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Abstract

The interaction of U with chitosan in sorption of U(VI) from sulfate solutions was examined by

X ray photoelectron spectroscopy It was found that uranyl complexes are formed on the chitosan surface
They contain in the equatorial plane the nitrogen atom of the amino group as well as probably oxygen
atoms from the chitosan ring and free hydroxy groups Prolonged exposure of the chitosan U(VI) complex
in a vacuum chamber of the spectrometer results in cleavage of the bonds linking the uranyl groups with
amino and hydroxy groups which is responsible for formation of U(IV) compounds on the surface with

surface depletion in OH groups

PACS numbers: 82 80 Pv
DOI: 10 1134/S1066362208050159

Uranium is typically recovered from natural and
mine waters by sorption with various sorbents [1 5]
In most cases the examined uranium solutions con
tained SO% ions [6] Since recently special attention
has been given to preparation and study of the
physicochemical properties of new sorbents based on
natural biopolymers chitin and chitosan These ma
terials exhibit high sorption power with respect to
various metals and radionuclides [3 5 7] They are
suitable for preparation of sorbents in the form of
gels sponges films and granules Low ash content
and good biodegradability enable waste compaction

Our previous study [8] was focused on U(VI)
sorption from aqueous solutions of UO,SO, on
spherically granulated chitosan We found that
the best sorption and kinetic characteristics were
exhibited by freshly formed and cross linked chito
san granules The total static exchange capacity of
the freshly formed granules was 0 7 mmol of U(VI)
per gram of dry sorbent Based on the calculated
diffusion coefficients and the similarity criteria
describing the diffusion process parameters we
presumed that irrespective of the method by which
the granules were prepared (freshly formed cross
linked air dry) the dominating process is U(VI)
sorption on the surface mainly controlled by ex
ternal diffusion In the presence of SO% interaction
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of U(VI) with amino groups of chitosan can occur
simultancously with the complexation between
UO%Jr and SO% with the resulting complexes par
ticipating in cross linking of the amino groups of
chitosan

We examined here the complexation between
U(VI) and chitosan by X ray photoclectron spec
troscopy in order to clucidate the U(VI) sorption
mechanism

EXPERIMENTAL

We wused freshly formed chitosan granules
(FSCG) 3 mm in diameter prepared by the tech
nique described in [9] For electron microscopic
image of the granules sece [§]

The samples for X ray photoelectron spec
troscopic (XPS) examinations were obtained by the
following procedure

Sample no 1 (film) was prepared by U(VI) sorp
tion from 155 mM UO,SO, solution on the freshly
formed granulated chitosan (molecular weight
MW = 170 kDa) for 1 h at the solid to liquid phase
ratio V/m of 125 and pH 5 Then the granules were
separated from the solution washed with a dilute
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(~0 001 M) HNOj solution and air dried The mois
ture content of air dry granules was 6 8% To
prepare a film the granules were dissolved in acetic
acid (~0 2 ml of 3 6% CH;COOH) and the result
ing solution was applied to an aluminum substrate
and air dried This yielded a ~5 pum thick film con
taining ~5 8 mg of U(VI)

The film preparation was accompanied by the fol
lowing reaction:
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Sample no 2 (powder) Sorption of U(VI) on
a freshly formed granulated chitosan (MW =
170 kDa) followed the procedure described above
for sample no 1 Then the granules were separated
from the solution washed with a dilute (~0 001 M)
HNOj solution and air dried The moisture content
of the air dry granules was 6 8% To prepare
a powder the granules were milled in a ball mill into
particles ~20 pm in diameter The U content of
the powder was 46 mg of U(VI) per gram of the
material

Preparation of granules for uranium sorption was
accompanied by the following reaction:
HO HO
S O
HO \f/

°N o

YH3

S + NH,OH
OOCCH3

HO HO
0,
SR A
granules

+ CH;COONH, + H,O

Sample no 3 (powder) was a chitosan powder
prepared by milling of air dry granules in a ball mill
to particles ~20 um in diameter

Sample no 4 (powder) was a powdered chitosan
U(VI) complex Sorption of U(VI) on the powdered
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chitosan (MW = 170 kDa) followed the procedure
described above for sample nos 1 and 2 The
powder was prepared from air dry granules by mill
ing in a ball mill into particles ~20 um in diameter
After the sorption powdered chitosan was separated
from the solution by centrifugation washed with
~0 001 M HNOj solution and air dried

Sample no 5 (powder) was 05 g of powdered
UO,S0, nH,O prepared by UO,(OH), precipita
tion with NH,OH from a UO,SO, 3H,O solution
which was followed by dissolution of UO,(OH), in
1 3 M H,SO, The solution was evaporated to wet
salts and then exhaustively dried in air at 30°C
The dry residue wax thrice washed with C,H;OH
and air dried The salt of the composition UO,SO,
nH,O was ground in a porcelain mortar

The X ray photoclectron spectra were measured
on an MK II VG Scientific electrostatic spectrom
eter with AlK, = (14866 ¢V) nonmonochromated

X ray exc1tat10n radlatlon ina13x10 7 Pa vacuum
at room temperature The resolution of the spec
trometers measured as the half width of the line of
Audfs, electrons was 12 eV The binding energies
of the electrons Ey eV are referenced to that of
C s eclectrons of hydrocarbons on the surface of
the samples (saturated hydrocarbons) taken as
2850 eV The binding energies E, eV and line
widths I" eV of the electrons were measured ac
curately to within 01 eV and relative intensities
accurately to within 10% The line halfwidths are
calibrated relative to the corresponding parameter of
the line of Cls electrons T'(Cls) = 13 eV

For measuring the X ray photoelectron spectra
samples in the form of finely ground powders were
pressed into a two sided conducting adhesive tape
In all cases we recorded the spectra of the valence
band electrons within 0 50 eV; U4/ clectrons;
N1ls electrons; and Ols and Cls celectrons of
oxygen and carbon The spectra of the U 4/ electrons
allow determination of the valence of the uranium
ions The samples get strongly charged (to 5 ¢V in
the binding energy of the electrons) and such charg
ing is unstable in time For this reason the spectra
were calibrated relative to the line of carbon for each
separate line rather than for the entire spectrum
within the 0 1000 eV energy range In other words
the line of the spectrum of the Cls electrons was
measured before and after recording the target line
of the element This allowed the error in determining
the binding energy of the electrons of the eclements
in the samples examined to be decreased to 0 1 eV
Sample nos 1 3 after the initial examination were
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Electron binding energics £, ¢V of the compounds and complexes (figures in parentheses are the binding energies for

clectrons and shake up satellites)

Material uttar,, | US4, N ls
Sample no la |3803 (15) |3823(15) [3994(15) 4016
Sample no 1b |380 7 (15) |3825(15) [3999(17) 4016
Sample no 2a |380 7 (15) |3824(15) 4001 (15) 4015
Sample no 2b |3808 (15) |3825(15) [3997(15) 4019
Sample no 3a 399 6 (1 3)
Sample no 3b 3997 (12)
Sampleno 4 |3807 (14)|3823(14)(3997(12) 4019
Sample no 5 3831 (18)

385 9 sat
Chitosan [16] 3999
Chitin [16] 401 6
Uo, [12] 3809
vy UO;[12] 3824
Cellulose [13]

left in the spectrometer for 1 day after which they
were examined once again to clucidate how their
stability is affected by a high vacuum in the spec
trometer For this reason we introduced the follow
ing designations: nos 1la 3a and 1b 3b for the
samples examined on the first and second day
respectively (see table)

All the samples were subjected to quantitative cle
mental and ionic analyses underlain by the propor
tionality between the spectral line intensity and the
concentration of the atoms in the sample analyzed
Such analysis was based on the following relation
ship:

nin; = (SfS)(kilk;) (1)
where ni/nj is the relative concentration of the target

atoms; S;/S; relative intensity of the lines of the
inner shell electrons of these atoms; and kjk; ex
perimental relative sensitivity coefficient We used

here the following values of these coefficients relative
to carbon: 100 (Cls) 264 (Ols) 168 (N1s) 360

Udfz) 216 (S2p) [10]
RESULTS AND DISCUSSION

The configuration of the valence electrons and the
ground spectroscopic state of the U atom can be
represented as 92U6s26p65f36d 7s* and SLg respec
tively Hence U can exist in several oxidation states;
UQO, and UOj; belong to the most stable oxides For
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S2p Ols Cls
532724 2850 (13) 2867 2884
532424 2850 (13) 2867 2883
S313(15) 53312850 (13) 2865 2882
5314(15) 53312850 (13) 2866 2882
5332(15) 2850 (13) 2865 2882
5332 (13) 2850 (13) 2865 2882
1605(13) | 5313(14) 5330(2850(13) 2866 2884
1658
1696 (19) 5324 (15) 2850 (13)
5305 2850
5314 2850
5325

these oxides the electron binding energies £ eV of
different shells are known like in the case of metal

For example the U4/ clectrons in the X ray photo

clectron spectra exhibit a doublet due to spin orbit
interaction with the splitting AE; = 108 eV [11]

The spectrum of these electrons contains satellites
characteristic for different oxidations states of U on
the higher energy side of the main lines at AE; For
example the U4/, electrons are characterized by
E, for U (metal) UO, and y UO5 of 377 4 (AE, =
108 eV [11]) 3809 (AE, =69 ¢V [12]) and 3824 ¢V
(AE; = 37 eV [12]) respectively For U the binding
energies of clectrons of other levels in various com

pounds are known [12]

The X ray photoclectron spectra of the examined
samples of chitosan and its complexes with U(VI) at
clectron binding energies within 0 1200 ¢V contain
lines associated with their constituting clements as
well as Auger spectral lines of carbon (CKVV) and
oxygen (OKVV) (Fig l1a) This energy range can be
conventionally divided into three regions [12]
The first region corresponding to eclectron binding
energies within 0 15 eV exhibits a structure as
sociated mainly with electrons from outer valence
molecular orbitals (OVMOs) to which U5/ U6d
U7s C2p O2p and N2p clectrons of the outer
valence atomic shells strongly contribute (Fig 1b)
In this spectral region the intensity of the line at
E, = 19 ¢V associated with U 5/ electrons not in
volved in chemical bonding serves as a quantitative
characteristic of the ionic composition of uranium in
a substance [12] The second energy region 15
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Fig 1 Survey X ray photoelectron spectra of sample
no (a) 3a and (b) 4

50 eV exhibits a structure associated mostly with
electrons from inner valence molecular orbitals
(IVMOs) mainly with eclectrons from low energy
completely filled U6p C2s O2s and N2s inner
valence shells of the neighboring atoms The char
acteristics of this structure correlate with the param
cters of the structure of the nearest surrounding of
the U(VI) ions in complexes and compounds [13]
The third energy region >50 ¢V exhibits a structure
of the spectra of the inner (core) clectrons weakly
involved in formation of inner molecular orbitals
(CMOs) which are virtually completely neglected in
discussion of the X ray photoclectron spectra How
ever the spectrum in this region can exhibit a struc
ture due to spin orbit interaction with the splitting
AE, eV as well as to multiplet splitting AE ¢ eV
multiclectron excitation dynamic effect etc [12]
The parameters of this structure characterize differ
ent properties of compounds and hence are used in
combination with such conventional characteristics
as eclectron binding energy and chemical shifts of
levels and their separations as well as the spectral
line intensity For simplicity in further discussion we
will utilize both the molecular and atomic terms and
designations
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Spectra of low energy electrons (0 50 eV) The
low energy region in the spectra of the surface of the
examined complexes contains lines of U 5/ electrons
and electrons from OVMOs associated with outer
valence U5/ U6d U7s C2p O2p and N2p clec
trons as well as a structure associated with electrons
from IVMOs associated with U6p C2s O2s and
N 25 electrons The energy region corresponding to
O2s clectrons of the examined samples exhibits
a broad structured line For chitosan (sample no 3)
this line has a width " of 4 eV while the line of the
O 1s clectrons is much narrower (I' # 1 5 eV) The
structure in the region of the binding energies of O2s
electrons is associated with formation of IVMOs
The spectral lines of the U5/ and U 6p clectrons are
fairly weak which complicates correct elemental and
structural analyses on the basis of their intensities
and splittings However the structure of the spectra
of low energy clectrons allows some qualitative con
clusions which as we will demonstrate below agree
with the data derived from the spectra of inner elec
trons Indeed the spectrum of low energy clectrons
of chitosan (sample no 3) upon 1 day exposure to
a high vacuum in the measuring chamber of the
spectrometer did not change appreciably At the
same time in the spectra of these clectrons in the
chitosan U(VI) complexes (sample nos 1 and 2)
the line of U5/ electrons substantially increased in
intensity This suggests a decrease in the number of

the U®" ions on the surface of the samples and an
increase in that of the U*' jons The spectrum of
the chitosan U(VI) complex (sample no 4) also con
tains the line of the U 5/ electrons Such analysis is
possible since only the line of U 5/ electrons is ob
served in the spectra of the examined substances
(diclectrics) at the electron binding energy of 1 9 eV
and any other lines are absent

Spectra of inner electrons (E; > 50 eV) Elemental
and ionic quantitative analyses of the samples by
XPS typically utilize the most intense lines of their
constituting elements [13] For the compounds of
interest we chose the lines of Cls Ols Nls S2p
and U4/ clectrons (see table) The spectra of S2p
and U4/ clectrons are represented by characteristic
doublets due to spin orbit interaction with the split
ting AEg of 11 and 108 eV [11] respectively The
lines of Cls Ols and N ls clectrons are singlets
but the spectra of these clectrons exhibit a complex
structure due to occurrence of ions in different oxi
dation states in the examined compounds and com
plexes (Figs 2 4) The spectra of C 1s electrons con

RADIOCHEMISTRY Vol 50 No 5 2008
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Fig 2 X ray photoelectron spectra of Cls electrons for sample nos (a) 3a and (b) la

Ols (a
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Fig 3 X ray photoelectron spectra of Ols electrons for sample nos (a) 3a and (b) 4
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Fig 4 X ray photoelectron spectra of U4f and N ls electrons for sample nos (a) la and (b) 1b

tain a number of lines associated with different oxi  to two O atoms The spectrum of C ls clectrons of
dation states of C (Fig 2a) This spectrum allows powdered chitosan also contains three lines among
only qualitative assignment of the lines to the specif =~ Which the middle line more than twice surpasses in
ic C atoms in the polymer For example the line at  intensity the two other lines Notably the spectra of
2850 eV should be attributed to saturated C atoms C 15 electrons remained unchanged with the time
(g CH,); that at 286 7 ¢V to C atoms bound to of residence of the sample in the spectrometer

the O atom; and that at 288 4 ¢V to C atoms bound The spectrum of Ols clectrons of powdered

RADIOCHEMISTRY Vol 50 No 5 2008
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chitosan (sample no 3a) is represented by a fairly
symmetrical narrow (" = 15 eV) line with a small
shoulder on the lower energy side This shoulder can
be attributed to the OH group In the spectrum of
the chitosan U(VI) complex (sample no 4) the low
energy shoulder increases in intensity probably due
to the appearance of additional hydroxy groups in
the complex A similar situation is observed for
the X ray photoclectron spectra of sample nos 1
and 2

The spectrum of O ls electrons of the chitosan
U(VI) complex (sample no 2) consists of two lines
(sce table and Fig 4) at 531 3 and 5331 ¢V From
the equation [14]

E, (€V) = 22IRy} o (nm) + 5194 )
follows

Ry o (im) = 227(E,  5194) ! 3)

Hence the binding energy of O 1s electrons allows
estimation of the length of the bond with oxygen
Ry o nm in the samples examined These param
eters were estimated at 0191 and 0166 nm It
should be noted that they characterize the lengths of
bonds involving oxygen in chitosan and serve for
estimation of their length [15]

For chitosan (sample no 3) the spectrum of N 1s
clectrons observed at E, = 3997 eV (see table) is
represented by one relatively narrow (I' = 1 3 eV)
line Complexation between chitosan and U(VI)
(sample nos 1 2 and 4) is responsible for the ap
pearance of an additional line at £y ~ 4016 ¢V in
the spectrum of N 1s electrons on the higher energy
side This line decreases in intensity with time
possibly due to cleavage of the U N bond in the
complexes examined

The spectrum of chitosan (sample no 3) within
the accuracy does not contain lines of S 2p electrons
of sulfur At the same time the spectrum of the
chitosan U(VI) complex (sample no 4) contains
weak lines of S2p electrons at 160 5 and 1658 ¢V
(sce table) The high energy line can be attributed to
the SO% group and the line at 160 5 eV to sulfur
participating in chemical bonding with other atoms
[13]

The spectrum of U 4f electrons in UO,S0O, nH,O
(sample no 5) consists of a doublet of relatively
narrow lines with shake up satellites on the higher
energy side with 20% intensity separated from the
main lines by 2 8 ¢V (sce table) The observed spec

VELESHKO et al

trum is typical for the U®* jon [12] The spectrum
of U4/ clectrons of the complex of uranium with
chitosan film (sample no 1) is indicative of two
chemically nonequivalent states of uranium ions
U* and US* (Fig 4a) With increasing time of
residence of the sample in the spectrometer the lines
of the U*' ions considerably grow in intensity
(Fig 4b) This is due to changes on the surface of
the chitosan U(VI) complex under high vacuum
exposure at room temperature It can be presumed
that in the initial state the complex contained Ut
ions solely

Similar XPS spectra were observed for other
chitosan U(VI) complexes examined (sample nos 2
and 4)

In quantitative elemental and ionic analyses of
the examined samples of compounds and complexes
an increase in the error of measurement of the spec
tral line areas for inner electrons of metals is due to
the additional structure in the spectra associated
with secondary electronic processes multiclectron
excitation The latter is responsible for the appear
ance of shake up satellites on the higher energy side
of the main lines; hence their intensity can be partly
taken into account in the analysis (Fig 4) All this
can be responsible for an additional error in ele
mental and ionic analyses which can exceed 10% In
this approximation based on the X ray photoclec
tron spectra we carried out clemental and ionic
quantitative chemical analyses of the surface
(~5 nm) of the examined samples relative to one C
atom The results arc as follows: sample no la:

C1 0000 53N0 06M™0 037 No 0239U0 011(U5 bo4 U ho):
sample no  1b: Gy 1sOp 50Ny 07(Ng 950 No 020)
Uo01p(Ugh07 UG o) sample no  2a: Cy 400y g
Ny 140N 114 No 0260U0 010(Ug 005 Ugoos)s  sample
no 2b: C; 4600 50N 130Ng 120 No 0100Ug 009(Ug b7
U8J602); sample no 3a: C; ;70 54N 3; sample

no 3b: C; 4O 54N 155 and sample no 4: C; 440 53

4 6
Nog7(N0 063 N0 009 U0007(Uc00s UGo02)So o013
(SO3 )SO 015(S A)

These data somewhat differ from those initially
calculated for the bulk of the sample The reason is
that the XPS data are relevant to the structure of
the surface of 5 10 nm thick samples

To summarize interaction of chitosan with
uranyl group yields complexes containing in the
equatorial plane the nitrogen atom of the amino
group and also probably oxygen atoms from the
ring of chitosan and free hydroxy groups Prolonged
exposure of the chitosan U(VI) complex in a vacuum

RADIOCHEMISTRY Vol 50 No 5 2008
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of the spectrometer results in cleavage of the bonds
linking the uranyl group to the amino and hydroxy
groups This is responsible for formation of U(IV)
compounds on the surface with the surface deple
tion in OH groups
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