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The use of the antibiotic agent tetracycline for analytical purposes in solvent extraction
procedures is presented. Individual extraction curves for the lanthanides, zinc, scandium,
uranium, thorium, neptunium and protactinium were obtained. Separation of those ele-
ments one from another, and of uranium from selenium, bromine, antimony, barium, tanta-
lum and tungsten was carried out. In all cases benzyl alcohol was the diluent used to dissolve
tetracycline hydrochloride. Sodium chloride was used as supporting electrolyte for the lan-
thanide separations and sodium perchlorate for the other elements mentioned. Stability or
formation constants for the lanthanide complexes as well as for thorium complex with tetra-
cycline were determined by using the methods of average number of ligands, the limiting
value (for thorium), the two parameters and the weighted least squares. For the lanthanides,
the stability constants of the complexes Ln(TC), go from 9.35 £ 0.22 for lanthanum up to
10.84 £ 0.11 for lutetium. For the Th(TC), complex the formation constant is equal to
24.6 £ 0.3. Radioisotopes of the respective elements were used for the determinations. When
more than one radioelement was present in an experiment, a multichannel analyser coupled
to Ge(Li) or Nal(Tl) detectors was used for counting the activities. When only one radio-
isotope was used, counting of the radioisotopes was made with a single-channel analyser
(integral mode counting) coupled to a NaI(T1) detector. Uranium was determined by activ-
ation analysis (epithermal neutrons)., Radioisotopes of the elements were obtained by
irradiation in the IPEN swimming-pool reactor. The natural radioisotope ? *#Th was used as
label in the thorium experiments. In some separation procedures such as in the case of the
pair uranium-neptunium, and of the pair scandium-zinc, the separation was obtained by
properly adjusting the pH value of the aqueous phases, before the extraction operation.
In other cases, addition of masking agents to the extraction system was required in order
to perform the separation between the elements under study. In this way ethylenediamine-
tetraacetic acid (EDTA) was used as masking agent for scandium and the lanthanides in
order to allow separation of uranium from those elements. Diethylenetriaminepentaacetic
acid (DTPA) was used as masking agent for thorium in order to extract uranium into the
organic phase. Separations of protactinium from thorium, and of uranium from protac-
tinium and thorium, were accomplished by using sodium fluoride as masking agent for
protactinium and DPTA as masking agent for thorium and protactinium at the same time.
In the case of the separation of the lanthanides one from another it is necessary to resort
to a multi-stage extraction procedure since the stability constants for those elements are
too close.
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Introduction

Several analytical methods have been developed using tetracycline, aureomycin
(chlorotetracycline) and terramycin (oxytetracycline) as complexing agents for vari-
ous cations. ISHIDATE and SAKAGUCHI' have shown that aureomycin can be
used for the colorimetric analysis of Th(IV) ions. ASHTON? investigated the pos-
sibility of using tetracycline as a fluorescent indicator in the microdetermination of
group II cations. The method proposed by ASHTON was shown to be highly sensi-
tive in ultraviolet light for complexometric titrations of calcium, strontium and
magnesium with EDTA.

One of the first applications of tetracycline for an analytical separation was a
solvent extraction procedure presented by MASTERS? for the determination of %Sr
in environmental grass samples. A further study was then undertaken by MAS-
TERS?* to determine the feasibility of application of tetracycline to the extraction
of other metallic elements. ALBERT® and ALBERT and REES® have determined,
by means of potentiometric titrations, the stability constants of the complexes for-
med by chlorotetracycline, oxytetracycline and tetracycline with several bivalent ca-
tions, namely: Cu(Il), Ni(Il), Fe(1l), Co(Il), Zn(II) and Mn(II) as well as with Fe(IIl)
and AI(IIT). The stability contants of some alkaline-earth chelates of tetracycline have
been determined by MAXWELL et al.” using potentiometric titrations.

Our investigations concerning the analytical uses of tetracycline (TC) were started
by showing that the lanthanide elements, uranium and thorium form complexes with
the tetracycline molecule. Spectrophotometry was the technique used to show the
formation of the complexes.® Extraction curves for the 15 lanthanides, for scandi-
um, thorium, uranium,® neptunium,’ zinc!'® and protactinium were determined for
the extraction system made up by TC-benzyl alcohol as the organic phase. A 10-
stage extraction procedure applied to the mixture of lanthanum and thulium was
enough for isolating both elements one from another. In the case of the mixture of
praseodymium, europium and ytterbium, a 23-stage extraction procedure was used
since the separation factors of the elements present in the second case were smal-
ler than the separation factor for the pair lanthanum-thulium.

Following the sequence of our investigations, stability constants of the comp-
lexes formed between the lanthanides and TC molecule were determined,!® as well
as the one of the thorium-TC complex.!? The rather high values found for the
stability constants of the complexes under study led to the conclusion that these
compounds would be of interest to be used for analytical purposes, speciaily those
concerning chemical separations. The behaviour of protactinium in connection with
this extraction system was also investigated. The studies in connection with the se-
paration of uranium from selenium, bromine, antimony, barium, tantalum and
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tungsten'® are of practical interest since these elements may cause interferences in
the determinations of uranium by epithermal neutron activation analysis. The ra-
dioisotopes 79mSe, s1mge BOmBr, samp, 122me,,13lBa, 182mTa, and ,1s7w
have gamma-rays whose energies are too close to the 74.6 keV photopeak of 23°U.
Both uranium and thorium are extracted into the TC-benzyl alcohol solution but
the extraction curves for these two elements are too close one to the other to al-
low the separation of both elements in a single extraction operation. Nevertheless,
TC-benzyl alcohol system can successfully be used for separating uranium from
thorium, provided the thorium reaction with TC is masked by means of thorium
complexation with DTPA.!* The non-extractable Th-DTPA complex has a stabil-
ity constant higher than that of the Th-TC complex and the presence of DTPA
does not interfere with the extracting capacity of TC relatively to uranium. Simi-
larly, separation of uranium from scandium and from the lanthanides'® is easily
performed when both scandium and the lanthanides are held on the aqueus phase
by masking the reaction with EDTA, since the non-extractable Sc-EDTA and lan-
thanide-EDTA complexes have stability constants higher than the ones of Sc~TC
or lanthanide—TC complexes.

The use of TC-benzyl alcohol extraction system was also studied for isolating
scandium from zinc.!® Separation of these two elements is important in activa-
tion analysis when both elements are present in the same sample since the radio-
isotopes 5Zn and 4®Sc have gamma-rays with energies too close one to the oth-
er. *5Sc can be determined in a mixture of the two radioisotopes by means of
the photopeak of 889.3 keV; however, the main photopeak of ©°Zn, with energy
corresponding to 1115.52 keV, suffers interference from the 1120.5 keV photo-
peak of *®Sc. The annihilation peak of ®°Zn suffers interference from many oth-
er radioisotopes. Half-lives of both radioisotopes are too long (83.9 days for 463c
and 245 days for 5Zn) to wait for one of the isotopes to decay in order that
the other might be counted free from interferences.

Experimental

Preparation of solutions

The radioisotopes of the lanthanide elements were obtained by irradiation of
their respective oxides (Johnson Matthey Chemicals Limited, London) in a ther-
mal neutron flux of about 5-10!'2 n-cmi? -s! from 0.5 to 8 hours, according
to the nuclear properties of each particular radioisotope. After irradiation the ox-
ides were dissolved with hot hydrochloric acid or perchloric acid, depending on
the supporting electrolyte i.e., NaCl or NaClQ,, to be added to the aqueous phase.
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Table 1
Radioactive tracer solutions
Element Compound irradiated Disso} ution Ra&ioisotOpe
with

Se Se(metal) HNO, 75 Se

Br KBrO, H,O 82Br

Br KBr H,0 82Br

Sb Sb(metal) Aqua Regia 1248

Ba BaCoO, HC10.2M 131, 133p,
Ta Ta(metal) HF, 28M 18271,

w (NH,),,W¥,,0,,5H,0 H,0 T8TwW

Irradiation time = 8 min up to 24 hours.

Thermal neutron flux =5 - 10*%2 n-cm™2- 57!,

Container for irradiation: aluminium sheets and quartz ampoules for bromine
(bromide).

The solutions were then diluted to the desired concentrations that ranged from
10* to 10°M in metal ion.

Radioactive tracers for the elements selenium, bromine, antimony, barium, tan-
talum and tungsten were obtained by irradiation of compounds of the elements,
(Table 1). Carrier-free ! *’Pm was purchased from New England Nuclear (Boston,
Mass.) and suitable aliquots of the original stock solution were diluted with 0.1N
HC1 solution. Carrier-free >3°Np was separated from irradiated U3 Qg . Irradiation of
U,05 was carried out using cadmium containers in order to practically eliminate the
thermal neutron fission of 235U, ?3%Np was isolated from the uranium solutions by
coprecipitating neptunium, in the trivalent oxidation state, with lanthanum fluoride.' ¢
234Th tracer was obtained by passing an uranyl nitrate solution through a column of
alumina and removing 23*Th with hot HC1.! 7 Carrier-free 233Pa was obtained by irradia-
tion of thorium hydroxide with thermal neutrons during 8 hours. After a cooling
time of about 20 hours, thorium hydroxide was dissolved with hydrochloric acid
and %33Pa was isolated from thorium by means of anion exchange operation.!?
After its isolation >33Pa was kept in 8M HCI solution, in polyethylene vials. Ura-
nium and thorium solutions used for the extractions were prepared by dissolving
U303 and ThO, with nitric acid solution. Tetracycline hydrochloride (TC) was dis-
solved with benzyl alcohol (p.a., Carlo Erba) previously washed with distilled wa-
ter. The concentration of TC in the organic solution was in the range from 1073
to 1072M. The solution was used within six hours after its preparation in order to
avoid its decomposition.
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Operation procedure

The extraction system was made up of 5.0 ml of TC-benzyl alcohol solution and
5.0 ml of the aqueous solutions of each of the radioactive tracers of the elements
under study. For the determination of the extraction curves of the lanthanides and
of 239Np, NaCl, at a concentration equal to 1.0M, was used as supporting electro-
lyte in the aqueous phase. In the other cases the supporting electrolyte was NaClO,
at a concentration of 0.10M. Masking agents EDTA or DTPA were added to the
aqueous phases so that their final concentration was equal to 2.5 X 10°3M. For the
separation between thorium and protactinium NaF was used to mask the reaction
between protactinium and TC. The final concentration of the masking agent NaF
was 4.9 X 10°M. For separation of uranium from both protactinium and thorium,
DTPA (2.5 - 103M) was used as masking agent.

Measurements of pH values were performed using a Metrohm pH meter Model
E-350B, allowing a scale reading of 0.05. The pH values of the aqueous phases
were adjusted by adding dilute acid solutions (HCl or HC10,) and dilute NaOH so-
lution. The phases were then equilibrated by shaking mechanically, for 30 minutes,
at a temperature of 25.0 £ 0.5 °C.- The phases were separated, centrifuged, the pH
of the aqueous phases were measured and aliquots of one milliliter of both phases
were then withdrawn for counting. Whenever there was only one radioelement pre-
sent in the samples, a well-type Nal(T1) scintillation counter, coupled to a single-
channel analyser was used for integral gamma-ray counting. In the case of samples
containing more than one radioelement, a Ge—Li detector coupled to a 4096-chan-
nel analyser was used. In the case of '*’Pm samples a proportional gas flow co-
unter was used to measure the activities. Concentration of uranium in both phases
was determined by epithermal neutron activation analysis'® measuring the activity
corresponding to the 74.6 keV photopeak of 23°U.

Results and discussion

Stability constants for the complexes of the lanthanide elements and of thorium
with tetracycline

In order to calculate the stability constants of the complexes under study, sev-
eral preliminary determinations were carried out.

Complex formation and extraction. To show that the metal extracted into the
organic phase is bonded to the tetracycline molecule, the radioactive lanthanide or
thorium tracer solutions were contacted with benzyl alcohol at various pH values.
No activity was detected in the organic phase (benzyl alcohol only) showing that
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Fig. 1. Distribution ratio of metal versus pH. Curve A — [TC] = C, = 0.01M; [Tb]:
(8) — 1.0-10°M; (+) - 2.0 * 10°M; (0) — 4.0 - 10°M; (®) ~ 1.0 - 107°*M.

Curve B ~ [TCl=C, = 2.0+ 107°M; [Th}: (c) ~ 4.0 10°°M; {+) — 1.0 - 107°M;
() - 83-10°M; (¢) ~ 1.0+ 10*M

the extractable species were the lanthanide-tetracycline complex or thorium-tetra
cycline complex.

Type of complex formed. In order to check if polynuclear complexes would be
formed, distribution ratios, D, were determined for several concentrations of ter-
bium and of thorium, maintaining the TC concentration constant at 1.0- 102M
and 2.0 - 10°®M, respectively, and varying the pH values of the aqueous phases. Re-
sults are presented in Fig. 1.

Statistical “F> test and Students’s “t” test®° applied to the data obtained, show-
ed that the straight lines corresponding to four metal concentrations, within the
ranges 1.0 - 10°M to 1.0 - 10*M for terbium, and 4.0 - 107°M to 1.0 - 107*M for
thorjum are coincident at a confidence level of 95%. This means that the distribu-
tion ratio is not dependent on the metal concentration in the ranges of concentra-
tion investigated, showing the formation of mononuclear complexes for the lantha-
nide elements and thorium.?! To check if the complexes formed in the extraction
system unde_r study are of the general formula MAn(OH)p(HA)r, MA, (OH), or
MA_, the distribution ratios, log D, were determined as a function of the cologa-
rithm of the concentration of free ligand (pA) for various initial concentrations of
TC.!! In the case of lanthanides and of thorium it was shown that the distribution
ratio (log D) is a function only of pA, for various concentrations of TC, indicating
the formation of complexes of the type MA ' Fig. 2.
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Fig. 2. Distribution ratio of metal versus pA, as a function of TC concentration. Cusve A :
{Tb] = 2.0 - 107*M; Concentration of TC: (+) — 0.010M; (®) — 0.004M. Curve B:
[Th} = 107* — 10°*M; Concentration of TC: (©¢) — 5.0 « 1073M; (e) — 2.0 - 1073M;
+) - 75-10*M

The formation of negatively charged complexes for lanthanide elements and tho-
rium was ruled out in the pH intervals at which D values were obtained. If such
complexes existed the curves of Figure 2, log D versus pA, would show a maximum
value for log D or a plateau followed by a decrease of log D for decreasing pA val-
ues.?? In order to calculate the stability constants it was assumed that only un-
charged complexes Ln(TC); (Ln = lanthanide elements) and Th(TC), are extracted
into the organic phase, what is to be expected to be true for organic solvents of
low dielectric constants.?!>22

Complexation position in the tetracycline molecule, TC has three jonizable hydro-
gen atoms corresponding to the tricarbonylmethane, phenolic diketone and dimethyl-
amino groups. The dissociation constants are pK; = 3.39, pK, = 7.44 and pK; = 8.85,
respectively.! !

Complexation position for the lanthanide ions and for thorium was determined by
potentiometric titrations as well as by infrared absorption spectrophotometry. Con-
ductimetric titrations were also used in the case of the lanthanide elements.

Results for TC potentiometric titrations with sodium hydroxide solution in the
presence and absence of lanthanum and of thorium ions are shown in Fig. 3 and 4,
respectively. It can be seen that the increase of pH on titrating La--TC and Th—-TC
solutions is less pronounced than when titration is carried out in absence of the me-
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Fig. 3. Potentiometric titration of 0.010M TC with 0.010M NaQH. Relation La — TC: A — no La;
B-1:1;C~1:2;,D-1:3
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Fig. 4. Potentiometric titration of 9.2 - 100°M TC with 0.10M NaOH. Relation Th — TC :
A-noTh;B-1:1;C~1:2;D~-1:3:E - 1:4

tal ions. This indicates that in the case of lanthanum and of thorium, formation of
the complexes occurs by means of the tricarbonylmethane group, since this group is
the one that dissociates at pH values smaller than 5.50. For conductimetric titra-
tions with lanthanum ions two tetracycline derivatives (anhydrotetracycline, ATC,
and dedimethylamino-tetracycline, DTC, Fig. 5) were used, as well as the tetracycline
ligand (TC) used throughout in this work. TC and ATC were titrated in aqueous so-
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Fig. 5. Formulae of tetracycline (TC); anidrotetracycline (ATC) and dedimethylamino-tracycline
(DTC)

lutions and DTC in methanol, since its solubility in water is rather small. Formation
of complexes with a relation metalligand equal to 1:1, 1:2 and 1:3 was thus con-
firmed, Figs 6 and 7. It is thus seen that the lanthanide is not coordinated through
the nitrogen of group B (Fig. 5) (dimethylamino) since this group is not present in
the DTC. The same conclusion was drawn by means of solvent extraction technique,
since the compounds formed with ATC and DTC are both extractable into benzyl
alcohol. Fig. 8 shows the results of conductimetric titrations of TC with thorium
ions, indicating the formation of the species in which the metal: ligand ratios are
equal to 1:1, 1:2, 1:3 and 1: 4.

Absorption infrared spectra of TC, La—TC and Th—TC complexes were made.
The compounds were emulsified in mineral oil (Nujol). The La—TC and Th—TC
compounds were prepared in accordance with the procedure presented by BAKER
and BROWN.?? The spectra showed the following characteristics (Figs 9 and 10):

a) TC, La—TC and Th—TC have the same absorption bands in the interval from
200 to 1500 cmi’.

b) The compound La—TC obtained at pH = 3.0 and the one obtained at pH 4.5
are the same and both have water molecules in their structures.
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Fig. 6. Conductimetric titrations of TC and ATC. Curves A and C — 10 ml of 0.010M LaCl, +
+ 20 ml of water. Titrating solutions: 0.010M TC (A) and 0.010M ATC (C). Curves B
and D — 30 ml! of 0.010M TC solution (B); 30 ml of 0.010M ATC solution (D). Titrat-
ing solution: 0.010M LaCl,. TC-tetracycline, ATC-anhydrotetracycline

X" eonductance

L[ i « I

) 10 20 30 40

Titrating solution, ml
Fig. 7. Conductimetric titration of DTC. Curve A ~ 10 ml of 0.010M LaCl, + 20 ml methanol.
Titration with 0.010M DTC. B — 30 ml 0.010M DTC. Titration with 0.010M LaCl,. DTC -
dedimethylamino-tetracycline.
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Fig. 8. Conductimetric titrations of TC: A — 40 ml of 9.2 - 100*M TC + 110 m] of water tit-
rated with 0.01M Th(NO,),; B — 10 ml of 0.01M Th(NO;), + 140 m! of water titrated
with 9.2 « 10*M Tec. (In curve B formation of the 1:4 complex is not indicated since
solutions corresponding to this proportion are too dilute for detection by the conducto-
meter)

Transmittance , *o-

L ! | ]

1800 1600 1400 1200

wawenumber, cm’!

Fig. 9. Infrared absorption spectrum of TC and La~TC compounds. Curves: TC — full line,
La—~TC — dotted line
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Fig. 10. Infrared absorption spectrum of Th—TC compounds: A — TC; B — Th (TC); C — Th(TC), ;
D — Th(TC),; E — KBr celis; F — Nujol oil

¢) TC presents three absorption bands at 1580, 1610 and 1670 cni'! which are
not present in the spectrum of La—TC nor in the spectrum of Th—TC; instead a
large band, at approximately 1600 cmi'?, is presented by La—TC (Fig. 9) and by
Th—TC (Fig. 10). Since the absorption corresponding to the value at 1600 et s
due to the vibration of the group —C =0 it is secen that lanthanum and thorium
are linked to the TC molecule by the tricarbonylmethane group A.

Based on all information obtained from potentiometric and conductimetric titra-
tions for TC, ATC and DTC, as well as the information from the absorption spectra
in the infrared region for the solid compounds La—~TC and Th—TC it is seen that
the complexation of the lanthanides and of thorium occurs through the hydrogen
position of the tricarbonylmethane group in the TC molecule whose ionization con-
stant is 1073-3?: that is pK, = 3.39, at 25 °C and ionic strength of 0.10M in
NaClO,.

WILLIAMSON and EVERETT?# have also shown, by nuclear magnetic resonance
that the trivalent ions N@3*, Tb** La®', V3" and the bivalent ones Cu®*, Mn?*,
Co**, Ca®* and Mg?* are linked to the TC molecule by the tricarbonylmethane
group.

b
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Stability constants calculation. To calculate stability constants the following cor-
relation was used:

N
D =1,/l, = Kp By [A]N/ngoﬁn (Al" (1)

where D — distribution ratio of metal M,
I,.I, — activities of the tracer in the organic and aqueous phases, respectively
Kp — distribution constant of the complex MAy,
[A] — concentration of the ligand ion in the aqueous phase,
N — valence of metal,
Ba(n=1.2...N) — formation constants for the complexes MA | (charges are omitted
for simplicity).

By using labelled radioelements the concentrations of the metal to be extracted
(tracer plus carrier) can be made much smaller than the initial concentration of the
ligand. The amount of ligand in the complex molecule can thus be neglected and
the concentration of free ligand TC, [A], was calculated by means of the following
equation:!!

PA =pK; —pH—1log C,V,/(1 +D'V,V!) (1 + K, [HI™)V (2)

where V, and V — volumes of organic and aqueous phases, respectively,

C, — initial concentration of TC in the organic phase,

D' — distribution ratio for the ligand, (D' = [HA] /([A] + [HA]),
D' values are presented in Ref;!!,

K, — first dissociation constant of TC,

The formation or stability constants of lanthanides and thorium with TC were de-
termined by the methods of average number of ligands, two parameters and least
squares; for thorium the limiting value was also applied, besides the three ones men-
tioned.! 112 General correlations used for calculating the stability constants were
presented in Refs.!!'1?

Values of stability constants for Ln(TC), complexes are presented in Tables 2,
3 and 4; for Th(TC),, complexes they are presented in Table 5.

For Ln(TC),, complexes the calculation of log 8, by the least squares method,
was not performed by the computer program since the value of a,* was rejected

N
*Note: Z = n2=50 ap[A]" 3)

2=D"'{AIN and a, = 6,/Kpy
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Table 2
Stability constants for the complexes of lanthanides
with tetracycline determined by the average number method

Element log 8, fog k,- k, log 8,
La 2.82 6.08 8.90
Ce 3.10 6.32 9.42
Pr 3.59 6.52 10.11
Nd 3.62 6.22 9.84
Sm 345 6.78 10.23
Eu 3.53 6.38 9.91
Gd 3.60 6.64 10.24
Tb 3.78 6.81 10.59
Dy in 6.82 10.54
Ho 3.53 6.88 1041
Er 3N 7.01 10.72
Tm 3.99 6.77 10.76
Yb 4.26 6.69 10.95
Lu 4.20 6.22 1042

[NaCl0,] = 0.10M, temperature = 25.0:0.5 °C.
The constants 85 and kj, are expressed in units corresponding to (litre)™/(mol)? and (litre)/(mol),
respectively.

Table 3
Stability constants for the complexes of lanthanides
with tetracycline determined by the two parameters method

Element log 8, log 8, log 8,
La 2.95 5.90 8.85
Ce 3.10 6.20 9.30
Pr 3.25 6.50 9.75
Nd 3.20 6.40 9.60
Sm 3.30 6.60 9.90
Eu 335 6.70 10.05
Gd 3.35 6.70 10.05
Tb 3.45 6.90 10.35
Dy 3.45 6.90 10.35
Ho 3.50 7.00 10.50
Er 3.65 7.30 10.95
Tm 3.70 7.40 11.10
Yb 3.55 7.10 10.65
Lu 350 7.00 10.50
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Table 4
Stability constants for the complexes of lanthanides
with tetracycline determined by the least squares method

Element log 8, log k,- k, log 8,
La 3.50+0.16 5.8410.26 9.35+0.22
Ce 3.31:0.24 6.16+0.30 9.47+0.22
Pr 2.8610.12 7.45+0.24 10.32+0.18
Nd 2.92+0.38 6.67£0.41 9.59+0.15
Sm 2.81+0.77 7.2010.78 10.01+£0.14
Eu 3.97:0.14 5.93+0.38 9.90£0.37
Gd 3.79:0.14 6.53+0.17 10.32+0.13
Tb 3.78+0.19 6.730.23 10.520.15
Dy 2.70+0.59 7.7240.59 10.43+0.06
Ho 3.53£0.33 7.2610.33 10.79+0.12
Er 3.73x0.21 7.1410.22 10.87+0.11
Tm 4.2610.10 6.78+0.12 11.05+0.08
Yb 3.55+0.35 7.33:0.44 10.88:0.27
Lu 4.48+0.09 6.3610.11 10.84+0.11
Table §
Stability constants for the complexes of thorium with tetracycline
Method log 8, log 8, log 8, log 8, Kp
Two parameters 7.3 13.8 19.5 244 -
Limiting value 7.1 13.5 18.5 24.0 500
Average number 7.6 14.1 19.6 24.6 -
Least squares 7.0£0.4 14.2£0.3 18.9+0.5 24.6:0.3 50746

(NaClO,] = 0.10M, temperature = 25.0£0.5 °C.

by the program as a consequence of a too large standard deviation for a,. A new
set of values for a,, a, and a; was recalculated and in this way instead of 8,
values, the product k, - k3 (product of consecutive equilibrium constants) is re-
ported. The omission of the a, parameter would not mean that the correspond-
ing complex does not exist, but only that the stability constant cannot be cal-
culated because of uncertainties in the corresponding experimental data, probably
because the concentration of MA, is not high enough to influence the measure-
ments. Also, application of the method of average number of ligands to calculate
B2 values for lanthanide complexes resulted in values with negative signs for §,.
The difficulty found in the calculation of B, by this method and by the least
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»

v ]

Fig. 11. Distribution ratio of Th versus pA. Dots represent experimental values and the curves
are calculated values hsing constants obtained by the four methods: least squares (a);
limiting value (b); average number (c); two-parameter (d)

squares method, may support the conclusion that the calculation of this value, by
the method of two parameters, might be dubious, the reason being the same, that
is, the concentration of MA, would be rather small. The stability constants of
Th(TC),, complexes presented in Table 5 show that a good agreement is found
for all four methods.

Fig. 11 presents the experimental values of log D versus pA (dots) as well as
the calculated curves for log D using the calculated formation constants values.
It is seen that the constants calculated by the two-parameters method give a curve
that is mostly displaced from the experimental points, comparatively to the three
other methods. This displacement can be explained considering that the two-para-
meters method gives only approximate values for the constants, since the correla-
tions used for calculations are exact only if there are at most two chemical spe-
cies present and if the ratio of two consecutive constants k, is the same?®
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Fig. 12. Extraction curves for the lanthanide elements. Concentration of tetracycline solution:
1072 M. Concentration of metal ions = 10°*M, NaCl = 1.0M

Table 6
Percent europium extracted (%E)
in the presence or absence of sodium chloride

E, %
pH
NaCt 1.0M No NaCl
2.20 14.0 0.5
240 325 1.5
2.60 65.0 5.0
2.80 86.0 10.6

Concentration of tetracycline solution: 10 > M.
Concentration of europium solution: 10~ 5 M.

Separation studies

Extraction behavior of the lanthanide elements. Preliminary experiments had
shown that the presence of a supporting electrolyte such as NaCl, at a concentra-
tion equal to 1.0M, would greatly enhance the metal extraction at any given pH,
Table 6.

The dependence of extraction of the lanthanides on hydrogen ion concentration,
using NaCl 1.0M as supporting electrolyte, was studied between pH 1.50 and 3.50.
Fig. 12 presents the extraction curves for the lanthanides. Only the corresponding

J. Radioanal. Chem. 64 (1981) 99
e



M. SAIKI et al.: USE OF TETRACYCLINE AS COMPLEXING AGENT

Table 7
Slopes of the lines log D = apH + b
“for the lanthanide elements

La Ce Pr Nd Pm
a 2.36 2.31 2.39 2.47 2.50
03 0.06 0.03 0.04 0.04 0.03
c.cC. 0.998 0.999 0.999 0.999 0.999 .
Sm Eu Gd Tb Dy
a 2.46 2.46 2.48 2.57 2.66
Oy 0.02 0.02 0.03 0.05 0.02
c.C. 0.999 0.999 0.999 0.999 0.999
Ho Er Tm Yb Lu
a 2.59 246 2.45 2.61 2.37
Og 0.03 0.02 0.03 0.04 0.05
c.C. 0.999 0.999 0.999 0.999 | 0.999

0, — Standard Deviation of a.

c.c. — Correlation Coefficient.

TC — 0.010M.

Ionic strength: 1.0M (NacCl).
Lanthanide concentration: 10" °>M.

to lutetium, neodymium, praseodymium, cerium and lanthanum are presented since
the curves for the elements promethium through ytterbium are too close one to

the other. The dependence of the extraction of the lanthanides on tetracycline con-
centration was studied for a tetracycline concentration range varying from 1.25-10°M
to 20.0-10*M. In this case the pH value at which each set of experiments for a
specific lanthanide was carried out, was held constant. The least squares method was
used to determine the slopes of the plots of log D versus pH and of log D

versus tetracycline concentration for each of the lanthanides. The values obtained are
shown in Tables 7 and 8, respectively. Since hydrolysis of the lanthanide elements

is not likely to occur in the pH range in which the partition experiments were car-
ried out and since it has been shown® that CI” ions are not co-extracted with the
lanthanide-TC complex, the lower than 3 slopes found for the log D versus pH would
indicate a step-wise formation of the complexes, with the species (LnTC)?>" and
(Ln(TC),)" present in the aqueous phase together with Ln>* ions.
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Table 8
Slopes of the lines: log D = a’ log (TC) + b’
for the lanthanide elements

La Ce Pr Nd Pm
a' 2.40 2.52 2.58 2.65 2.52
pH 3.00 3.00 3.05 2.80 2.80
2 0.06 0.10 0.0§ 0.07 0.08
c.C. 0.997 0.994 0.999 0.997 0.996
Sm Eu Gd Tb Dy
a’ 2.50 2.69 2.65 2.64 2.66
pH 2.50 245 2.50 2.40 2.30
oy’ 0.06 0.08 0.05 0.04 0.06
c.C. 0.997 0.996 0.999 0.999 0.998
Ho Er Tm Yb Lu
a’ 2.70 2.59 2.80 2.80 2.85
pH 2.40 2.35 2.40 2.40 2.30
ay’ 0.07 0.02 0.04 0.04 0.03
c.cC. 0.998 0.999 0.999 0.999 0.999

gy’ — Standard deviation of a’ as determined by the least

squares method.

c.c. — Correlation coefficient.

Initial concentration of tetracycline in the organic phase
varied from 1.25 - 10 *M t0 20.0 - 10 ">M.
" Lanthanide concentration: 10~°M.

Ionic strength: 1.0M (NaCl).

Multi-stage separation of the lanthanides. From the straight lines log D = f(pH)
of each of the lanthanide elements, the distribution ratios, D, for all the lanthanides
at any pH value, can be evaluated. The separation factors, « = D, /D,, of any pair
of lanthanides can thus be calculated, giving an indication of the feasibility of sepa-
ration between the two elements. Separation factors, a, for lanthanides, calculated
for solutions of pH equal to 2.50 are presented in Table 9.

Taking into account the values of distribution ratios, D, theoretical distribution
curves T, . (fraction of element present in each tube) as function of the correspond-
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Table 9
Separation factors @ = D, /D, for the lanthanide elements

Ele- © 1a c P N4 Pm Sm Esu G T» Dy Ho Er Tm Yb
ments
Ce 1.82

Pr 400 2.20

Nd 8.36 4.60 2.09

Pm {1000 550 250 1.20

Sm [1345 740 336 161 1.35

Eu [16.18 890 4.05 193 162 120

Gd |16.18 890 4.05 193 162 120 1.00

Tb |3545 1950 8.86 4.24 3.55 2.64 219 219

Dy [40.73 22.40 10.18 4.87 4.07 3.03 252 252 1.15

Ho |44.73 24.60 11.18 535 447 332 276 276 1.26 1.10

Er |45.64 25.10 1141 546 4.56 339 2382 282 128 112 102

Tm | 52.55 28.90 13.14 6.28 5.25 391 325 325 148 129 117 115

Yb |87.09 47.90 21.77 1041 871 647 5.38 538 246 214 195 191 1.66
Lu |5891 3240 14.73 7.04 589 438 364 364 166 145 132 129 112 148

D, and D, : distribution ratio for the lanthanides.
Tetracycline solution concentration: 10™?M.
Aqueous phase pH: 2.50.

Ionic strength (NaCl): 1.0M.

ing serial number of the tubes, were drawn for the lanthanides. The theoretical value
of the fraction T, , of the solute present in the rth tube after n transfers is given by
CRAIG?¢ as:

T n! | Df
ne” To-n! O+ 1)n @

where D is the distribution ratio.

The theoretical curves drawn for lanthanum and thulium showed that a 10-step
extraction procedure would be enough for separating lanthanum from thulium,
whose separation factor is 52.55 A higher number of steps would be necessary for
obtaining the separation between praseodymium, europium and ytterbium, for which
separation factors of 4.05, 5.38 and 21.77 were obtained for the pairs Pr — Eu,

Eu — Yb and Pr — Yb, respectively.

Fig. 13 presents the theoretical and experimental distribution curves for lantha-
num and thulium. It shows that these two elements were completely separated in
a 10-step extraction experiment. Fig. 14 shows that a 23-step process yielded a
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Fig. 13. Distribution curves for lanthanum and thulium for a 10-step countercurrent extraction
process. Concentration of metal ~ 107°M, TC = 10°"*M and NaCl = 1.0M. pH of aqueous
phase = 2,50
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Fig. 14, Distribution curves for praseodymium, europium and ytterbium for a 23-step counter-
current extraction process. Concentration of metal ~ 10°°M, TC = 10*M, and NaCl = 1.0M
pH of aqueous phase = 2.50
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Fig. 15. Extraction curves of U and Np. Concentration of NaCl = 1.0M, TC = 10°*M, U =
=5+10°M and *>2°Np carrier free

complete separation of praseodymium from ytterbium. However, a higher number
of steps would be necessary in order to obtain complete separation of europium
from praseodymium and ytterbium. The recoveries found for praseodymium, eu-
ropium and ytterbium were 66.8%, 74.9% and 81.6%, respectively. Although a com-
plete coincidence of theoretical and experimental curves was not met, their agree-
ment is seen to be rather fair. Brown et al.>” have also found a shifting of the ex-
perimental curves telatively to the theoretical ones when studying the countercur-
rent extraction of the rare earth acetylacetonates.

Separations based on the choice of pH

Separation of neptunium from wranium. Fig. 15 shows the extraction curves for
uranium and neptunium. It can be seen that in this case it is rather simple to ob-
tain separation between uranium and neptunium by a proper choice of the pH
value at which the extraction procedure is to be carried out. From Fig. 15 it can
be seen that neptunium can be isolated from irradiated uranium if the extraction
operation is carried out at a pH = 1.7, for instance. To demonstrate the effective-
ness of such separation procedure an extraction experiment was carried out in which
the aqueous phase consisted of a solution made up by dissolving U304 irradiated
for 8 hours with epithermal neutrons and allowed to cool for 16 hours in order
that 23°Np could grow in. NaCl was used as the supporting electrolyte. Table 10
shows the results.
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Fig. 16. Extraction curves for scandium and zinc. Concentration of Sc = 1.0 * 10°°M, Zn =
= 1.0 » 107*M, NaClO, = 0.10M and TC = 0.01M

Table 10
Separation of neptunium from uranium
Equilibrium, Percent metal in organic phase
pH U Np

1.90 96 2.5
2.00 97 5.0
2.50 99 10
4.35 97 95
4.70 98 95

[Ul=10"°M.

[TC] = 0.010M.

[NaCl] = 1.0M.

Separation of scandium from zinc. Fig. 16 shows the extraction curves for zinc
and scandium into TC-benzyl alcohol solution and Table 11 shows the numerical
results for a separation experiment. From Fig. 16 it can be seen that if the extrac-
tion operation is performed at a pH of about 2.5, a good separation between scan-
dium and zinc is obtained with the former being extracted and the latter element
remaining in the aqueous phase.
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Fig. 17. Extraction curves for U, Sc and lanthanide elements without masking agent. Concentra-
tion of NaClO, = 0.10M, U = 7.0 - 10°M, TC = 0.010M, Sc = 1.0 - 10°* and lanthani-
des from 10°* to 10°°M

Table 11
Separation of scandium from zinc
Scandium Zinc
pH E. % pH E, %
245 94.6 2.55 1.7
2.55 97.3 2.55 2.2
2.95 97.6 2.75 3.1

Concentrations: [TC] = 0.010M; [Sc] = 1075M;
[Zn] =8 - 107*M; [NaClO,]=0.10M

Separations based on the addition of masking agents to the extraction system

Separation of uranium from scandium and lanthanides. Previous experiments had
shown that in the absence of tetracycline, uranyl ions, lanthanides and scandium
ions, as well as their complexes with EDTA are not extracted into pure benzyl al-
cohol (no TC dissolved in the alcohol).

Fig. 17 shows the extraction curves for scandium, uranijum, thulium, europium
and lanthanum obtained for the extraction system TC-benzyl alcohol. It can be
seen in Fig. 17 that separation of uranium from scandium, thulium, europium and
lanthanum would only be possibly by use of a multi-stage extraction procedure.
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Fig. 18. Extraction curves for U, Sc and lanthanide elements using EDTA as masking agent.
Concentration of NaClO, = 0.10M, U = 8.0 - 107°M, EDTA = 2.5-10"*M

However, masking of scandium and tetracycline reaction as well as lanthanides and
tetracycline reaction with EDTA, with the formation of non-extractable Sc-EDTA
and lanthanide-EDTA complexes, gives an excellent separation of uranium from
scandium and the lanthanides, Fig. 18. In this case uranium is extracted into the
organic phase as the uranyl-TC complex while scandium and the lanthanide ele-
ments remain in the aqueous phase as non-extractable EDTA complexes. The sta-
bility constants for the lanthanide-EDTA and Sc-EDTA complexes*® are higher than
the ones for the lanthanides-TC complexes. Consequently, TC does not displace the
lanthanides and scandium from their respective EDTA complexes, which remain in
the aqueous phase while uranium is extracted into the organic-phase.

Separation of *33Pa from thorium. Fig. 19 presents the extraction curves for
uranium, thorium and protactinium. It shows that a single extraction operation will
not allow protactinium to be isolated neither from uranium nor from thorium, just
by changing the pH of the aqueous phase. Fig. 20 shows the extraction curves for
thorium and protactinium when NaF is added as masking agent to the extraction
system. In this case, masking of Pa~TC reaction by fluoride jons hinders the ex-
traction of protactinium into the organic phase until the pH value of 3.0 is re-
ached. At this pH value thorium extraction has reached its maximum value (95%)
while protactinium extraction corresponds to 4.4% only. In this way, the choice of
suitable pH value at which the extraction operation is to be carried out for an ex-
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Fig. 19. Extraction curves for thorium, uranium and protactinium. Concentration of TC = 0.010M,

Th = 5.0+ 10*M, U = 7.0 - 10°M and NaClO, = 0.10M. Shaking time = 30 min, Tem-
perature = 25.0 £ 0.5 °C
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Fig. 20. Extraction curves for thorium and ?33Pa using NaF as a masking agent. Concentration
of NaF = 4,9 - 10°M, Th = 2.0 - 10°*M, NaClO, = 0.10M and TC = 0.010M
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Table 12

Separation between 2**Pa and Th

as function of NaF concentration

NaF, M Eof Th,% | Eof Pa,% Separation factor
1.2.107? 97.0 42.7 43
49-10°? 95.0 4.4 430
1.2:10°2 92.9 1.8 713

[Th] =2.0 - 107*M; pH = 3.0; [TC) = 0.010M.

Table 13
Separation between 22*Pa and Th
as function of Th concentration

Th, M Eof Th,% | EofPa, % Separation factor
20-10°% 95.0 44 430
1.1-104 93.1 8.6 143
20:10°* 71.9 7.6 43

[NaF] = 4.9 - 10"3M; pH = 3.0; [TC]= 0.010M.

traction system to which NaF is added, can yield the separation between protacti-
nium and thorium. The concentration of masking agent NaF and the concentration
of thorium initially present in the extraction system, influence the separation factor
value. Such influences are shown in Tables 12 and 13, respectively. Results of Ta-
ble 14 show that although benzyl alcohol alone does not extract protactinium with-
in the pH range from 0.75 to 3.39, increasing losses of protactinium with increas-
ing pH values were detected for the same pH interval. It is also shown that although
no protactinium losses occurred when 102M TC-benzyl alcohol solutions were used,
increasing losses of protactinium were detected as the concentration of TC in benzyl
alcohol decreases, Table 15.

Separation of uranium from protactinium and thorium. As shown in Fig. 21 ura-
njum can be isolated from protactinium and from thorium when DTPA is used as
masking agent. If prior to the extraction operation carried out with TC-benzyl al-
cohol, DTPA is added to the aqueous phases containing uranium, thorium and pro-
tactinium, only uranium will be extracted into the organic phase, since DTPA will
mask thorium and protactinium reactions with tetracycline. Fig. 22 shows the ex-
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Table 14
Extraction of protactinium with pure benzyl alcohol
and percentage of losses (%P)

pH E,% P,%
0.75 1.9 2.2
1.06 1.9 14.5
1.67 2.5 59.1
2.5§ 2.5 52.9
2.88 1.7 77.0
3.39 0.8 78.1

[Th} =2.9 - 10 *M} [U] = 5.0 - 10 "5M; [NaClO,] = 0.10M; shaking time:
30 min, temperature = 25.0+0.5 °c.

Table 15
Percentage of 222 Pa losses (%P)
as function of tetracycline concentration

[TC}, M P, %
1 -107? 0
4 -10°3 1.9
3 1073 23
1 -1073 6.5
S -107* 16.0
25-107¢ 22.0

10-¢ 58.8

pH = 3.30; [NaClO,} = 0.10M.

traction curves for uranium and thorium when EDTA was used as the masking agent.
It can be seen in this Fig. 22 that masking of the reaction of thorium and tetra-
cycline with EDTA is not effective to prevent thorium extraction together with ura-
nium. However, masking of thorium and tetracycline reaction with DTPA, gives an
excellent separation of uranium and thorium, with thorium remaining in the aqueous
phase. The pH range at which the amount of thorium extracted is practically nil,
lies between 2.0 and 2.6. Although the stability constant of the complex Th-EDTA
is high?® (log g =23.2) thorium was partially extracted into the organic phase
(TC-benzyl alcohol) under the experimental conditions described, indicating a dis-
placement of thorium by TC from the complex Th — EDTA. Preliminary experiments
had shown that the complexes Th — EDTA, Th — DTPA, uranyl — EDTA and
uranyl — DTPA are not extracted into pure benzy! alcohol.
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Fig. 21. Extraction curves for uranium, thorium and ?33Pa using DTPA as masking agent. Con-
centration of DTPA = 2.5+ 103M, U = 7.0+ 10°M, Th = 5.0 » 10*M and TC = 0.010M

E.*%
c

80 —

60 L Th
w0 |-

20 —

1 1 L

1 2 3 &
pH

Fig. 22. Extraction curves for uranium and thorium using EDTA as a masking agent. Concentra-
tion of U = 6.0 - 100°M, Th=5.0 - 10*M, TC = 0.010M, EDTA = 2.5 - 10°°M and
NaClO, = 0.10M

The stability constant of Th-DTPA complex is rather high’® (log $>27) and
there is no displacement of thorium by TC in the Th-DTPA complex at pH values
between 2.0 and 2.6. Consequently, the extraction of thorium into TC-benzyl al- .
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Fig. 23. Extraction curves for uranium and antimony. (+) — mixture Sb — U; (¢) — Sb alone.
Concentration of U = 8- 107°M, §b = 5 — 17 - 10*M, NaCiO, = 0.10M and TC = 0.010M

cohol solutions does not take place when DTPA is present. The amount of uranyl-
TC is preferentially formed. The result is that uranium is extracted into the organic
phase as the complex uranyl-TC and thorium remains in the aqueous phase as the
complex Th-DTPA (which is too stable to be broken by tetracycline) allowing in
this way, a separation between thorium and uranium.

Separation of uranium from Se, Br, Sb, Ba, Ta, W. The presence of several ele-
ments, viz., selenium, bromine, antimony, barium, tantalum and tungsten interfere
with the determination of uranium when use is made of epithermal neutron activa-
tion analysis, since the radioisotopes of those elements have photopeaks with ener-
gies too close to the 74.6 keV 23°U photopeak.

Experiments were carried out to show the usefulness of the extraction system
tetracycline-benzyl alcohol in order to isolate uranium from each one of the ele-
ments mentioned. As it is shown in the following items, separation of uranium from
antimony, tantalum, bromine (as bromide) and selenium (hexavalent state) can be
achieved by carrying out the extraction operation at suitable pH values for each
case. Virtually nothing of the interfering elements is extracted while uranium is ex-
tracted at an extent of about 99%.

Separation uranium — antimony. Fig. 23 shows the separation of uranium from
antimony. It is seen that the separation is rather efficient at a pH interval from
4.6 to 6.0. Extraction experiments carried out with buffered solution atpH=5.5
(0.1M sodium acetate and 0.02M acetic acid) have shown that separation of ura-
nium from antimony is complete giving extraction values of 99.5% for uranium
and 0.7% for antimony.

Separation uranium — tantalum. In this case fluoride ions are present since tan-
talum was dissolved with drops of concentrated HF, which partly complexes ura-
nium and prevents a complete extraction of uranium as the complex uranyl-TC un-
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Fig. 24. Extraction curves for uranium and tantalum. Concentration of U = 8 « 107°M, Ta = 107°M,
NaClO, = 0.10M and TC = 0.010M

til the pH has reached a value above 3.3. Results for separation of uranium from
tantalum are presented in Fig. 24. It is seen that such a separation is effective at

a pH interval from 3.3 to 4.8, Extractions of 99.3% for uranium and 0.3% for tan-
talum, were obtained when the extraction operation was carried out with a buffered
solution at pH = 4.50 (0.1M sodium acetate and 0.2M acetic acid).

Separation uranium — bromine. Preliminary experiments showed that bromate
ions are extracted directly into benzyl alcohol. However, bromide ions are neither
extracted into benzyl alcohol nor into tetracycline-benzyl alcohol solution, making
possible the separation of bromine, as bromide ions, from uranium. Fig. 25 shows
results and conditions for such a separation,

Separation uranium — selenium. Results for the extraction of Se(VI) and Se(IV)
are presented in Fig. 26. Se(IV) and Se(VI) are both extracted into pure benzyl al-
cohol, without TC, in the pH interval of 2.0 to 3.0, to the extent of 6 to 15%.
However Se(VI) is not extracted into TC-benzyl alcohol organic-phase in the pH in-
terval from 4.0 to 5.0. In this way it is possible to separate uranium from selenium
using TC-benzyl alcohol, by oxidising Se(IV) to Se(VI) with hydrogen peroxide and
catrying the extraction at a pH interval from 4.0 to 5.0. Hydrogen peroxide does
not interfere with the extraction of uranium. By using buffered solution of acetic
acid and sodium acetate, at pH = 5.5, the percentage of extraction of uranium and
Se(VI) were 97.4% and 2.9%, respectively. ‘
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Fig. 25. Extraction curves for uranium and bromine (bromide and bromate). Concentration or
= 8+ 10°M, Br = 1.1 - 10°°M, NaClO, = 0.10M and TC = 0.010M
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Fig. 26. Extraction curves for uranium and selenium. Concentration of U = 8§ « 107°M, Se =
= 10"*M, NaClO, = 0.10M, H,0, = 3.15% and TC = 0.010M

Separation uranium ~ barium. In the case of barium, extraction experiments were
accomplished with and without addition of the masking agent EDTA. Although the
percentage of barium extracted into the organic phase is low (<5.5%) in the ab-
sence of the masking agent, it can be seen in Fig. 27 that when EDTA is added to
the extraction system, barium is practically totally held in the aqueous phase. The
addition of EDTA does not interfere with the extraction of uranium into tetracyc-
line-benzyl alcohol solution.

Separation uranium — tungsten, Fig, 28 presents the results for the separation of
uranium from tungsten, with and without hydrogen peroxide as masking agent for .
the complexation reaction of tungsten by tetracycline. Hydrogen peroxide will form
peroxotungstates which are not extracted into the TC-benzyl alcohol organic phase.
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Fig. 27. Extraction curves for uranium and barium. Concentration of U = 8 - 107°M, Ba =
=4« 10M, EDTA = 2.5 10°*M and TC = 0.010M. (x) — Ba without masking agents;
(®) Ba with EDTA
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Fig. 28. Extraction curves fqr uranium and tungsten. Concentration of U = 8 - 107°M,
W =10"* -10°M, NaClO, = 0.10M,H, 0, = 3.15% and TC = 0.010M, (®) tungsten
without masking agents, (x) tungsten with H, O,
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