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Photochemical reaction of uranium with glucosamine, 
acetylglucosamine and related polymers: Chitin and chitosan 

E Guibal*, J Roussy and P Le Cloirec 
Ecole des Mines d'Alès, Laboratoire Génie de /'Environnement Industriel 6, avenue de Clavières - 303 19 Alès cedex - France

Abstract 

Uranyl ions can i nteract with amino-ligands and polymcr,such aschitin and chitosan by cornplexaüon and adsorption, Thi� reaction 
can be ,t flected by certain circurnstanœs, such ,L� a direct exposure lo vi sible l ight. to give photoreactions. Among the main 
photoreduction mechan isms, �cn,itised photoactivation (SPJ andch,trge transfen,,1 rnass(CTTM) are thought to ex plain the �arious 
responses obtained under scveral experimental condi tions, where the nature of the l igand and the aerobic or anaerobic media are 
all changed. [{ seems that a preliminary complcxation of uranium by l igand is required to optimise the reduction rate. The pH of 
the solut ion is significant ly affected by the photoreaction, depending on the experimental procedure, and a predpitate appears af!er 
a durat ion. Elemental anal y sis and infra-red studies enab]e the structure of the precipitatcs to be determined as dihydrated uranate 
forms. 

1 ntrod uction 

The <leve lopmcnt  of new processcs for the treatment of low-metal 
concentrat ion effluents, requ ired for pol l ution controL i nvolvcs the 
use of new sorbents. Bacterial and fungal biomass is usefu l  for the 
recovery of metal ions in such d i lute eftluents (îsezos and Volesk.y, 
1 98 1 ; De Rome and Gadd , 1 987 ; Gu ibal et aL, 1 992: Guibal et al . ,  
1 993 ;  Saucedo et al . , 1 993 ) .  Other polyrners are also used to 
remove copper, lead, chromium and uranium from aqucous media 
{Muzzarel li and Tuberlini , 1 969: Eiden et al . ,  1 980; Deans and 
Dixon, 1 992; . Guibal et al . .  1 994) . Chi t in . a widely avai lable 
natural material. obtained from shrimps , crustuceans, lobsters and 
also from fungal cel l  wal l s , is charactcrised by a high n i trogcn 
content. This polymer, poly(\3-( l -4)-2-acetamido-2-deoxy-D
g lucose, treatcd with concentrated sod ium hydroxide, at boi l ing 
point, with reflux, givcs a part i a l ly deacctylated form : ch i tosan, 
po ly(f:\-( 1 -4)-2-ami no-2-dcoxy-D-glucose. Chitin and chitosan 
are polyacetylglucosamine and polyglucosam ine respcctively. The 
related monomcr uni ts are presented in Fig .  l .  

G lucosamine and acetylglucosami ne are also reported to be 
mctal -ion l igands . Severa! mcchanisms are put fonvard todescribe 
the interaction of such molccules wi th coppcr ions (Park and Park. 
1 984; Micera et al . , 1 985) . The stoichiometry between amino
l igands or chitosan and 1netal ions is st i l l  high ly con trovcrsial 
(Muzzare l l i e t  a l . ,  1 980; Domard, 1 987 ; Lopez de AlbR et al ., 
1 989): the case for cooperative 1 :  l lin k ing is proposed and contestcd . 
Sorne of these studies show a prec ipitation phase nf rnetal ions into 
the polymer network and in part i cular in to the pores (Eiden et al . ,  
1 980 :. Park and Park , 1 984), 

These ligands and sorbents are effective in uranium col lection 
from di lute effluents .  Sorption capacity can rcach around 250 
mg U·g 1 , forch i tosan. The abi l i ty of glucosamine and acetylgl ucos
amine is exami ned according Lo pH (Guibal , 1 990; Guibal et al . ,  
1 995b). ln  a continuous mixed tank reactor or in a co lumn 
continuously fed with sol utions ,  no sign ificant change in the aspect 
of the polymers or the so lu t ions is noticed. But in a confined 
medium with natural UV-visible irradiation a not ic:eable change in 
colour i s observcd both in  ch i tosan-saturated particles and in 
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Figure 1

Glucosamine and acetylglucosamine structures 
(respective/y monomer units of chitosan and chitin) 

uranium-glucosamine mi x solutions. The effect of solar exposure 
disappears when  the u ranium sorption or compiexation occurs 
under aerobic condit ions .  Thesc observations suggest the 
photodcgradation of complexes formed bctween uranyl ions and 
ligands or sorbents .  Severa! works deal with  s imi l ar observat ions 
in tcrm., of the photoreduction of uranium in a complex medillln 
cxposed to radiat ion (Heidt and Moon, 1 953; Adam, and Smith .  
1960; Heckter etal . , l 963 ;  Rabinowitch ,md Belford, 19(:A-, Sakurab,1 
and Matsushima, 1970). Severa! approaches suggest charge transfer 
to mass (CTTM)  or sensitised photo-activation (SP) rnechanisms 
to interpret such  phcnomena (Ohyoshi  and Ueno, 1 974 ; Bhatt et a l . , 
1 986; Sandhu et al . ,  1 987 ; Zuo and Holgne, \ 992 ; Dodge and 
Francis , 1 994) , 

The aim of this work is to show the i ritluencc of photochemical 
reactions on uran ium/amino-l igands interactions, and to identify 
the main parameters. The influence of the atmospherc (air  or 
ni trogen) and of the l igand (e.g .  glucosamine, acetylglucosami nc,
chitin or chitosan) is  cstimated in turn, together with the effect of 
exposure to a vis ib le lamp. 

Materials and methods 

Reagents 

Uranyl ions were used (in the nitrate or aœtate form, Prnlabo RP) .  
Chi t in and chitosan polymers are obtained from Fluka products, A 
v iscometric study and a fürther application of the Sakurada-Mark-
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The photodegradation apparatus for the relative 
oxidation-reduction potential study 

Houwink method enable the molecular mass of chitosan to be estimated at around 6 x 1 05  (Guibal et al . , 1 995 a). The deacetylation percentage of around 85% was eslimated by infra-red analy�is. Acetylglucosamine and glucosamine were suppl ie<l by Riedel-dcHaen. The preparati on of urany l med ia  ( 0.0 1 M, i n itial pH :  4) was carrîed out in a dark room. Solutions were deaerated, for corresponding experiments, with  N2 gas and then sealed.  The addition of amino-l igands gives 1 :  l stoichiometric solutions. For chitin  and chitosan experiments, the final concentration was 2 g,[1 
Photochemical reaction 

Photoreactions were performed using two sets of apparatus. The apparatus described in Fîg . 2 enabled  the absolute  oxidation reduction potentia! to be rneasured and the pH !O be contro l led during the photolysi s step. The parameters were varied  (Table 1 ). Figure 3 i l lustrates the system used to determine the potentia! d i  fference between two reactors (one exposed to a lamp, the other kept dark by means of a black coating) , the platinurn electrodes being connected to a potentiometer. The experiments were 

performed at Ieast in dupl icate or triplicatc to en sure reproducible data (data variation ; lowcr than 8%) . Table 2 summarises the run;; for thi s  experimer ta! pan .  The Pro labo RP VL-206BL lamp provided radiation ;haracterised by a wave number above 365 nm and a 24 W power, 1 1i th two tubes of6 W (black l ight) , Thedistam:e between the lamp 111d the reactors was 1 5  cm. For experiments invo!ving air bubbl ing, carbon dioxide was removed from the ga� by bubbling it into 1 baryte solution (Ba(OH)). The gas flow rate was 2 l,h· 1
• The sys em was kept in a dark incubator and the interior faces were covere j by :iluminium foil in order to reflect l ight energy . 

lnfra-red spectr Jmetry 

Infra-red spcctrometry anal y sis was u.sed to identify the precipitate obtained during tht . photolysis process when soluble ami no-l igands were being used. The sample was ground with infra-red grade potassium bromid, : ,  KBr., in an agate mortar, an al iquot of 400 mg of th\s taken with an 0 . 1 % m/m sample content. The translucent d ises, obtained by :ompressing the grmrnd material wi !h the aid of a Specac press (pr, :ssure 6.6 x 1 0 1 1  Pa) for 5 min were analysed by transmission witt a Nicolet FITR spectrophotometer 5 i O  (50 scans, backgrounc: air. reso lmion 2 cnr' ) . 

TABLE 1 
THE EX =>ERIMENTAL RUNS: STUDY OF THE 

ABSOLUî !: OXIDATION-REDUCTION POTENTIAL 
V/. .RIATIONS (URANYL ACETATE) 

Run Ligand or sorbent Gas 

None Air 
2 None Nitrogen 3 Aœtylglucosamine Air 4 Acety lglucosamine Nitrogen 5 Glucosamine Air 6 Glucosamine Nitrogen 7 Chitin Nitrogen 8 Chitosan Nitrogen 

Results 

The influence ::,f experimental parameters on the 
oxidation redu ction potential and pH 

Figure 4 shows t ie evolution of the oxidation-reduction potential (ORP) in the rcactor unti l equi librium i s  reached. Figure 5, under 
the same experi1.1enta l conditions, pre:1;ents the evolution of this potential in the 1 i rst 5 min and indicates a rapid <lecrease in the oxidation reduct on potential. The experiments were carried out with urany l acet, 1te solutions. This figure :learly shows that experimental results can be di vîded into two groups because of the effect of the bubbl ing, An air atmosphcre i roduces a reduction of the ORP variation ,  what~ ever the l igand. After 7 h exposure to ! ight, equi l ibrium potential stabilised itself Jetween 540 and 620 mV. Acetylglucosamine (Run 3) disp!ayc j a larger variation in  the first minutes of exposure but 11 subsequent increase in potential was observed before it finally reached an equi l ihriurn value cons istent with those obtained with glucosamine (R1 m 5) or in  the absence of the ligand (Run 1 ) . The 



re ference solution, wi thout  l igand and exposed 
to a nitrogen atmosphere (Run 2), reached, at 
equi librium,  a 260 m V potentia l .  A corn pari son 
of thcse curves reveals that in n itrogen ,  l ight 
exposure brings about a photorcduction ofuranyl 
acetate, but the introduction of air, and oxygen, 
produces a partial re-oxidation of the sub-products 
of the photochcmical reaction . Simi lar results 
were cited by Dodge and Franc is  ( 1 994) about 
the photodegradation of the uranium ci trate 
cornplex: in the presencc of oxygen, U( IY) and 
ci tric acid are completely reoxidised to U(V 1 )  
and by-products. The nature of these products 
dcpends on the pH of the solution: at an acidic 
pH. acetic, acetoacetic. 3 -oxoglutaric and rnalon ic 
ac ids. carbon dioxidc and acctone are obtained, 
thercfore al a medium pH (i .e . pH 6) malonic and 
3-oxogl utaric ac ids are the so le molecu les
identified. Obvious ly chiti n produces a sim i l ar
trend in potential evo lution (for both equi l ibrium
and k i netics) . The i nfluence of chitin on the
photoreduction of uranyl ions i s  res trictcd by the
low uptake of t h i s  meta l  ion on to  po l y 
acety lglucosami ne. Much more significant is
the photochem i ca l  reac t ion ,  in a n i trogen
atmosphere , between uranyl ions and acety l
glucosarni nc, glucosamine or ch itosan. The final
abso lutc ORP i s  betwecn 1 20 and 230 m V. For
the first 30 min the ORP evolulion is quite
s i mi lar for both chitosan and acetylg lucosamine .
Beyond th i s  t ime ,  potent ial of  the  so lu t ion
increases for the chitosan and the curve rescmbles
that of glucosamine: a partial re-oxidation occurs.
possibly due to a depolymeri sation of chitosan,
a part ia l  dissolution and further oxidat ion.

Figure 5 shows the in it ial decrease in  the 
ORP, the kinctics of reduction fol low the same 
trend observcd for equi l ibriurn potent ia ls .  Table 
2 shows the initial reduction rate, calculated by 
l ineari sation of the ORP vs. ti me, and the sub
sequent deri vati ve at t cc O .  

The  type of ligand and  gas both intluenced 
reduction rates: air atmosphere reduced the 
k i nctics except when acctylglucosamine was 
present. The <nidation of interrnediatc products 
explained this rate decrease. With deaerated 
solut ions, the prescnce of l igands or sorbents 
s ign ifican t ly  i ncreased the reduction rates 
compared wi th a reference so I ution frec of li gand, 
except with chit in : with chitosan, the nlle was 
muhiplied by 2 . 5 ,  and by 4 with soluble l igands .  
The interaction of l i gands with uranyl ions 
promoted the potential decrease rate. The acccss
ib i l i ty of sorb ing sites scemed to be important as 
soon as the polymers produced a restrict ive 
reduc tion in both equi l i bri um and kinet ics 
compared with monomcrs. This  difference could 
also be related to the nature of the interactions 
es tab l i shed bctween meta l  ions  and si tes :  
complexation with g l ucosamine and acetyl
glucosamine, sorption and complexation with 
chitin and chitosan. Thi s  second hypothesis was 
also consistent with the restricted influence of 
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TABLE 2 
THE INlTIAL REDUCTION RATE OF URANIUM 

Ligand Bubbling 

None Air 
None N, 
Acctylglucosamine Air 
Acetylglucosamine N, 
Glucosamine 
Glucosamine 
Chitin 
Chitosan 

1 2 0 

Air 
N, 
N, 

N2 

1 8 0  2 4 0  
Time (rnin) 

3 0 0  

Figure 4 

Reduction 
rate 

(mV min·1 ) 

1 2 .5 
30.7 

1 36.8 
1 30.3 
49.7  

l 1 8 .5
30.3
70. 8

3 6 0  4 2 0  

Final 

decrease 
in ORP (mV) 

70 
435 
l 1 0
565
140
505
420
470
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The oxidation-reduction potential decay vs. time for 
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Figure 5 

The axidatian-reduction potential decay vs. time far 
experimental conditions (first 5 min) 

chiti n, the low metal ion sorbent, on photochemical reaction kinetics .  Dodge and 
Francis ( l 994) show thal uranium-citrate complex de gradation kinetics are st ightly 
favoured by anaerobic conditions .  

pH is a lso affected by such photochemical reactions as shown by Fig. 6 .  
Polymers produce an increase in pH main ly due to natural proton exchange. This 
pH increase appeared main ly significant wi th chitosan, whose pKa i s  around 6.2 
(Guibal et al . .  1 995a). pKa value i s  considered an indicati ve parameter as it varies 
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w i th  charge density and  with external parameters such as  pH and 
ionic strength of the media, according to Katchalsky ' s  cquation 
(Domard . 1 987) or the Dubin and Strauss cquation (Delben et al . , 
1 989). ln an acid ic medium (pH : 4) , chitin and chitosan are 
protonated and the residual proton concentrat ion decreases, 
produc ing this pH increase.  The pH increase reached a value of 4.6 
after I to 2 h and later a s light decrease in pH gave a final value 
equal Lo 4.5. Chitin and the reference sample. cxposed to l ighl , 
showed a variation below 0.2 pH uni t. in a nitrogen atmosphere. In 
an aerated medium. the rcference sample and glucosamine (also 
under n itrogen atmosphcre) exh ibited a slight decrease in pH. 
lower than 0.2 units .  A third group of experiments incl uded 
acctylglucosamine, in both air and ni trogen, which produced a 
great variat ion reachîng 3 .0 to 3 .2 pH un its .  lt shou ld be noted that 
variations in pH werc rather less rapid than thosc ohtaincd for the 
redox potential. The delay between the beginning of the photo
chemical reaction and the appearance of precipitates clearly i ndicated 
thal such precipi tation was rela ted to the formation of intermediary 
products . The precipitation took place in the pH and ORP ranges 
obscrved after the s tabil isation of  the in i t ial reductivc step, or when 
t/1e ORP was re-încreas ing. From Pourbaix ( l 963) a simplified 
ORP-pH diagram is  drawn taking into account on ly  major 
constitutents (Fig . 7) . Such a diagram is only applicable IO a l igand
free so lution, but enablcd the range of predominanœ of several 
precipitate products and mctal ions to be approached. Ex perimemal 
conditions ,  pH and ORP, in the present study are consistent with 
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The ORP-pH diagram of uranium/water (total metal 
concentration 1 (F5 M) 
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Figure 6 
pH decay vs. lime for the 
experimental conditions 

the appearance of a uranate precipitate. 
The pH variai ions are contradictory to observations made by 

Dodge and Franc s ( 1 994), who obtained a great increase in pH, 
whatever the initi 11 pH, for the photodegradation of the uranium
citrate complex . � ·he non-instantaneous variation i n pH correlated 
wilh the appearar ce of precipi late pa,ticles in the solution whose 
composition was :iresented in Table 3 (elemental analysi s). ln an 
aerated medium, _)articles d i splayed a typical yel low tinge, while 
the precipitate w a ,  brown-black in a ni trogen atmosphere. Simi lar 
products were ob:ained by Dodge and Fr:mris ( l 994) for aerobic 
conditions but in tn aerobic  medium they referred to a dark brown 
colloidal material , rather than a precipitate . Yarious methods, such 
as X-ray ditTractîi ,n , X-ray absorption near-edge spedroscopy, nnd 
X-ray photoe lect ron spectroscopy cnabled the precîpi tate to be
identificd as a h 1drated uran ium oxide, U0,.2Hp, with traces
of a synthetic fo 1n of the minera] schoepite, UOlOH)

2
.Hp. H

is suggested tha1 these products were generated during the re
oxidation phase of the intermcdiate by-products. The prccipitate
did not appear in : :tantaneously, a latent time was required and this
phase corresponc ed to the reduction step between acetate, l igands
and uranyl ions. Dodge and Francis ( 1 994) also repmtcd that
preci pi tation was totally or parti ail y avoided by an excess of l igand.

The micro-el �mental analysis showed that the composition of 
precipitares was notconsbtent with the suggested mineral precipitate 
compositions. The relat i ve proportion of uranium was smaller, 
whi le the oxyger . proporcion was higher than the predictcd value. 
Thcrefore the demental analysi:,; of pres:ipitatcs revealed a 
cumulative pero :n tage * 1 00. A rapid correction. taking into 
account only U, 0 and H, of the relative perccntage gave i n  a 
nitrogen atmosp iere the following ratio: U/O/H = 73.97/24. 80/ 
1 .22 for glucosar .1 i ne and 74.62/23.99/ 1 .39 for acetylgiucosamine, 
results much mo e consisten t  with the composition of the predicted 
dehydrated U0

3 
form, ln an oxidative atmosphere, the analysis 

percentage corre :tion was not enough to predict the actual structure 
of the prec ipi tatc , indicating obviously a different molecule . In air, 
precipitates had a molar 0/U ratio of between 7 and 8, whi le in a 
nitrogen atmosç here, this ratio was about 5, cons istent with the 
s toichiomelric r, !lio. The predicted molecule was obtaincd in the 
11011-oxidative nedium. whi le in the aerated solution a much 
greater proportion of oxygen was observed. The U/N ratio varied 
between 1 5  anc 30 for glucosamine, too high to enable such a 
product to be idE ntified in the precipitate of a complcxed uranyl .  A 
partial coprecip ration of by-products cou Id ex plain such results. 
In order to confirm the nature of the precipitated species an infra
retl spectrophot JI11etric analys is was carried out. Spectra of by
products produ :ed by photoreduction of uranyl acetate in the 
presence or acet 1 lglucosarnine, with either air or nitrogen bubbling 
through, werc rcali sed. A typical uranyl hydroxide peak appeared 



TABLE3 
ELEMENT AL ANALYSIS OF PHOTOREDUCTIVE PRECIPITATES (PERCENTAGE, 

[A]: [U0
J
.2Hp], [B):[UO

J
.H

2
O], GlcN: GLUCOSAMINE, AcGlcN: ACETYLGLUCOSAMINE) 

Element [A] [B] GlcN 

u 73.9 78.3 57.5 
N - - 0.1 
0 24.8 2 l. l 30.l
H 1.2 0.7 2.2
C - - 0.9

TABLE4 
LOCATION OF URANIUM BAND ABSORPTION (cm·1)

(GlcN: GLUCOSAMINE, AcGlcN: ACETYLGLUCOSAMINE) 

pH 2 pH4 pH6 

Uranyl hydroxide 962 942 940 
Uranium+ GlcN 961 929 911 
Uranium+ AcGieN 961 939 and 924 918 

at around 908 cm 1• This band corresponded to the V3 deformation 
vibration, whose wave number, Y, (cm· 1

), is related to the U-0 
length, R, (Â). by Yeal's formula (Tsezos, 1980): 

R (À)= 0.895+81.2 y-21, 

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

The wavc numberofthc uranium band was differcnt 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 1 200 and l 000 cn1'1, 
indicated the presence of a glucose ring and another band, around 
1 500 cm·1• indicated an amide band. Traces of acetylglucosamine 
could have a sirnilar spectrum. Much more interesting was the 
appearance ofa bandaround 1 750to 1 700cm· 1• This wavenumber 
range is commonly attributed to carbonyl or carboxylic groups, not 
reported in the initial spectrum, certainly due to the low acetvl 
proportion. The photoreduction brought about the formation �Jf 
such intennediary or by-product groups. 

Influence of experimental parameters on the 

difference in ORP 

ln order to confinn the hypotheses put forward, a second series of 
cxpcrimcnts was carricd out with the apparatus shown in Fig. 3. 
The variation of the difference in the ORP between the two 
reactors, with diffcrcnt compositions and subjcctcd to different 
conditions (air bubbling through. light exposure) was observed vs. 
lime. Similartrends were observed and are shown in Fig. 8. A rapid 
and quasi-instantaneous variation in potentîal was observed between 
the reactors, followed by a rapid and partial reduction of this 
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Figure 8 

Profile of the difference in potential between the two 

reactors 

diffcrence. A third stage took place with a lower rate and produced 
another increase in potemial 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 reductîve mechanisrns involved. The fact that there were 
several stages producing the reduction and oxidation of the reacti ve 
inlermediates explained this behaviour. 

The variations between the initial :md the final differences in 
potential (.6.Ei, .6.Ef) and the time required (t 1) are presented in 
Tables 5 and 6. More significant results are obtained for monomcr 
ligands and the effect of the uranyl sait 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 exposurc to Iight : the 
formation of the complex between the uranyl ions and the ligand 
(sorbent). Orthe stabilisation of the ORP on exposurc to light before 
the addition of the ligand. For acetylglucosarnine and chitosan, in 
a nitrogen atmosphere, both the initial and the final differences in 
ORP and 1 1 were equal, indicating that a preconditioning, for 
cxamplc by a cornplexation of uranium or by light activation, was 
not needed to bring about a high reduction, with uranyl acetate. 
With chitin and glucosaminc. an initial light activation brought 
about a greater reduction than a pre-complexation. Consequently 
the prc-comp\cxation or the pre-activation scemed to be of great 
importance in reduction control. In order to confirm the importance 
of the se pararneters in redue lion kinetics, another experimem was 



TABLES 
THE INITIAL AND FINAL DIFFERENC:E IN POTENTIAL BETWEEN THE 
TWO REACTORS: THE EFFECT OF EXPOSURE TO LIG HT (DARKEN 

REACTOR AS REFERENCE, LIGiAND OR SORBENl' IN BOTH 
REACTORS, GlcN: GLUCOSAMIN E, ,,cGlcN: ACETYLGI .UCOSAMIN E) 

Ligand or AEI t, âe, 
Uranyl sorbent (mV) (mi 1) (mV) 

Acetate AcGlcN .. 159 + 23
Acetate GleN --123 u +17
Acetate Chitin - 88 3 . .i +6
Acetale Chitosan .. 143 3 +37
Nitrate AcGlcN .. 164 + 37
Nitrate GleN - 66 2 +8

TABLE& 
THE INITIAL AND FINAL DIFFERENCE IN POTENTIAL E IETWEEN THE 

TWO REACTORS: THE EFFECT OF LIGAND (LIGAND OR SORBENT-FREE 
REACTOR AS REFERENCE, 80TH REACTORS EXPOf,ED TO LIGHT, 

GlcN: GLUCOSAMINE, AcGlcN: ACETYLGLUCO: IAMINE) 

Ligand or 
Uranyl sorbent 

Acetate AcG\cN 
Acctatc GlcN 
Acetatc Chitin 
Acetate Chitosan 
Nitrate AcGlcN 
Nitrate GlcN 

DIFFERENCE 
IN POTENTIAL (mV) 

0 ····························-·················································

INITIAL 
D.P.

!�

TIME 

Figure9 
Profile of the difference in potential between the two 
reactors - the effect of the addition of ligand in the 

reference reactor at the steady state 

carried out in which acetylglucosaminc was added to the reference 
reactor. in similar ligand concentrntion. with similar exposure to 
light, when the difference in potential was stabilised. According to 
Fig. 9, this addition brought about a reduction in the diffcrcnce in 
potential, but the kinetics were significantly rcduced againt the first 
stage of the reduction process. The complexation of 1he uranyl ion 
prior to exposure to light determined the reduction kinetics, this 
phase was a limiting stage. Anotherpossible hypothesis isconnected 
with a reduction of the melal complexation due to by-products or 
intermediary components produced by the photoreaction of the 

AE
I t, 11E, 

(mV) (min) (mV) 

.. 140 1 +29
- 90 2 +20
- 49 3.i 0

- 149 2 +38
. 117 1 +37
--116 2 +8

uranyl acetate in tlte ligand-free reactor. From Tables 5 and 6, it 
appears that the uranyl counter-ion is important in the case of 
glucosamine, whe, 1 it is cxposed to !ight after the pre-complexation 
of the uranium. This effect is Jess important with acetylglucosamine 
as this ligand is a le ;s effective complexing agentthan glucosamine 
for uranyl ions at this pH (Guibal et al., 1995 b). From these 
observations it car be deduccd that if the effect of acetate cannot 
be ignored, as prov,!d by Balzani and Carassiti (1970) and Greatorex 
et al. ( 1972), ligan js and sorbents are also active in the reduction 
process. 

Discussion 

These resuhs sho•v that uranyl ions and amino-ligands or their 
polymerised form:: undergo complex interactions when they are 
exposed to light. fhis complexity depends on the diversity of 
molecules able toi 1teract: uranyl ions on one side and both acetate 
( ornitrate) and glue osamine ( or derivati ve monomers and polymers) 
on the other. 

Acetate and u1 anyl ions have been reported to internet when 
exposed to UV-vi ,ible light according to several mechanisms: a 
sensitiscd photo-cxidation of the counter0ion (SP) or a charge 
transfer to metal (C TTM) as put forward by Greatorex et al. ( 1972). 
Balzani and Cara:,siti (1970) dcscribe a decarboxylation of the 
acetic acid: 



or an effecti ve reduction of the uranium: 

The SP mechanism supposes a preliminary photo-activation of the 
uranyl ion, which i nteracts with the substrate, or counter-ion, by 
formation of U5+ (UO/), an unstable form in an aqueous medium, 
which givcs U"'+ and LJ6+ by thermal disproportionation reaction 
(Sandhu et al., 1 987), or which is directly re-oxidised into uranyl 
by production of molecules similar to thosc of the decarboxylation 
process. The CTTM mechanism supposes a preliminary step of 
metal ion complexation, which îs photo-activated. The instabi l i ty 
of the comp lex 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 
photochemical reaction, the relative importance ofboth phcnomena 
is conditioned by the excess of ligand. A large excess of ligand 
disp!aces the complexation equilibrium 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 vari ations 
obServed 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 ofthese substrates 
cannot be ignored. These moleculcs are constituted by a glucose 
ring substi tuted by an amine or amide capable of having 
pholochemica\ interactions with uranyl ions. Heidt and Moon 
( 1 953) and Balzani and Carassiti ( 1 970) put forward the theory of 
photoreduction of uranyl ions in the presence of carbohydrates 
such as gluc:ose, gluconic acid or methyl glycosides (S : substrate): 

UO/+ + S � UO
2
S2+ (photosensitive cluster) 

s+ ➔ Organic products

The un stable pentavalent form i s  then subjected to a 
disproportionation into uranyl and uranous ions. But amine and 
amide are also photoreacting groups with urany1 ions as shown by 
Greatorex etal. ( 1 972): uranyl ionsphoto-oxidise thesecomponents 
by expulsion of a hydrogen atom, producing acti ve radie ais such as 
activated CH

2
RCONH

2
• which reacts with other intermediary 

components and especially U-1+ . Bhatt er al. ( 1 986) put forward a 

theory of SP mcchanism for the oxidation of L(-)B-phenylalanine: 
a photo-activation of uranyl ions which takc a proton from the 
amine function. The pentavalent uranium is reoxidised with 
oxygen present in the solution. The active radical is successively 
decomposed into îmine, phenylaldehyde and phenylalanic acid, 

Dodge and Francis ( 1 994) suggest there are two mechanisms 
for the photodegradation of the uranium-citrate complex, depending 
on the pH of the solution. ln •an acidic medium (i.e. pH 3.5) the 
protonated binuclear urany!-c:itrate is degrnded to a mononuclear 
complex, acetoacetic acid and carbon dioxide by a two-electron 
transfer. The presence of oxygen enables the residual LJ4+ to be 
oxidised into U0,.2H

2
0. ln a nitrogen atmosphere the uranous ion 

is more stable. In the medium pH range (i .e. pH 6) the unprotonated 
bi nuclear urani um-citrate complex i s  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 us+ enables uranyl 
and uranous ions to be obtained. The urnnous ion is further 
oxidised and prccipitated a.s UO

3
.2H

2
O in the presence of oxygen. 

From these various approaches, two main mechanisms explain 
the photochemical reactions takîng place in  the first stage of the 
process: the photosensitîsation and the prcliminary complexation. 
Results presented in this work show, mainly by ORP kinetics and 
potentlal difference measurcmcnts, 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 compJexation 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, 
taking also into consideration the order of the process stages. 
Complexing the metal ion before the exposure to light increases 
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 rnechanism 
seems to be more apt for the description of the uranium 
photoreduction by such ligands. The complexation is the limiting 
stage. 

ln an acidic medium protonated complexes are more effective 
at cnergy transfer (Ohyoshî and Ueno, 1 974). The decrease in 
reduction rate observed with polymers îs certainly due to 
polymerisation and a less efficient electron transfer 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 typica\ of uranates than th ose precipitated 
with air bubbling through. Furthermore that the precipitation takes 
longer than the initial reducti ve 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 
both infra-red :-itudies and elcmental analysis cannot be attributed 
to a precipitation of complexed forms but more !ikely to a co
precipitation of ligand or reaction products onto uranates. Organic 
materials produced during the photoreaction have not been 
identified. By  analogy with prev ious works on carbohydrates 
(Heidt and Moon, 1 953; Balzani and Carassîti, 1 970) amine, 
amides (Greatorex et al., 1972; Bhau et al., 1 986), acetate (Balzani 
and Carasiti,  l 970; Greatorex et al., 1 972) or ci trate (Dodge and 
Francis, 1 994) media. we can put forward a theory of formation of 
CO", NH

3
, acetic acid and glucose. Sorne of them can be oxidised 

to a greater extent by propagation of the photochemical reaction: 
acetic acid for example can give C0

2 
and CH�. 

Conclusion 

Uranium sorption and complexation by ligands and sorbents such 
as glucosamine, acety lglucosamine, chi tin or chitosan are sensitive 
to exposure to lîght. A solution containing both urany l  ions and 
ligands cxposed to visible Iight, in a non-oxidant atmosphere, 
changes in colour and can form a precipitate. In the same way, the 
colour of a coh1mn 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 monomcr. Polymers give a lower 
rc<luction effect  duc to the accessibifüy of sites and to energy 
charge transfer. The photochemical reaction can involve sens itised 
photo-activation and activation of the metal-ion-ligand cornplex. 
In this study it appears that the reduction rate is incrcased by a 
preliminary complexation  of the uranyl ions by ligands, priorto  the 
exposure to light. Although a decrease in pH is observed, a 

 



precipitation occurs: a ye l low rnmpound is obtained in an aerobic 
med ium, a brown one in an anaerobic solu tion. Micro-elemental 
analyses and infra-red chamcterisation enable the structure of the 
prec ipi tates to be approx i nrnted, a d ihydrated uranate is proposed, 
U0.,.2Hp, is the suggestion .  Th is  by-proùuct occurs by oxidation
and further precipitation of U"'". A first s tage produces the main 
acti vation of the complex, and also an acti vation of the uranium, 
but to a lesser extent. Th is prel im inary stcp i s  fol lowed bv a 
reduction ofthe urany I ion to pentavalent uranium and the production 
of compounds such as glucose, acetic acid. methane or carbon 
dioxide. The instabi l i ty of u;+ leads to a thermal disproportionation 
i nto uranous and urany l ions. The uranous ions are then oxidiseù 
and gi ve a precipita te whi le intermedia te compounds undergo a 
further oxidation into elemental consl itutents such ,L� CH.and CO,, 
if the redox potential is mai n taîned at a Iow value , in an anaerohic 
medium only. 
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