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Abstract

Uranyl jons can interact with amine-ligands and polymers such aschitin and chitosan by complexation and adsorption. This reaction
can be affected by certain circumstances, such s a direct exposure to visible light. to give photoreactions. Among the main
photoreduction mechanisms, sensitised photoactivation (SP) and charge transfer 1o mass {CTTM) are thought to explain the various
responses obtained under several experimental conditions, where the nature of the ligand and the aerobic or anaerobic media are
all changed. It seems that 4 preliminary complexation of uranjum by ligand is required to optimise the reduction rate. The pH of
the solulion is significantiy affected by the photoreaction, depending on the experimental procedute, and a precipitate appears after
aduration. Elemental analysis and infra-red studies enable the siructure of the precipitates to be determined as dihydrated uranate

forms,

Introduction

The development of new processes for the treatment of low-metal
concentration effluents, required for pollution control, involves the
use of new sorbents. Bacterial and fungal biomass is usefui for the
recovery of metal ions insuch dilute effluents (Tsezos and Volesky,
1981; De Roine and Gadd, 1987; Guibal et al., 1992; Guibal et al.,
1993; Saucedo et al., 1993). Other polymers are also used
remove copper, lead, chromium and uranium from aqueous media
(Muzzarelli and Tuberting, 1969; Eiden et al., 1980; Deans and
Dixon, 1992;. Guibal et al., 1994}, Chitin, a widely available
natural material, obtained from shrimps, crustaceans, lobsters and
also from fungal cell walls, is characterised by a high nitrogen
content. This polymer, poly(f-(1-4)-2-acetamido-2-deoxy-D-
glucose, treated with concentrated sodium hydroxide, at boiling
point, with reflux, gives a partially deacetylated form: chitosan,
poly(B-(1-4}-2-amino-2-deoxy-D-glucose.  Chitin and chitosan
are polyacetylglucosamine and polyglucosaminerespectively. The
related monomer units are presented in Fig. 1.

~ Glucosamine and acetylglucosamine are also reported 1o be
metal-ion ligands. Several mechanisms are put forward to describe
the interaction of such molecules with copper ions (Park and Park,
1984; Micera et al., 1985) . The stoichiometry between amino-
ligands or chitosan and metal ions is stilt highly controversial
(Muzzarelli et al., 1980, Domacd, 1987, Lopez de Alba ct al,,
1989): the case for cooperative 1:1 linking is proposed and contested.
Some of these studies show a precipitation phase of metal ions inte
the polymer network and in particular into the pores (Eiden et al.,
1980; Park and Park, 1984y,

These ligands and sorbents are effective in uranium collection
from diluse effiuents. Sorption capacity can reach around 250
mg U-g*, forchitosan. The ability of glucosamine and acetylglucos-
amine is examined according o pH (Guibal, 1990; Guibal et al.,
1993b). In a continuous mixed tank reactor or in a column
continuously fed with solutions, no significant change inthe aspect
of the polymers or the solutions is noticed. But in a confined
medium with natural UV-visible irradiation a noticeable change in
colour is observed both in chitosan-saturated particles and in
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Figure 1
Glucosamine and acelylglucosamine structures
(respectively monomer units of chitosan and chitin)

vranium-glucosamine mix solutions. The effect of solar exposure
disappears when the uranium sorption or complexation occurs
under aerobic conditions, Thesc observations suggest the
photodegradation of complexes formed between uranyl ions and
ligands or sorbents. Several works deal with similar observations
in terms of the photoreduction of uranium in 2 complex medium
exposed to radiation (Heidt and Moon, 1953; Adams and Smith,
1960; Heckleretal., 1963, Rabinowitch and Belford, 1964: Sakuraba
and Matsushima, 1970). Several approaches suggest charge transter
to mass (CTTM) or sensitised photo-activation (SP) mechanisms
to interpret such phenomena{Ohyoshi and Ueno, 1974; Bhaitetal.,
1986; Sandhu ¢t al., 1987, Zuo and Holgne, 1992; Dodge and
Francis, 1994).

The aim of this work is lo show the influence of photochemical
reactions on uranium/amino-ligands interactions, and to identify
the main parameters. The influence of the atmosphere (air or
nitrogen) and of the ligand (e.g. glucosamine, acetylglucosamine,
chitin or chitosan) is estimated in turn, together with the effect of
exposure to a visible lamp.

Materials and methods
Reagents
Uranyl ions were used {in the nitrate or acetate form, Prolabo RP).

Chitin and chitosan polymers are obtained from Fluka products. A
viscometric study and a further application of the Sakurada-Mark-
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Figure 2
The photodegradation apparatus for the absolute
oxidation-reduction poltential study
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Figure 3
The photodegradation apparatus for the relative
oxidation-reduction potential study

Houwink method enable the molecular mass of chitosan to be
estimated ataround 6 x 1(° (Guibal etal., 1995 a}. The deacetylation
percentage of around 85% was estimated by infra-red analysis.
Acetylglucosamine and glucosamine were supplied by Riedel-de-
Haen.

The preparation of uranyl media (0.01 M, initial pH: 4) was
carried out in a dark room. Solutions were dezerated, for
corresponding experiments, with N2 gas and then sealed. The
addition of amino-ligands gives 1: | stoichiometric solutions. For
chitin and chitosan experiments, the final concentration was
2 g_l-l.

Photochemical reaction

Photoreactions were performed using two sets of apparatus. The
apparatus described in Fig. 2 enabled the absolute oxidation
reduction potential to be measured and the pH to be controlled
during the photolysis step. The parameters were varied (Table 1).
Figure 3 illustrates the system used to determine the potential
differenice between two reactors {one exposed to a lamp, the other
kept dark by means of a black coating), the platinum electrodes
being connected to a potentiometer. The experiments were
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performed at least in duplicate or triplicate to ensure reproducible
data (data variations lower than 8%). Table 2 summarises the runs
for this experimertal part. The Prolabo RP VL-206BL lamp
provided radiation :haracterised by a wave number above 365 nm
and a24 W power, vithtwotubes of 6 W (black tight). The distance
between the lamp ind the reaciors was 15 em. For experiments
involving air bubbiing, carbon dioxide was removed from the gay
by bubbling it into a baryte solution (Ba(OH),). The gas flow rate
was 2607 The sys-emwas kept in adark incubator and the interior
taces were covered by aluminium foil in order to reflect light
energy. )

Infra-red spectrometry

Infra-red spectrometry analysis was used to identify the precipitate
obtained durimg the. photolysis process when soluble amino-ligands
were being used. The sample was ground with infra-red grade
potassium bromidi:, KBr, in an agate mortar, an aliquot of 400 mg
of this taken with an 0.1% m/m sample content. The translucent
dises, obtained by -ompressing the ground material with the aid of
a Specac press (pressure 6.6 x 10" Pa) for 5 min were analysed by
transmission with a Nicolet FITR spectrophotometer 510 (50
scans, backgrount : air, resolution 2 cm™).

TABLE1
THE EX?ERIMENTAL RUNS: STUDY OF THE
ABSOLUTE OXIDATION-REDUCTION POTENTIAL
VZRIATIONS (URANYL ACETATE)
Run Ligand or sorbent Gas
1 None Air
2 None Nitrogen
3 Acetylglucosamine Air
4 Acetylglucosamine Nitrogen
5 Glucosamine Air
6 Glucosamine Nitrogen
7 Chitin Nitrogen
8 Chitosan Nitrogen
Results

The influence >f experimental parameters on the
oxidation reduction potential and pH

Figure 4 shows the evolution of the oxidation-reduction potential
(ORP) in the reactor until equilibrium is reached. Figure 5, under
the same experiiaental conditions, presents the evolution of this
potential in the 1irst 5 min and indicates a rapid decrease in the
oxidation reduct on potential. The experiments were carried out
with uranyl acetite solutions.

This figure :learly shows that experimental resulls can be
divided into two groups because of the effect of the bubbling, An
air atmosphere yroduces a reduction of the ORP variation, what-
ever the ligand, Afier 7 h exposure to light, equilibrium potential
stabilised itself setween 540 and 620 mV. Acetylglucosaming
(Run 3) displaye 1alarger variation in the first minutes of exposure
but a subsequent increase in potential was observed before it finally
reached an equilibrium value consistent with those obtained with
glucosamine (Run 5) or in the abscence of the ligand (Run 1). The
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reference solution, without ligand and exposed
to a nitrogen atmosphere (Run 2}, reached, at
equilibrium, a 260 mV potential. A comparison
of these curves reveals that in nitrogen. light
exposure brings about a photoreduction ofurany)
acetate, but the introduction of air, and oxygen,
producesa partial re-oxidation of the sub-products
of the photochemical reaction. Similar results
were cited by Dodge and Francis (1994) about
the photodegradation of the uranium citrate
complex: in the presence of oxygen, U(1V) and
citric acid are completely reoxidised to U(V1)
and by-products. The nature of these products
depends on the pH of the solution: at an acidic
pH. acetic, acetoacetic, 3-oxoglutaric and malonic
acids. carbon dioxide and acetone are obtained,
therefore at @ medium pH (i.e. pH 6) malonic and
J-oxoglutaric acids are the sole molecules
identified. Obviously chitin produces a similar
trend in potential evolution (for both equilibrium
and kinetics). The influence of chitin on the
photoreduction of uranyl jons is restricted by the
low uptake of this metal ion onto poly-
acetylglucosamine. Much more significant is
the photochemical reaction, in a nitrogen
atmosphere, between uranyl ions and acetyl-
glucosaming, glucosamine or chitosan. The final
absolute ORP is between 120 and 230 mV. For
the first 30 min the ORP evolution is quite
similar for both chitosan and acetylglucosamine.
Beyond this time, potential of the solution
increases for the chitosan and the curverescmbles
thatof glucosamine: a partial re-oxidation oceurs,
possibly due 1o a depolymerisation of chitosan,
a partial dissolution and further oxidation.

Figure 5 shows the initial decrease in the
ORP, the kinetics of reduction follow the same
trend observed for equilibrium potentials. Table
2 shows the initial reduction rate, calculated by
linearisation of the ORP vs, time, and the sub-
sequent derivative at t = {},

The type of ligand and gas both influenced
reduction rates: air atmosphere reduced the
kinetics except when acetylglucosamine was
present. The oxidation of intermediate products
explained this rate decrease. With deacrated
solutions, the presence of ligands or sorbents
significantly increased the reduction rates
compared withareference solution frecofligand,
except with chitin : with chitosan, the rate was
multiplied by 2.5, and by 4 with soluble ligands.
The intcraction of ligands with uranyl ions
promoted the potential decrease rate. The access-
ibility of sorbing sites seemed to be important s
soon as the polymers produced a restrictive
reduction in both equilibrium and kinetics
compared with monomers. This differencecould
also be related to the nature of the interactions
established between metal ions and sites:
complexation with glucosamine and acetyl-
glucosamine, sorption and complexation with
chitin and chitosan. This second hypothesis was
also consistent with the restricted influence of

TABLE 2
THE INITIAL REDUCTION RATE OF URANIUM

Run Ligand Bubbling Reduction Fina!
rate decrease
{(mV min"') in ORP (mV)
1 None Air 12.5 70
2 Nong N, 307 435
3 Acetylglucosamine Air 136.8 110
4 Acetylglucosamine N, 130.3 565
5 Glucosamine Air 49.7 140
6 Glucosamine N, 118.5 505
7 Chitin N, 303 420
8 Chitosan N, 70.8 470
700
% — Run 1
Q" P e e L]
§00 - + —— ¢ ————
g / .| — % FRm2
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%
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=] ——s——Run 5
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Figure 4
The oxidation-reduction potential decay vs. time for
expenmental conditions
———l Run 1
—LO—Rum 2
L ———— Run 3
5 ———Run 4
B
g ——s——Run 5
—&——Rum 6
—t Run 7

Time {min)

Figure 5

experimental conditions (first 5 min}

—C—Rm §

The oxidation-reduction potential decay vs. time for

chitin, the low metal ion sorbent, on photochemical reaction kinetics. Dodge and
Francis ( 1994) show that uranium-citrate complex degradation kinetics are slightly
favoured by anaerobic conditions.
pH is also affected by such photochemical reactions as shown by Fig. 6.
Polymers produce an increase in pH mainly due to natural proton exchange. This
pH increase appeared mainly significant with chitosan, whose pKa is around 6.2
{Guibal et al., 1993a}. pKa value is considered an indicative parameter as it varies
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with charge density and with external parameters such as pH and
ionic strength of the media, according to Katchalsky’s equation
(Domard, 1987) or the Dubin and Strauss equation (Delben et al.,
1989). In an acidic medium (pH: 4), chitin and chitosan are
protonated and the residual proton concentration decreases,
producing this pH increase. The pH increase reached a value of 4.6
after 1 to 2 h and later a stight decrease in pH gave a final value
equal to 4.5, Chitin and the reference sample, exposed to light,
showed a variation below 0.2 pH unit, in a nitrogen atmosphere. In
an aerated medium, the reference sample and glucosamine (also
under nitrogen atmosphere) exhibited a slight decrease in pH,
lower than 0.2 units. A third group of experiments included
acctylglucosamine, in both air and nitrogen, which produced 2
great variation reaching 3.0 to 3.2 pH units. It should be noted that
variations in pH were rather less rapid than those obtained for the
redox potential. The delay between the beginning of the photo-
chemical reactionand the appearance of precipitates clearly indicated
that such precipitation was related to the formation of intermediary
products. The precipitation took place in the pH and ORP ranges
observed after the stabilisation of the initial reductive step, or when
the ORP was re-increasing. From Peourbaix (1963) a simplified
ORP-pH diagram is drawn taking into account only major
constituients (Fig. 7). Such adiagram is only applicable woaligand-
free solution, but enabled the range of predeminance of several
precipitate products and metal ions to be approached. Experimental
conditions, pH and ORP, in the present study are consistent with

Figure 7
The ORP-pH diagram of uranium/water (totaf metal
concentration 10° M)

b2
Y]
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the appearance of a uranate precipitate.

The pH variations are contradictory to observations made by
Dodge and Franc s (1994), who obtained a great increase in pH,
whatever the initiil pH, for the photodegradation of the uranium-
citrate complex. " he non-instantaneous variation in pH correlated
with the appearar ce of precipitate particles in the solution whose
composition was aresented in Table 3 (elemental analysis). Inan
aerated medium, >articles displayed a typical yellow tinge, while
the precipitate was brown-black in a nitrogen atmosphere. Similar
products were ob:ained by Dodge and Francis (1994} for aerobic
conditions but in in aerobic medium they referred to a dark brown
colloidal material, rather than a precipitate. Various methods, such
as X-ray diffraction, X-ray absorption near-edge spectroscapy, and
X-ray photoelectron spectroscopy enabled the precipitate to be
identified as a hrdrated uranium oxide, UO,.2H, O, with traces
of a synthetic fo 'm of the mineral schoepite, UO,(OH),.H,O. It
is suggested thal these products were generated during the re-
oxidation phase of the intermediate by-products. The precipitate
did not appear instantaneously, a latent time was required and this
phase corresponc ed to the reduction step between acetate, ligands
and uranyl ions. Dodge and Francis (1994) also reported that
precipitation was totally or partially avoided by anexcessof ligand.

The micra-elzmental analysis showed that the composition of
precipitates was notconsistent with the suggested mineral precipitaie
compositions. The relative proportion of uranium was smaller,
while the oxyger. proportion was higher than the predicted value.
Therefore the «lemental analysis of precipitates revealed a
cumulative percentage = 100, A rapid correction, taking into
account only U, O and H, of the relative percentage gave in a
nitrogen atmospaere the following ratio: U/Q/H = 73.97/24 80/
1.22 for glucosar aine and 74.62/23.99/1.3% for acetylglucosamine,
results much mo e consistent with the composition of the predicted
dehydrated UQ, form. In an oxidative atmosphere, the analysis
percentage corre tion was not enough to predict the actual structure
of the precipitate , indicating obviously a different molecule. In air,
precipitates had a molar O/U ratio of between 7 and 8, while in a
nitrogen atmosp here, this ratio was about 3, consistent with the
stoichiometric ritio. The predicted molecule was obtained in the
non-oxidative redium, while in the aerated solution a much
greater proportion of oxygen was observed. The U/N ratio varied
between 13 an¢ 30 for glucosamine, too high to enable such a
product to be ide ntified in the precipitate of a complexed uranyl, A
partial coprecip tation of by-products could explain such results.
In order to confirm the nature of the precipitated species an infra-
red specirophot ymetric analysis was carried out. Spectra of by-
products produed by photoreducrion of uranyl acetate in the
presence of acet /lglucosamineg, with either air or nitrogen bubbling
through, werc ri:alised. A typical uranyl hydroxide peak appeared



TABLE 3 _‘
ELEMENTAL ANALYSIS OF PHOTOREDUCTIVE PRECIPITATES (PERCENTAGE,
[A}: [U0,.2H.0}, [BJ:[UO_H,0], GIcN: GLUCOSAMINE, AcGIcN: ACETYLGLUCOSAMINE)
Gas
Air Nitrogen
Element [A] [B] GIcN AcGIcN GIcN AcGIcN
U 739 78.3 57.5 60.1 67.7 67.8
N - - 0.1 < 0.1 03 < Q.1
Q 248 21.1 30.1 292 227 21.8
H 1.2 0.7 2.2 1.7 1.1 1.3
C - - 0.9 1.0 1.4 1.3 -
_ DIFFERENCE
’7 TABLE 4 T IN POTENTIAL (m¥)
LOCATION OF URANIUM BAND ABSORPTION (cm™'} 8
(GlcN: GLUCOSAMINE, AcGlcN: ACETYLGLUCOSAMINE)
pH2 pH4 pHE

Uranyl hydroxide 962 942 940 wimaL| d_’_’_f.ll

Uranium + GlcN 961 929 911 D.P. | ipoD.

Uranium + AcGleN 961  939and924 918 = —

) K TIME
=0t

at around 908 cm™. This band corresponded to the V3 deformation Figure 8
vibration, whose wave number, V, (cm™), is related to the U-O Profile of the difference in potential between the two
length, R, (A), by Veal’s formula (Tsezos, 1980): reacfors

R (A)=0.895 +§1.2 v

The location of this uranium hydroxide was not consistent with
corresponding wavenumbers observed in an infra-red study of
urany! complexation (Guibal et al., 1995b) (see also Tabie 4).

The wave number of the uranium band was different from that
of uranium hydroxide but not quite identical to those of complexed
forms, The precipitate was not obtained in the form of a uranium
complex. Other bands, appearing between | 200 and | 000 cm”,
indicated the presence of a glucose ring and another band, around
i 500 cm™, indicated an amide band. Traces of acetylglucosamine
could have a similar spectrum. Much more interesting was the
appearance of a band around | 75010 1 700 ¢m™, This wave number
range is commeonly attributed to carbonyl or carboxylic groups, not
reported in the initial spectrum, certainly due to the low acetyl
proportion. The photoreduction brought about the formation of
such intermediary or by-product groups,

Influence of experimental parameters on the
difference in ORP

In order to confirm the hypotheses put forward, a second series of
experiments was carried out with the apparatus shown in Fig. 3.
The variation of the difference in the ORP between ihe two
reactors, with different compositions and subjected to different
conditions {air bubbling through, light exposure) was observed vs.
time. Similar trends were observed and are shown in Fig. 8. A rapid
and quasi-insiantaneous variation in potential was observed between
the reactors, followed by a rapid and partial reduction of this

difference. A third stage took place with a lower rate and produced
another increase in potential variation and after quite a long time,
in a fourth stage, after a stabilisation period of 45 to 60 min, the
difference in potential tended to decrease: a re-oxidation of the
medium took place. Such variations demonstrated the complexity
of the reductive mechanisms involved. The fact that there were
several stages producing the reduction and oxidation of the reactive
intermediates explained this behaviour.

The variations between the initial and the final differences in
potential (AEi, AEf) and the time required (t,) are presented in
Tables 5 and 6. More significant results are obtained for monomer
ligands and the effect of the uranyl salt is examined: Difference
between acetate and nitrate uranyl is considered.

The differences observed between the two sets of experiments
were connected with the pre-equilibrium established before the
introduction of the ligand (sorbent) or the exposure to light : the
formation of the complex between the uranyl ions and the ligand
(sorbent), orthe stabilisation of the ORP on exposure to light before
the addition of the ligand. For acetylglucosamine and chitosan, in
a nitrogen atmosphere, both the initial and the final differences in
ORP and t, were equal, indicating that a preconditioning. for
cxample by a complexation of uranium or by light activation, was
not needed to bring about a high reduction, with uranyl acetate.
With chitin and glucosamine, an initial light activation brought
about a greater reduction than a pre-complexation. Consequently
the pre-complexation or the pre-activation scemed 1o be of great
importance inreduction control. In orderto confirm the importance
of these parameters i reduction kinetics, another experiment was

1SSN (5378-473% = Water SA Vol. 22 No. | January 1996 23



TABLES
THE INITIAL AND FINAL DIFFERENCE IN POTENTIAL EETWEEN THE
TWO REACTORS: THE EFFECT OF EXPOSURE TO LIC HT (DARKEN
REACTOR AS REFERENCE, LIGAND OR SORBENT IN BOTH
REACTORS, GlcN: GLUCOSAMINE, AcGlcN: ACETYLGI.UCOSAMINE)

Ligand or AE, t, AE,
Uranyl sorbent {mv) {min) {(mV)
Acetate AcGicN - 159 1 +23
Acetate GleN - 123 1.5 + 17
Acetate Chitin - 88 3.5 +6
Acetate Chitosan - 143 3 +37
Nitrate AcGIcN - 164 1 + 37
Nitrate GleN - 66 2 +8

TABLE 6

THE INITIAL AND FINAL DIFFERENCE IN POTENTIAL HETWEEN THE
TWOQ REACTORS: THE EFFECT OF LIGAND {LIGAND OR SORBENT-FREE
REACTOR AS REFERENCE, BOTH REACTORS EXPOSED TO LIGHT,
GlcN: GLUCOSAMINE, AcGIcN: ACETYLGLUCO!AMINE)

' Ligand or AE, t, AE,
Uranyl sorbent {mv} {min}) {mV)
Acetate AcGleN - 140 1 + 29
Acetate GleN -90 2 + 20
Acetate Chitin - 49 3.5 0
Acetate Chitosan - 149 2 + 38
Nitrate AcGlcN - 117 1 + 37
Nitrate GIcN - 116 2 + 8
DIFFERENCE uranyl acetate in the ligand-tree reactor. From Tables 5 and 6, it

I Lo . -
IN POTENTIAL (mV) appears that the uranyl counter-ion is important in the case of

glucosamine, whenitis exposed to light after the pre-complexation
of the uranium. Thiseffectis less important withacetylglucosamine
asthis ligand is a le ;s effective complexing agent than glucosamine
for uranyl ions at this pH (Guibal et al,, 1995 b). From these
observations it car be deduced that if the effect of acetate cannot
beignored, as proved by Balzani and Carassiti (1970)and Greatorex
et al. (1972), ligan1s and sorbents are also active in the reduction

)K ) TIME Drocess.
t =0

Discussion

Figure 9
Profile of the difference in potential between the two
reactors - the effect of the addition of ligand in the
referance reactor at the steady state

These results sho'v that uranyl ions and amino-ligands or their
polymerised form:: undergo complex interactions when they are
exposed to light. This complexity depends on the diversity of
molecules able to i1teract: uranyl ions on one side and both acetate
{ornitrate}and gluc osamine (or derivative monomers and polymers)
carried out in which acetylglucosamine was added to the reference  on the other.

reactor, in similar ligand concentration, with similar exposure to Acetate and wanyl ions have been reported to interact when
light, when the difference in potential was stabilised. Accordingto  exposed to UV-viiible light according to several mechanisms: a
Fig. 9, this addition brought about a reduction in the differcnce in ~ sensitised photo-cxidation of the counter=ion (SP) or a charge
potential, but the kinetics were significantly reduced againt the first  transfer to metal (C TTM) as put forward by Greatorex etal. (1972).
stage of the reduction process. The complexation of the uranylion  Balzani and Cara:siti (1970) describe a decarboxylation of the
prior to exposure to light determined the reduction kinetics, this  acetic acid:

phase was alimiting stage. Another possible hypothesis is connected

with a reduction of the metal complexation due to by-products or CH,COCH (LO,*, hv) — CH, + CO,

intermediary componems produced by the photoreaction of the
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or an effective reduction of the uranium:
CH,COOH + U0 +2H0* (hv) = CH, +2C0,+2HO+ U™

The SP mechanism supposes a preliminary photo-activation of the
uranyl ion, which interacts with the substrate, or counter-ion, by
formation of U* (UO,"), an unstable form in an aqueous medium,
which gives U* and U% by thermal disproportionation reaction
(Sandhu et al., 1987), or which is directly re-oxidised into uranyl
by production of molecules similar to those of the decarboxylation
process. The CTTM mechanism supposes a preliminary step of
metal ion complexation, which is photo-activated. The instability
of the complex brings about the formation of by-products and
pentavalent uranium ions which gives the same chain products as
the SP mechanism. These mechanisms can co-exist in the effective
pholochemical reaction, the relative importance of both phenomena
is conditioned by the excess of ligand. A large excess of ligand
displaces the complexation equilibrivm and imposes a CTTM
stage, therefore in an equimolar distribution, as in the present
example. the SP mechanism is predominant.

These mechanisms explain the absolute ORP variations
abserved in the acetate ligand-free medium, but the great increase
in reduction kinetics observed with the addition of ligand (or
sorbents) clearly indicates that the contribution of these substrates
cannot be ignored. These molecules are constituted by a glucose
ring substituted by an amine or amide capable of having
photochemical interactions with uranyl iens. Heidt and Moon
{1953} and Balzani and Carassiti (1970) put forward the theory of
photoreduction of urany! ions in the presence of carbohydrates
such as glucose, gluconic acid or methyl glycosides (S : substrate):

UO,* +§ — UO,S* (photosensitive cluster)
UQ,S™ (hv) — UOQ, + 8"

§* — Organic products

200, +2 H,0* > UQ2 + UO,R* + HO

The unsiable pentavalent form is then subjected to a
disproportionation into uranyl and uranous ions. But amine and
amide are also photoreacting groups with uranyl ions as shown by
Greatarex et al. (1972): uranyl ions photo-oxidise these components
by expulsion of a hydrogen atom, procducing active radicals such as
activated CH,RCONH,. which reacts with other intermediary
components and especially U*”. Bhatt et al. (1986) put forward a
theory of SP mechanism for the oxidation of L{-)B-phenylalanine:
a photo-activation of uranyl ions which take a proton from the
amine function. The pentavalent uranium is reoxidised with
oxygen present in the solution. The active radical is successively
decomposed into imine, phenylaldehyde and phenylalanic acid.
Dodge and Francis (1994) suggest there are two mechanisms
for the photodegradation of the uranium-citrate complex, depending
on the pH of the solution. In.an acidic medium Gi.e. pH 3.5) the
protonated binuctear uranyl-citrate is degraded to a mononuclear
complex, acetoacetic acid and carbon dioxide by a two-electron
transfer, The presence of oxygen enables the residual U* o be
oxidised into UO,.2H,0. In a nitrogen atmosphere the uranous oo
is more stable. Tn the medium pH range {i.e. pH 6) the unprotonated
binuclear vranium-citrate complex is transformed into a
mononuclear complex, pentavalent uranium, 3-oxoglutaric acid
and carbon dioxide, by a one-electron transfer mechanism. The
residual complex is then transformed into the same products as the

first phase. The thermal disproportionation of U™ enables uranyl
and uranous ions to be obtained. The uranous ion is further
oxidised and precipitated as UO,.2H,0O in the presence of oxygen.

From these various approaches, two main mechanisms explain
the photochemical reactions taking place in the first stage of the
process: the photosensitisation and the preliminary complexation.
Results presented in this work show, mainly by ORP kinetics and
potential difference measurements, that a pre-complexation of
uranyl by a ligand (or sorbent) has a predominant effect on the
reduction rate. This is proved by the effect of the complexation by
ligands and sorbents on the absolute ORP time decay in the
presence of such molecules, compared with ligand-free solutions,
The measure of the difference in potential confirms this result,
raking also into consideration the order of the process stages.
Complexing the metal ion before the exposure to light mcreases
variations in potential when compared with the same experimental
conditions but with the exposure to light taking place before the
introduction of the ligand. The charge transfer to metal mechanism
seems to be more apt for the description of the wvranium
photoreduction by such ligands. The complexation is the limiting
stage.

In an acidic medium protonated complexes are more effective
at energy transfer (Ohyoshi and Ueno, 1974). The decrease in
reduction rate observed with polymers is certainly due to
polymerisation and a less efficient electron wransfer ability. Air
{oxygen) favours the re-oxidation of uranous ions produced during
the photoreaction, but a micro-elemental analysis of precipitates
shows that those produced in a nitrogen atmosphere have a
composition much more typical of uranakes than those precipitated
with air bubbling through. Furthermore that the precipitation takes
longer than the initial reductive stage is consistent with the proposed
theory of the transformation of uranous ions into uranate precipitate
by late oxidation. The traces of organic compounds observed in
hoth infra-red studies and elemental analysis cannot be attributed
10 a precipitation of complexed forms but more likely to a co-
precipitation of ligand or reaction products onto uranates, Organic
materials produced during the photoreaction have not been
identified. By analogy with previous works on carbohydrates
(Heidt and Moon, 1953; Balzani and Carassiu, [970) amine,
amides (Greatorex et al., [972; Bhatt et al., 1986), acetate {Balzani
and Carasiti, 1970; Greatorex et al., 1972) or citrate (Dodge and
Francis, 1994) media. we ¢an put forward a theory of formation of
CO,, NH,. acetic acid and glucose. Some of them can be oxidised
to a greater extent by propagation of the photochemical reaction:
acetic acid for example can give CO, and CH,.

Conclusion

Uranium sorption and complexation by ligands and sorbents such
as glucosamine, acetylglucosamine, chitin or chitosan are sensitive
to exposure to light. A solution containing both uranyl ions and
ligands exposed to visible light, in a non-oxidant atmosphere,
changes in colour and can form a precipitate. In the same way, the
colour of a column of chitosan saturated by uranium, in anaerobic
conditions, changes from yellow to brown. These phenomena
related to photoreduction, are favoured by nitrogen bubbling
through and by the presence of a monomer. Polymers give a lower
reduction effect due to the accessibility of sites and to energy
charge transfer. The photochemical reaction can involve sensitised
photo-activation and activation of the metal-ion-figand complex.
In this stody it appears that the reduction rate is increased by a
preliminary complexation of the uranyl ions by ligands, prierto the
exposure to light. Although a decrease in pH is observed, a
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precipitation occurs: a yellow compound is obtained in an aerobic
medium, a brown one in an anaerobic solution. Micro-elemental
analyses and infra-red characterisation enable the structure of the
precipitates to be approximated. a dihydrated uranate is proposed,
UQ,.2H,0, is the suggestion. This by-product occurs by oxidation
and further precipitation of U*". A first stage produces the main
activation of the complex, and also an activation of the uranium,
but 1o a lesser extent. This preliminary step is followed by a
reduction of the urany] ion to pentavalent uranium and the production
of compounds such as glucose, acetic acid. methane or carbon
dioxide. Theinstability of U™ leads to athermal dispropertionation
into uranous and urany! ions. The uranous ions are then oxidised
and give a precipitate while intermediate compounds undergo a
further oxidation into elemental constitutents such as CH,and CO,,
if the redox potential is maintained at a low value, in an anaerchic
medium only.
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