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The article presents results obtained during investigation of Eu(III) ion removal from aqueous solutions us-

ing triacetate cellulose films and styrene-divinylbenzene copolymer beads containing tetraoctyl 
diglycolamide (TODGA). A simple method for manufacturing films containing up to 50 % w/w TODGA is 
provided. Solution acidity effect on the removal rate of Eu(III) ions was studied. Maximum removal of Eu(III) 
ions was obtained in nitric acid solutions with concentrations of 1-6 mol/l. Additionally, increase in the euro-
pium removal rate is also observed at pH > 2 for beads and in the pH range of 2 to 4 for films. In the former 
case increase in the removal rate is explained by increase in the nitrate ion concentration in the solution and 
Eu(NO3)3(TODGA)3 complex formation, and in the latter case – by decrease in TODGA protonation rate with 
рН growth. Observed trends indicate a high similarity in surface sorption mechanisms between the materials 
studied. Sorption equilibrium of Eu(III) ions onto the styrene-divinylbenzene copolymer beads impregnated 
with TODGA is adequately fitted to Langmuir sorption isotherm. The maximum sorption capacity of this ma-
terial for Eu(III) removal from solutions with nitric acid concentration of 1 mol/l is 7.4 mg/g. It has been found 
that the maximum removal rate of Eu(III) ions by the triacetate cellulose films is achieved for TODGA con-
tent in the films ≥ 40 % w/w. The possibility of selective europium sorption from natural water using both 
beads and films is shown. Although cations present in natural water do not bind to sorbents studied, there is 
still slight deterioration in sorption properties when moving from model solutions to natural water. Complete 
desorption of Eu(III) ions from the film surface is achieved by washing three times with an EDTA solution, 
рН = 6.8. Prepared films can be reused for Eu(III) ion removal. 

Keywords: europium, sorption, TODGA, triacetate cellulose, styrene-divinylbenzene copolymer, removal 
rate. 

 

Introduction 
Processing and disposal of nuclear wastes as well as determination of trace amounts of radionu-

clides in the environment objects have become increasingly relevant due to nuclear industry develop-
ment. A number of ligands was engineered for this purpose such as di(2-ethylhexyl) methane diphos-
phonic acid [1], quaternary ammonium salts (Aliquat®) [2-4], trioctyl phosphine oxide [5,6], octyl 
phenyl-N,N-diisobutyl carbamoyl phosphine oxide [7-10], dipentyl pentyl phosphonate [11,12]. Up to 
date, one of the most promising extractants for actinides removal is tetraoctyl diglycolamide 
(TODGA) (Fig. 1) [13-20]. This ligand has an especially great affinity for americium. 

A number of extractive systems based on TODGA [21-23] are known at the moment. They con-
template using toxic and flammable solvents. Solid sorption materials, i.e. a carrier bearing an immo-
bilized ligand on its surface, are more “ecological”. The carrier should be inert, resistant to acidic me-
dia and radiation. Good examples of such materials are different polymers in the powder, bead, and 
film forms. 

In order to determine ultratrace concentrations of α-emitters in natural waters and other environ-
mental objects, preconcentration of the emitter is usually needed. Coprecipitation, extraction, ionic 
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exchange, sorption etc. [24,25] are generally used for this purpose. One of the approaches is to use 
polymeric thin films for radionuclide removal [26,27]. In addition to an analyte preconcentration, this 
method allows significantly decreasing matrix interferences. A great advantage of such films is the 
possibility of direct measurements using alpha spectrometry. Polymeric films suitable for these pur-
poses usually consist of three main components: a carrier polymer, a ligand, and a plasticizer improv-
ing mechanical properties of the films [28]. Film composition is typically adjusted individually in each 
separate case. 

 
Figure 1. Structure of TODGA 

It should be noted that film application is not appropriate to remove radionuclides for their process-
ing or disposal. In this case, material with high sorption capacity and developed surface such as poly-
mer particles with immobilized ligands is needed. 

It is well known that europium properties resemble those of americium, except europium is not ra-
dioactive. For these reasons, primary investigations of sorption properties are often conducted using 
europium as an analogue for americium. 

In this study sorption properties of the styrene-divinylbenzene copolymer beads impregnated with 
TODGA towards europium ions are examined. 

Additionally, the study describes manufacturing of the polymeric films containing the same ligand 
and their sorption properties towards europium (III). Spent photographic film without any additional 
plasticizer or other components was proposed to use as a carrier material, which makes the method for 
film preparation cheaper and simpler. 

 

Experimental part 
Reagents. TODGA was provided by the Institute of Organic Chemistry (Kyiv). 5 g/l stock Eu(III) 

solution was prepared by dissolution of an accurately weighted amount of europium oxide in nitric 
acid (Merck). The sorbent based on styrene-divinylbenzene copolymer beads (available from SOE 
“Smoly”, Kamianske, Ukraine) was manufactured in the Institute of Organic Chemistry by the im-
pregnation of the beads using TODGA solution in chloroform and subsequent solvent removal. Bead 
size was in the range of 63…100 μm. The fraction of TODGA in the material was 40% by weight. For 
film manufacturing, photographic film from Kodak Color and chloroform were used. pH of the solu-
tions were adjusted using HNO3 (Merck) or NaOH (Merck). Sodium ethylenediaminetetraacetate was 
used for desorption. All solutions were prepared using deionized water. 

Manufacturing of TODGA-containing polymeric films. Photographic cellulose triacetate film af-
ter mechanical stripping of a photosensitive emulsion was cut into small pieces and dissolved in 10 ml 
of chloroform with stirring. A certain amount of TODGA was added to the solution obtained. Total 
mass of the bare photographic film and TODGA was 0.1 g. The solution obtained was poured in Petri 
dishes with diameter of 7 cm, which were previously treated with ethanol and hot concentrated nitric 
acid to degrease the surface. The dishes were lidded and maintained at room temperature for 48 h until 
complete chloroform evaporation. The dishes with films formed were filled with water and left for 
several hours. Then the films were carefully detached from surface of the dish and dried at 25 °С at 
reduced pressure for 2 h to remove residual solvent. Dried films were cut into 2 × 3 cm square pieces. 
In order to obtain optimal film composition, ratio of the photographic film amount to the TODGA 
amount was varied while total mass of the mixture being kept constant. The inclusion of TODGA in 
the polymeric matrix was monitored by IR spectroscopy. IR spectra of the films were obtained using a 
FTIR-8400S spectrometer (Shimadzu, Japan). 

Study of sorption properties. Sorption was investigated in a batch mode. 20 ml of the test solution 
with a certain Eu(III) concentration was added to 0.05 g of sorbent or 2 × 3 cm film sample in a coni-
cal flask. pH was adjusted with NaOH and HNO3 solutions using a STARTER 3100 pH-meter 
(OHAUS, USA). Solutions with nitric acid concentrations in the range of 0.5 to 6 mol/l were prepared 
by dilution of the corresponding amount of the concentrated nitric acid. Flasks were shaken at 300 rpm 
for 3 h. Then the film was removed or the sorbent was filtered out. Eu(III) concentration in the solu-
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tion before and after sorption was measured by inductively coupled plasma atomic emission spec-
trometry using an iCAP 6300 Duo spectrometer (Thermo Scientific, USA). 

Removal rate was calculated according to the formula: 

 0

0

,% 100ec c
R

c


  , (1) 

where c0 is an initial concentration of Eu(III) ions in the solution; ce is a concentration of Eu(III) ions 
after sorption. 

In order to obtain sorption isotherms, 20 ml of Eu(III) solution with concentrations in the range of 
2 to 140 mg/l was added to 0.05 g of the sorbent. Nitric acid concentration in all solutions was 1 mol/l. 

When studying removal from natural waters, tap water spiked with an aliquot of europium stock 
solution was used. Concentrated nitric acid was added to the tap water before sorption to obtain con-
centration of 1 mol/l. 

For desorption and film reuse studies, films were washed with ultrapure water and placed in 20 ml 
of sodium ethylenediaminetetraacetate (EDTA) solution with concentration of 0.3 g/l and pH 6.8. De-
sorption was carried out in conditions analogous to those in sorption studies except that the time was 
1.5 h. Procedure was performed several times, each time a new portion of the EDTA solution being 
used. When Eu(III) was not detected in the solutions after sorption, the films were again washed with 
ultrapure water, dried and reused for Eu(III) removal as described above. 

 

Results and discussion 
Sorption properties of polymeric beads based on styrene-divinylbenzene 

impregnated with TODGA 
Acidity effect on the removal rate of Eu(III). Lanthanides and actinides are usually extracted by 

TODGA or related ligands from concentrated solutions of nitric acid. It has been concluded that when 
extracted from nitric acid solutions, nitric acid forms complexes of different composition with 
TODGA [29], which in turn readily react with europium cations. However, in this work Eu(III) sorp-
tion was studied in a wider acidity range to choose the most optimal conditions for removal: in nitric 
acid solutions with concentrations of 6 mol/l to 0.5 mol/l and in solutions with pH of 1 to 7. рН > 7 
was not studied because hydrolysis of europium may occur in this conditions. Sorption was carried out 
at an initial Eu(III) concentration of 20 mg/l. Obtained results are shown in Fig. 2. 

 

 
Figure 2. Acidity effect on removal rate of Eu(III) 

 
Fig. 2 illustrates that the maximal removal of Eu(III) was observed in the solutions with high nitric 

acid content. Authors of the publication [30] demonstrate decrease in the removal rate with increase in 
HNO3 concentration and relate this phenomenon to competition between Eu(III) and H+ ions. In our 
work such effect was not observed. Oppositely, the removal rate began to increase again with further 
decrease in solution acidity (рН > 2). Previously, complex formation between Eu(III) and TODGA 
was studied. It has been concluded that it most probably occurs according to the following scheme 
[30]: 

 3
3 3 33

Eu 3NO 3TODGA Eu NO TODGA     
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Therefore, formation of a different-ligand complex occurs, with nitrate anions directly participating 
in the complex formation. That explains increase in the europium removal rate from solutions contain-
ing nitric acid. It is also confirmed by the fact that changing of nitrate ions for sulphate ions dramati-
cally decreases the europium removal rate (about 6 % at the initial Eu(III) concentration of 20 mg/l). 
Subsequent increase in the europium removal rate with increase in рН of solution > 2 can be explained 
as following. Though basic properties of TODGA are rather weak, as far as it is amide with tertiary 
nitrogen atoms and long alkyl substituents, it still may bind to nitric acid. Amides are protonated by 
strong acids at an oxygen atom because the cation formed in such way is stabilized due to mesomeric 
effect. So the amide oxygen participating in the complex formation with europium is involved in this 
process. Therefore, in addition to europium binding, competitive protonation of TODGA should be 
taking into account. Consequently, increase in the removal rate after pH of 2 relates to decrease in the 
protonation rate of the TODGA amide moiety. 

Sorption isotherm of Eu(III). Sorption isotherms were obtained by varying concentration of 
Eu(III) ions in the solutions for sorption. 

Sorption capacity was calculated according to the equation: 

 
 0 ec c V

q
m


 , (2) 

where c0 is an initial concentration of Eu3+, mg/l; ce is a concentration of Eu3+ in the solution after 
sorption; V is a volume of the solution, l; m is a mass of the sorbent, g. 

The isotherm obtained is shown in Fig. 3. 
 

 
Figure 3. Sorption isotherm of Eu(III) ions 

 
This isotherm is an isotherm of H-type according to the classification in [31]. According to calcula-

tions, data obtained is well fitted to Langmuir sorption isotherm: 
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where q is a sorption capacity; q∞ is a maximal sorption capacity; KL is a Langmuir adsorption con-
stant; ce is an equilibrium concentration of Eu(III) ions. 

Coefficients q∞ and KL in the equation (3) were determined by a nonlinear method of least squares. 
Values obtained as well as values of squared correlation coefficient are provided in Table 1. The obe-
dience of the sorption process to Langmuir model suggests an equivalence of all centers on the sorbent 
surface without any interaction between particles as well as formation of a monolayer of adsorbed 
particles [32]. 

 
Table 1. Parameters of Langmuir sorption isotherm equation 

KL, (l/mg) q∞, mg/g R2 
6.2 7.4 0.988 

 
Removal of Eu(III) from natural waters. It is well known that natural water contains cations that 

can interfere target ion sorption. Table 2 provides content of Eu(III) ions and ions usually present in 
natural water before and after sorption. 
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Table 2. Cationic composition of water spiked with Eu(III) before and after sorption 
Ion Before sorption, mg/l After sorption, mg/l 
Ca2+ 90 90 
Mg2+ 49 49 
Sr2+ 0.91 0.90 
Al3+ 0.12 0.12 
Fe3+ 0.50 0.48 
K+ 9.9 10.0 
Na+ 107 111 

Eu(III) 19 5.3 
 
As can be concluded from Table 2, ions present in the natural water do not bind to the investigated 

material; however, decrease in the removal rate compared to model solutions is observed: 70 % for 
natural water and 90 % for model solutions (at the initial Eu(III) concentration of 19 mg/l). Such dete-
rioration can be explained considering blocking of the sorbent active centers by other components 
from water, e.g. organic compounds contained therein. However, this issue needs further study. 

 
Sorption properties of polymeric films containing TODGA 

Optimal film composition determination. Fig. 4 provides an exemplary IR-spectrum of triacetyl 
cellulose film with incorporated TODGA molecules. The spectrum includes the absorption band of 
stretch vibrations of the TODGA amide group as a nonassociated form (С=О) at 1650 cm-1 and the 
absorption band of stretch vibrations of the С-О-С bond at 1120 cm-1, two bands at 2860 and 
2920 cm-1, which correspond to symmetric and asymmetric stretch vibrations of the alkyl groups in the 
hydrocarbon substituents of TODGA, and the band of the deformation vibrations of С-Н from -CH2- 
and CH3 groups at 1460 and 1370 cm-1. Bands at 1740 and 1230 cm-1 or 1040 cm-1 correspond to the 
vibrations of C-O-C in ester or ether groups, respectively, which pertain to the matrix material. 
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Figure 4. IR-spectrum of triacetyl cellulose film modified with TODGA. 

 
Sorption of Eu(III) ions on the films obtained was carried out in 1 М HNO3. Removal rate of euro-

pium vs. weight fraction of TODGA in polymeric film is shown in Fig. 5. 
Increase in the removal rate with increase in TODGA content in the film is observed up to 40 % by 

weight and then the removal rate becomes essentially constant. Accordingly, optimal film composition 
was chosen to be 40 % by weight of TODGA and 60 % by weight of the photographic film. 

Acidity effect on the removal rate of Eu(III). Removal of Eu(III) by the films was investigated in 
the wide рН range: in nitric acid solutions with concentrations of 6 mol/l to 1 mol/l and in the solu-
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tions with рН of 1 to 7 (the initial Eu(III) concentration was 0.3 mg/l). The relationship obtained is 
shown in Fig. 6. 

 
Figure 5. Eu(III) removal rate vs. weight fraction of TODGA in the film 

 

 
Figure 6. Eu(III) removal rate vs. acidity of the solution 

 
In general, the relationship is even more complicated than that observed for styrene-divinylbenzene 

copolymer beads impregnated by TODGA. As for polymeric beads investigated, the maximal removal 
rate was observed in solutions with high nitric acid concentrations. Notably, europium removal rate 
increases in the pH range of 2 to 4 in both systems studied. Further increase in рН leads to the growth 
of the europium removal efficiency in the case of the beads and on the contrary to the decrease in the 
efficiency in the case of the films, which can be associated with changes in sorption mechanism. 

Removal of Eu(III) from natural waters. The removal of Eu(III) from natural water spiked with 
europium was studied using the polymeric films. As for polymeric beads, slight deterioration of sorp-
tion properties was observed: about 80% of europium ions was removed from the natural water, while 
> 95% was removed from model solutions at the initial concentration of the analyte of 0.3 mg/l. 

Regeneration and reuse of the films. The aim of the following experiment was to elucidate the 
possibility of the film reuse. Eu(III) removal occurred the most efficiently in a highly acidic medium, 
so an EDTA solution with pH of 6.8 was decided to be used for desorption. Table 3 illustrates results 
obtained during desorption process investigation. 

 
Table 3. Desorption of Eu(III) from the films 

No. of cycle Eu(III) content in the solution, mg/l 
1 0.13 
2 0.12 
3 < 0.005 

 
It has been found that complete desorption (> 99%) of Eu (III) from the film was achieved after 

three cycles of washing with the EDTA solution, while integrity and mechanical properties of the 
films were remained intact. Repeated sorption of Eu(III) was performed on the films regenerated. Such 
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regeneration was found to not influence on the sorption properties of the films: Eu(III) removal rate 
was 95 % and 96 % for new and regenerated films, respectively. Accordingly, the films can be used 
twice. However, subsequent purification cycles led to an abrupt deterioration of physical properties: 
the film lost her elasticity and became soft and sticky. This is likely to be explained by gradual saponi-
fication of cellulose triacetate with the nitric acid solution. 

 

Conclusions 
Sorption properties of the styrene-divinylbenzene copolymer beads impregnated with TODGA and 

of the polymeric films based on cellulose triacetate containing TODGA towards Eu(III) were studied. 
It is found that the maximal removal of Eu(III) ions is observed both in the concentrated nitric acid 
solutions (1-6 mol/l) and in the solutions with higher pH values: in the range of 4-7 for the beads and 
3-4 for the films, with the minimal removal being observed at рН = 1-2 for both materials. Sorption 
equilibrium of Eu(III) ions on the styrene-divinylbenzene copolymer beads is adequately (R2 = 0.988) 
fitted by Langmuir adsorption isotherm. According to calculations, the maximal sorption capacity is 
7.4 mg/g in the nitric acid solutions with concentration of 1 mol/l. Removal of Eu(III) ions from natu-
ral water is slightly less effective than that from model solutions for both films and beads. However, it 
is found that metal cations present in natural water do to not sorb in such systems. The possibility to 
use the polymeric films twice without any deterioration of their sorption properties was shown. 

The study is financially supported by the National Academy of Sciences of Ukraine within the pro-
ject “Novel polymeric sorption materials for radioecological monitoring”, state registration 
no. 0119U101248. 
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В.В. Варченко*, З.Ю. Буніна*, К.Ю. Брильова*, К.М. Бєліков*,†, І.Б.-Х. Щербаков*, А.Б. Драпайло‡, 
В.І. Кальченко‡. Сорбційні властивості полімерних гранул та плівок, що містять тетраоктилдиглікольамід, 
по відношенню до йонів європію (III). 

* НТК «Інститут монокристалів» НАН України, пр. Науки, 60, 61070, Харків, Україна 
† Харківський національний університет імені В.Н. Каразіна, пл. Свободи, 4, 61022, Харків, Україна 
‡ Інститут органічної хімії НАН України, вул. Мурманська, 5, 02000, Київ, Україна 

У цій статті наведено результати дослідження вилучення йонів Eu(III) з водних розчинів плівками на ос-
нові триацетату целюлози і гранулами кополімеру стирену та дивінілбензену, що містять тетраоктилдиглі-
кольамід (TODGA). Запропоновано простий спосіб отримання плівок триацетилцелюлози, що містять до 
50 мас. % TODGA. Для вказаних матеріалів досліджено залежності ступеня вилучення йонів Eu(III) від 
кислотності розчинів. Максимальне вилучення йонів Eu(III) спостерігається у розчинах нітратної кислоти з 
концентраціями 1-6 моль/л. Крім того, збільшення ступеня вилучення європію відбувається також при 
pH > 2 для гранул, і в інтервалі pH від 2 до 4 для плівок. В першому випадку збільшення ступеня вилучення 
пояснюється збільшенням концентрації нітрат-іонів у розчині та утворенням комплексу Eu(NO3)3(TODGA)3, 
а у другому зменшенням ступеня протонування TODGA зі збільшенням рН. Характер залежностей вказує 
на ідентичність механізмів сорбції на поверхні досліджуваних матеріалів. Сорбційна рівновага йонів Eu(III) 
на гранулах кополімеру стирену та дивінілбензену, імпрегнованих TODGA, задовільно описується ізотер-
мою адсорбції Ленгмюра. Максимальна сорбційні ємність такого матеріалу при вилученні йонів Eu(III) з 
розчинів з концентрацією нітратної кислоти 1 моль/л становить 7.4 мг/г. Встановлено, що максимальний 
ступінь вилучення йонів Eu(III) плівками на основі триацетилцелюлози досягається при вмісті в них TODGA 
≥ 40 мас. %. Показано можливість селективної сорбції європію з природної води як з використанням гра-
нул, так і плівок. Хоча катіони, що містяться у природній воді, не зв’язуються досліджуваними сорбентами, 
при переході від модельних розчинів до природної води тим не менше спостерігається незначне погіршен-
ня сорбційних властивостей. Повна десорбція йонів Eu(III) з поверхні плівок досягається при трикратному 
промиванні розчином ЕДТА з рН = 6.8. Отримані плівки можна удруге використовувати для вилучення 
йонів Eu(III). 

Ключові слова: європій, сорбція, TODGA, триацетат целюлози, сополімер стирену з дивінілбензеном, 
ступінь вилучення. 
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В настоящей статье приведены результаты исследования извлечения ионов Eu(III) из водных растворов 
гранулами сополимера стирола и дивинилбензола и пленками на основе триацетата целлюлозы, содер-
жащими тетраоктилдигликольамид (TODGA). Предложен простой способ получения пленок триацетил-
целлюлозы, содержащих до 50 мас. % TODGA. Для данных материалов изучены зависимости степени 
извлечения ионов Eu(III) от кислотности растворов. Максимальное извлечение ионов Eu(III) наблюдается в 
растворах азотной кислоты с концентрацией 1-6 моль/л. Кроме того, увеличение степени извлечения ев-
ропия происходит также при pH > 2 для гранул, и в интервале pH от 2 до 4 для пленок. В первом случае 
увеличение степени извлечения объясняется увеличением концентрации нитрат-ионов в растворе и обра-
зованием комплекса Eu(NO3)3(TODGA)3, а во втором уменьшением степени протонирования TODGA с 
увеличением рН. Характер зависимостей указывает на идентичность механизмов сорбции на поверхности 
исследованных материалов. Сорбционное равновесие ионов Eu(III) на гранулах сополимера стирола и 
дивинилбензола, импрегнированных TODGA, удовлетворительно описывается изотермой адсорбции Лен-
гмюра. Максимальная сорбционная емкость такого материала при извлечении ионов Eu(III) из растворов с 
концентрацией азотной кислоты 1 моль/л составляет 7.4 мг/г. Установлено, что максимальная степень 
извлечения ионов Eu(III) пленками на основе триацетилцеллюлозы достигается при содержании в них 
TODGA ≥ 40 мас. %. Показана возможность селективной сорбции европия из природной воды как с ис-
пользованием гранул, так и пленок. Хотя катионы, содержащиеся в природной воде, не связываются изу-
чаемыми сорбентами, при переходе от модельных растворов к природной воде тем не менее наблюдает-
ся незначительное ухудшение сорбционных свойств. Полная десорбция ионов Eu(III) с поверхности пле-
нок достигается при трехкратном промывании раствором ЭДТА с рН = 6.8. Полученные пленки можно 
повторно использовать для извлечения ионов Eu(III). 

 

Ключевые слова: европий, сорбция, TODGA, триацетат целлюлозы, сополимер стирола с дивинилбен-
золом, степень извлечения. 
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