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Light emission from aqueous solutions of HCIO4 containing U 4+ and $2082- has been 
observed. The emitter of chemiluminescence (CL) is the electron-excited uranyl ion 
(*UO22+), the product of U 4+ oxidation. A hundredfold decrease in the HCIO 4 concentra- 
tion (from I to 0.01 mol L -I) results in a 250-fold increase in the reaction rate constant, a 
5000-fold increase in the initial CL (from 4" 105 to 2" 109 photon s-l), a more than tenfold 
increase in the CL yield (from 5.6" 10 -g to 1.6" 10-6), and a 200-fold increase in the 
excitation yield of UO22+ (from 6" 10 -6 to 1.3" 10-3). The kinetic isotope effect of the 
reaction has been studied. The value for the ratio of the rate constants kH/k D = 2.1 has been 
determined by extrapolation to the 100% degree of deuteration of 0.1 M percb.loric acid. The 
peculiarities of the chemiluminescence stage in the reaction of U 4+ oxidation in solutions of 
potassium persulfate were explained by the participation of the products of hydrolysis of the 
U 4+ aqua ion (UOH 3+ and U(OH)22+), whose relative fraction increases as the HCIO4 
concentration decreases. 

Key words: uranium0v), uranyl ion (UO22+), persulfate ion, chemiluminescence, kinetic 
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About thirty reactions of  oxidation of tetravalence 
uranium have been studied up to date; 1 however, the 
light emission was observed only for the reactions of 
U 4+ and some oxygen-containing oxidants, such as 03, 
OF2, z H202, 3 XeO3, 4-6 and XeF2 .7 The study of  reac- 
tions accompanied by chemiluminescence (CL) pro- 
vides an additional opportunity to refine the mechanism 
resulting in the formation of the uranyl ion in the 
electron-excited state (UO22+). In this work, we estab- 
lished that the oxidation o f  U 4+ in acidic aqueous 
solutions of potassium persulfate is accompanied by CL 
and revealed the unusually strong effect of pH of  the 
medium on the rate of  the chemiluminescence stage of 
the reaction and parameters o f  CL, such as the chemilu- 
minescence yield (rlCL) and the yield of excitation of  the 
light emitter (flex). 

Experimental 

CL was studied on a photometric setup, which detects light 
beams with intensity greater than 1.5 �9 104 photon s -I in the 
blue spectral region. An FEU-140 photoelectron multiplier 
was used as the detector (spectral region of the photocathode 
sensitivity 200--650 rim). The reagents used (K2S20 s, 
UO2(C]O4)2, and HCtO4) were additionally purified. 
Uranium(iv) perchlorate was obtained by the electrolytic re- 
duction of uranyl perchlorate in 1 M HC104 on a Pt cathode. 
The solutions studied (10 mL) were prepared prior to each 
experiment by dilution of solutions of K2S2Os (10 -2 mol L -1) 

in I M HC104 and U(C104)4 (10 -2 tool L -t) in 1 M HC104 
with bidistiLled wa~er and/or a I M solution of HCIO 4 and 
poured into thermos'tatted (with accuracy of _0.1 ~ Pyrex or 
Teflon (F-4D) reaction vessels 40 mm in diameter. Distilled 
D20 (Izotop plant, A grade, degree of deuteration 
99.0--99.9%, specific electroconductivity at 298 K 
1 �9 10 -6 Ohm -1 cm -1) was used for deuteration of the solvent. 

When solutions of U a+ and K2S208 in 0.01--1 M HCIO 4 
are mixed, light emission is observed, whose intensity depends 
substantially on the pH of the medium. Using glass light filters 
with a sharp transmission boundary, we established that the 
spectral regions of the observed CL coincide with those of the 
photolumineseence of perchloric solutions of the uranyl ion. 
Therefore, electron-excited *UO22+, the product of oxidation 
of U 4+, is the emitter of CL. 

Results and Discussion 

The dark stage of the reaction is known a,9 to be 
caused by the interaction between U 4+ and $2082-; 
however, we do not role out that the products of  hy- 
drolysis of  persulfate (HSOs- ,  H202, and SO42-) can 
contribute noticeably to the chemiluminescence stage. 
The kinetics of CL was studied with a 10--100-fold 
excess of  K2S208, assuming that the chemiluminescence 
stage of  oxidation of U 4+ in solutions o f  potassium 
persulfate, as the dark stage, s,9 has first order with 
respect to each of the reagents: 

-dIU4+]/dt = k- [U4+I - [$2082-]. (I) 

Translated from I~estiya Akademii Nauk. Seriya Khimicheskaya, No. 12, pp. 2134--2139, December, 1997. 
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The overall concentration of  the oxidant was assumed 
equal to the concentration of $2082-. Under  these 
conditions 

I =- ~lcLk[U 4+] = rlcLk[U4+]0 �9 exp(-kt), (2) 

l o g / =  lgncLk[U4+]0 -- 0.4343kt, (3) 

where k = k0[$2082-]0, and rlCL is the CL yield. 
The first-order rate constant k and then the bimo-  

lecular constant k 0 were, determined from the tangent 
slope of the linear region of  the time dependence of  the 
logarithm of the CL intensity (/) (Fig. I, curves 1--6). 
The temperature dependence of  the rate constant of  the 
chemiluminescence stage of  the oxidation of  U 4+ in 1 M 
HCIO4 obeys the Arrhenius equation (Fig. 1, curves 7 
and g). The activation energy of  the reaction (Ea) in 1 M 
HCIO 4 in the 278--313 K temperature range is equal to 
72+5 kJ mo1-1. Curves 7 and 8 have no break in the 
region of 303 K, unlike the dependence of  InK on 1/T  
obtained for the oxidation of  U 4+ by the persulfate ion 
in 1.92 M HC]O4 .9 This means that the mechanism of  
the chemiluminescence stage of the reaction undergoes 
no substantial changes in the temperature range from 
278 to 313 K. The k 0 values at the same temperature are 
almost independent of  the initial concentration of  U 4+ 
([U4+]0) when it is changed tenfold from 10 -4 to 
10 -s  tool L - l  (see Fig. 1, curves 7and g, respectively). 
The reaction has first order with respect to U 4.,  which 
is also re ta ined  in the range 10 -6 < [U4+]0 _< 
10 -5 mol L - I  and in 0.1 M HCIO4 (Fig. 2, curves 
1--4). Some decrease in /Co is observed only at lower 
values of the concentration of  U 4+. The dependences of 
the initial CL intensity (I0) and light sum (S) on the 
concentration of  U 4§ in the solution are satisfactorily 
rectified in double logarithmic coordinates (see Fig. 2). 
Curves 7 and 8 are almost parallel to each other, i.e., I o 
and S are related proportionally. Both these plots can be 
used as calibration for the determination of  the concen-  
tration of U 4+ in the range of 10-7--6 �9 10 -s  mol L - l  of 
U 4§ at [$2082-]0 = 10 -4 mol L -1. When [$2082-10 
increases to 10 -3 tool L - l ,  the range of U 4+ concentra-  
tions increases to 10-g--10 -a tool L -1. Using solutions 
of  K2S208, the detection limit of U 4+ can be decreased 
by at least one more order of  magnitude by increasing 
the concentration of the oxidant and decreasing pH of  
the solution; however, the analytical possibilities of  this 
chemiluminescence reaction are exceeded by a system 
using xenon trioxide as the oxidant. 5,6 

The intensity of  CL and the rate of the U 4+ oxida- 
tion depend strongly on the concentration of  HC10 4. 
The high sensitivity of  the chemiluminescence method,  
which allows one to detect beams different in intensity 
by several orders of magnitude, gave data on the reac- 
tion kinetics and CL parameters when the concentrat ion 
of the acid changed from 1 tool L - l  to 0.01 tool L - l  
with the concentrations of  U 4+ (10 -5 tool L - l )  and 
$2082- (10 -4 mol L - l )  remaining unchanged. For many 
redox reactions involving U 4+, the kinetic equation of  
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Fig. 1. a. Time dependence of the intensity of chemilumines- 
cence accompanying the U 4~" oxidation in a solution of potas- 
sium persulfate at the temperature (T/K): 278 (/),  283 (2), 
290 (3), 298 (4), 305 (5), and 310 (6). b. Temperature depen- 
dence of the bimolecular rate constant of the chemilumines- 
cence stage of the reaction in the An-henius coordinates (7, g): 
[HC104] = i mol L-l; [U4+]0 = ?r0 -4 tool L- l ;  [$2082-] = 
10 -3 mol L -1 (7); [U 4+] = 10 -5 mol L- l ;  and [$2082-] 
10 -4 tool L - l  (8). 

type (1) is fulfilled I when the degree  o f  conversion is not  
greater than 60--80%. The k ine t ic  curves contain the 
exponential  regions covering the  change in the CL 
intensity by three orders of  magn i tude  (Fig. 3, curves 
t ~ 3 ) ,  which correspond approx imate ly  to a thousand- 
fold decrease in the concent ra t ion  o f  U 4+ (this follows 
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Fig. 2, a. Curves of the chemiluminescence decay in a solu- 
tion of K2S2Os at [U4+l/moi L-2: I - 10 -5 (/), 5- 10 -6 (2), 
3"10 --6 (3), 1"10 -6 (4), 2 , 1 0  -7 (3"), and 1-10 -7 (6). 
b. Dependences of the initial chemiluminescence intensity (10) 

�9 (7) and its light sum (S) (8) on the concentration o f U  4. in the 
solution in double logarithmic coordinates. T = 298 K; 
[HCIO4] = 0.1 tool L- l ;  [S2Os 2-] = 10-r mol L-L 

from the data shown in Fig. 2). This  indicates that  a 
reaction first order  with respect  to uran ium is re ta ined 
up to the degree o f  convers ion >99.9%. 

In the concentrat ion range of  1--0.3 tool L - l  HCIO 4, 
the initial CL  intensity and the rate constant k0 increase 
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Fig. 3. a. Kinetics of chemiluminescence in the reaction of 
U 4+ and S20S 2- in aqueous solutions of  HCIO4 at 
[HCIO,l /mo|  L-t:  0.01 (I),  0.02 (2), 0.03 (3), 0.06 (4), 
0.1 (5), 0.2 (6), 0.3 (7), 0.6 (3'), and 1.0 (9). b. Semilogarith- 
mic anarnorphoses of the dependences of  the rate constant (/co) 
(10) and initial chemiluminescence intensity <10) (1/) on 
the concentrat ion of HCIO 4. [U4"]0 "~" 10 -5 tool L-~; 
[$2082-] = 10 -4 tool L- l ;  T = 291.5 K. 

exponentially (Fig. 3, curves 10 and 11). When the p H  of 
the med ium increases, the  increase in I 0 and k 0 is no 



2024 Russ.Chem.Bull.,  l"ol. 46, No. 12, December, 1997 Khamidu l l i na  et aL 

Table 1. Values of the initial chemiluminescence intensity (I0), rate constant (/Co) of the 
chemiluminescence stage of the U 4§ oxidation in a solution of K2S208, light sum (S), lifetime (~), 
yields of chemiluminescence (~CL), radiation of the *UO22+ emitter (rlem), excitation of the 
chemiluminescence emitter (Hex) at different concentrations of [HCIO4] in the solution 

[HCIO4] log(/0fphoton s - l )  /c~ logS rlCL" 108 ~U022+ q~m" 103 flex" 105 
/tool L -I  /tool L -1 s - l  / ~  

1.0 5.6 2.1 9.5 5.6 6.8 9 0.6 
0.6 6.3 5.5 9.65 7.9 4.8 6.3 1.3 
0.3 7.2 16 9.9 13 3.4 4.5 2.9 
0.2 7.6 28 10.1 21 2.8 3.7 5.7 
0.1 8.1 62 10.3 32 2.4 3.2 10.2 
0.06 8.5 I00 10.45 47 1.8 2.4 19.6 
0.03 8.8 200 10.6 63 1.4 1.8 35 
0.02 9 280 10.75 89 1.2 16 56 
0.01 9.3 520 11 165 1 1.3 127 

Note. T = 291.5 K, [U4+]0 = 10 -5 mol L - l ,  [$2082-] = 10 -4 mol L - j .  

longer  described by exponentials. The dependence of  
k 0 on  the  c o n c e n t r a t i o n  o f  H C 1 0  4 in the  r ange  
0.01 mol L -I  -< [HCIO 4] < 0.1 mol L -1 is satisfactorily 
rectified in the coordinates logk0--1og[HCIO 4] (Fig. 4, 
curve ~ .  When the concent ra t ion  of  HCIO 4 changes by 
two orders of  magn i tude  (from 1 to 0.01 mol L-~), 

increases by 250 t imes (from 2.1 to 520 L tool - l  s-Z), 
10 increases  by 5000 t imes  (from 4" 105 to 2" 109 
photon  s~i), and S increases  by 14 times (Table 1). 

The almost  30-fold increase in the CL yield (~CL) 
de te rmined  as the  ratio of  the n u m b e r  of emit ted  pho-  
tons  to the n u m b e r  of  molecules  of  the light emi t te r  
(Fig. 4, curve 2) is also of  interest.  One  could expect  a 
decrease in the rlCL values on  going to more di lute ( in 
acid) solut ion,  s ince it is known that the emission yield 
(rtcrn) o f  *UO22+ decreases noticeably.  The l ifet ime of  
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the uranyl ion in the e lect ron-exci ted  state (x) at T = 
298 K in 1 M H C I O 4  is equal  l~  to 6.8 las, and in  0.01 M 
HC104 it is I ~ts. The rl~m value  at the tempera ture  T c a n  
be determined from the l i fet ime of  the uranyI ion  at this 
temperature (zT) and 77 K ('c77 K): rlcm = "CT/~77 K. The 
emission yield at 77 K is close to unity. 

The T values presented in Table  i were ob ta ined  by 
in t e rpo la t ion : ,  --- 6.8 las for 1 M HC104, 1 ~ts for 0.0I M 
HCIO4, l~ and 2.2--2.4 ~ for 0.1 M HCIO411.12. For  
0.4 M HC104 at 300 K, rl,m = 4.2 �9 10-3. 2 D e t e r m i n i n g  
the z77 K value from the latter and taking into account  
that it remains almost unchanged  in frozen solut ions  of 
HCIO4 (1--0.01 M), we ca lcula ted  the emission yields of  
�9 UO22+ at different concen t ra t ions  of HCIO4. The  rlcm 
values thus determined change  sevenfold (from 9" 10 -3 
to 1.3" 10 -3 ) when [HC104]  decreases f rom 1 to 
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Hg. 4. a. Dependences of the rate constant of the chemiluminescence stage of the oxidation of U 4+ by potassium persulfate (/Co) 
(1) and chemiluminescence yield (riot0 (2) on the HCIO4 concentration in the solution in double logarithmic coordinates. 
b. Dependences of the excitation yield of UO22- (flex) (3) on the HCIO 4 concentration in the solution in double logarithmic 
coordinates. [U4+]0 = 10 -5 mot L-I;  [$2082-] = 10 -4 mot L-t;  T = 291.5 K. 
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0.01 tool L -1. The value of the excitation yield of the 
emitter (flex), which is related to qCL and rlem by the 
correlation rice = qex" qcra, increases by 210 times (from 
6 - 10 -6 to 1.3 �9 10 -3) when the acidity of the solution 
decreases in the range studied (1--0.01 tool L - l )  (Fig. 4, 
curve 3 and Table 1). 

The more than 200-fold increase in the ko rate 
constant and riex, as the concentration of HCIO 4 de- 
creases from 1 to 0.01 tool L - i ,  can be explained by the 
participation of several forms of U 4+ in the chemilumi- 
nescence process. In 1 M HCIO4, almost all tetravalent 
uranium is present in the solution as the U 4. aqua ion, 
while when the pH of the medium increases, the hy- 
drolysis reaction occurs: 

u4 + + H20 K H +. . . . . .  - UOH 3+ + (4) 

Knowing the equilibrium constant K = 0.0258 mol L - l ,  
it is easy to calculate 13 that in 0.1 M HC104 21% U 4+ is 
present in the form of UOH 3+, and in 0.05 M HC104, 
34%. The following redox reactions occur in 1 M HC1Oa: 

2 U 4+ + S2082- + 4 H20 
- 2 U02 + + 2 HSO 4- + 6 H +, (5) 

UO2 + + 82082- ~ UO22~ 4- 804" -  + SO42-, (6) 

U a+ + S O a ' -  + 2 H20 _~ UO2 + + HSQ 4- + 3 H +, (7) 
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UO2 + + SOa ' -  ~ UO~ 2+ + SO42-. (8) 

We believe that the interaction between U 4+ and 52082- 
includes the intermediate formation of the pentavalent 
uranium salt (U02+), whose subsequent oxidation is an 
elementary act of the chemiluminescence stage of the 
reaction. The participation of Caro ' s  acid and H202, 
formed in the hydrolysis of persulfate and HSOs-  , re- 
spectively, 14 in the oxidation of U 4+ cannot  be ruled 
out; however, further studies are required to determine 
their contribution to the CL observed. 

The increase in the oxidation rate of U 4+, when 
solutions with a lower concentration of HCIO4 are used, 
can be explained by the fact that hydroxo forms of U 4+ 
participate in the redox process. The monotonic  in- 
crease in rlCL and riex (Fig. 4, curves 2 and 3, respec- 
tively) indicate that the formation of excited *UO22+ 
occurs more efficiently when UOH 3+ is present in the 
solution. 
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Fig. 5. a. Semilogarithmic anamorphoses of the decay of chemiluminescence appeared in the reaction of U 4+ and $2082- in a 
solution of 0.1 M HC104 with the content of deuterium (%): 0 (1), 20 (23, 50 (3), 70 (4), and 90 (~. b. Dependence of the initial 
chemiluminescence intensi~y on the degree of deuteration of the solvent (6). c. Dependences of the reaction rate constant (/Co) (7) 
and chemiluminescence yield (qCL) (6) on the degree of deuteration of the solvent. [HC104] = 0.1 tool L-I; [U4+]0 = 
10 -5 mol L-l; [82082-] = 10 -3 tool L-l; T = 298 K. 
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The participation of  hydrogen-containing species in 
the reaction studied is supported by the observed kinetic 
isotope effect (KIE). The time dependences of the CL 
intensity at different concentrations of  deuterium in the 
solution are shown in Fig. 5 (curves 1--5). An increase 
in the degree of  deuteration is accompanied by the 
exponential  decrease in [0 (curve 6) and the linear 
decrease in /co and rlCL (curves 7 and 8). Extrapolation 
o f  the dependence of  k 0 on [D] to a 100% content of 
deuterium in the solution gave the value of KIE kH/k D = 
2.1 in 0.1 M HCIO4. The si~lilar extrapolation of curves 
6 and g (see Fig. 5) gave the values of the initial CL 
intensity I 0 (o) and CL yield (~CL (D)) at 100% substitu- 
t ion of  hydrogen by deuterium: 10 (H)//0 (O) = 5.3, 
rICL (H)/rICL (D) = 9" 10-8/3.5 " 10 -s  = 2.6. According 
to expression (5), I 0 is proportional to rlcL'k0; there-  
fore, I 0 (H)/10 (D) = rlCL (H)'/CH/qCL (D)'kD- In fact, 
inserting the values ofriCL (H), ricE (O), and KIE (kH/k D) 
in this expression, we have 2.6" 2.1 = 5.4, which coin-  
cides within the overall measurement error (20%) with 
the  value of the I 0 (rt)//0 (D) ratio. The result obtained 
testifies that the I value during the whole reaction 
reflects the rate of  consumption of  U 4+. 

The monotonic  decrease in rlCL as the degree of 
isotope substitution increases means a decrease in the 
excitation yield of the uranyl ion in the oxidation of  
U O D  3+ in a solution of  potassium persulfate, since it is 
known that in deuterated solutions ~]em of *UO22+ is 
higher than in nondeuterated solutions.iS A solvent has 
a noticeable effect on chemical  reaction rates only in the 
case where the hydrogen atoms of  the reagents partici-  
pate in exchange with the solvent or when the latter 
reacts with dissolved polar compounds. 16 We believe 
that  the oxidation reaction with the participation of  
hydroxo forms of U 4+ includes the elimination of  the 
hydrogen or deuterium atom from UOH 3+ or UOD 3. 
(U(OH)22+ or U(OD)22.  at high pH values). 

The existence of one, the more so two, oxygen atoms 
bound to the U 4+ atom makes the process of formation 
of  UO2 + ion more efficient than the oxidation of  the 
U 4+ aqua ion. This may be the reason for the accelera- 
t ion of  the oxidation of  U 4+ in solutions containing 
$2082- as the concentrat ion of HCIO 4 decreases. 
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