. R., Roth R., Kirchain R. E. Evaluating Rare Earth 
Element Availability: A Case with Revolutionary Demand 
from Clean Technologies, Environ. Sci. Technol. 2012.  
Vol. 46, No. 6. P. 3406–3414. 

7 Hatch G. P. Dynamics in the global market for rare earths, 

Fig. 4. Diffraction patterns of the sample obtained as a result 
of the interaction of lanthanum oxide with ammonium 
fluoride at 250 °C. 



 LANTHANUM-CONTAINING CATALYSTS FOR HYDROGENATION 703

Elements. 2012. Vol. 8, No. 5. P. 341–346.
8 Vogt E. T. C., Weckhuysen B. M. Fluid catalytic cracking: 

recent developments on the grand old lady of zeolite ca-
talysis, Chem. Soc. Rev. 2015. Vol. 44, No. 20. P. 7342–7370.

9 Arun N., Sharma R. V., Ajay K. Green diesel synthesis by 
hydrodeoxygenation of bio-based feedstocks: Strategies for 
catalyst design and development, Energy Procedia. 2015. 
Vol. 48. P. 240–255.

10 Yakovlev V. A., Bykova M. V., Khromova S. A. Problems 
of the stability of nickel-containing catalysts of hydrode-
oxygenation of the products of biomass pyrolysis, Kataliz v 
Prom-sti. 2012. No. 4. P. 48–66.

11 Merrit R. R. High temperature methods for processing mona-
zite: I. Reaction with calcium chloride and calcium carbonate, 
Less-Common Met. 1990. Vol. 166, No. 2. P. 197–210.

12 Borisov V. A., Rozhkov N. N., Ponyatova S. S., Bogdanova A. 
O., Adeeva L. N., Krugley A. O. The recovery of rare earth 
concentrate from spent cracking catalyst, AIP Conf. Proc. 
2019. Vol. 2141. P. 020025-1–020025-7.

13 Welt M. A., Smutz M. Processing methods of monazite sands, 
JOM. 1960. Vol. 19. P. 321–328.

14 Abdel-Rehim A. M. An innovative method for processing 

Egyptian monazite, Hydrometallurgy. 2002. Vol. 67. P. 9–17.
15 Doyle F. M., Duyvesteyn S. Aqueous processing of minerals, 

metals and materials, Miner. Met. Mater. Soc. 1992. Vol. 45, 
No. 4. P. 46–54.

16 Knotko A. V., Presnyakov I. A., Tretyakov Yu. D. Solid State 
Chemistry. Moscow: Akademiya, 2006. 304 p.

17 Osipov A. R., Borisov V. A., Sigaeva S. S., Smorokov A. A., 
Kiselev A. D. Study of the interaction of lanthanum, neo-
dymium and gadolinium oxides with ammonium fluoride, 
AIP Conf. Proc. 2019. Vol. 2143. P. 020039-1–020039-5.

18 Borisov V. A., D’yachenko A. N., Kraidenko R. I. Mechanism 
of reaction between cobalt (II) oxide and ammonium chloride, 
Russ. J. Inorg. Chem. 2012. Vol. 57, No. 7. P. 923–926.

19 Borisov V. A., D’yachenko A. N., Kraidenko R. I. Reaction of 
ammonium chloride with the copper (II) sulfide and oxide, 
and identification of the reaction products, Russ. J. Gen. 
Chem. 2011. Vol. 81, No. 7. P. 1430–1433.

20 Osipov A. R., Kiselev A. D., Kraidenko R. I., Borisov V. A. 
A study on the interaction of manganese dioxide with 
ammonium chloride, AIP Conf. Proc. 2019. Vol. 2141.  
P. 020023–020028.


