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Abstract. The complexation reactions of cerium(III and IV) with 9-phenyl-2, 3,7-trihydroxy-6-fluorone 
(H3PF) have been studied in the presence and absence of some surfactants and protective colloids. 
Maximum enhancement of the chelate absorbances is obtained with the cationic surfactant cetyl- 
pyridinium bromide (CPB) or cetyltrimethylammonium bromide (CTAB). In the pH ranges 8 .2 -  9.0 
and 9.8 - 10.8 the ternary 1 : 3 : 3 and 1 :4 :3  cerium(III)-PF-CPB complexes are formed with molar 
absorptivities of 9.02 x 104 and 9.86-104 lmol-1 cm-1 at 570 and 590 nm, respectively. The corre- 
sponding 1 : 4 : 2 and 1 : 3 : 2 complexes of cerium(IV) are formed in the pH ranges 8 .4 -  9.0 and 
9 .8 -  10.6 in the presence of CTAB and CPB, respectively. Their molar absorptivities are 8.00.104 
and 8.56. 1041tool - i cm-1 at 570 and 590nm, respectively. The stability constants of the studied 
complexes have been determined and a spectrophotometric method has been developed to determine 
the cerium content in monazite concentrate. 

Keywords. Cerium(III and IV) complexes; 9-Phenyl-2,3,7-trihydroxy-6-fluorone; Surfactants. 

Komplexierungsreaktionen yon Cer(III und IV) mit 9-Phenyl-2,3,7-trihydroxy-6-fluoron in Gegenwart 
kationischer oberfl~ichenaktiver Stoffe 

Zusammenfassung. Es wurden Komplexierungsreaktionen von Cer(III und IV) mit 9-Phenyl-2,3,7- 
trihydroxy-6-fluoron (HaPF) in Gegenwart und auch ohne oberfl/ichenaktive Stoffe und Schutzkol- 
loide untersucht. Maximale Verst/irkung der UV-VIS-Absorption wurde mit den kationischen ober- 
fl/ichenaktiven Verbindungen Cetylpyridiniumbromid (CPB) und Cetyltrimethylammoniumbromid 
(CTAB) erreicht. Im pH-Bereich von 8 .2 -  9.0 und 9.8 - 10.8 bildeten sich die tern/iren 1 : 3 : 3 und 
1 :4 :3  Cer(III)-PF-CPB-Komplexe mit molaren Extinktionskoeffizienten von 9.02.104, bzw. 
9.86.1041 mol-  1 cm -  1 bei 570 bzw. 590 nm. Die entsprechenden 1 : 4 : 2 und 1 : 3 : 2 Cer(IV)-Komplexe 
wurden im pH-Bereich 8 .4-9 .0  und 9.8-10.6 in Gegenwart von CTAB und CPB gebildet, wobei 
die Extinktionskoeffizienten bei 8.00.104, bzw. 8.56.1041 mol-  ~ c m-  1 bei 570 bzw. 590 nm lagen. 
Es wurden die Stabilit/itskonstanten der Komplexe bestimmt und es wurde eine spektrophotometrische 
Methode zur Bestimmung von Cer in Monazitkonzentrat entwickelt. 

Introduction 

T h e  e n h a n c e m e n t  ( sens i t i za t ion)  o f  c o l o r  r e a c t i o n s  o f  m e t a l  ions  wi th  c h r o m o g e n i c  

r e a g e n t s  b y  the  p r e s e n c e  o f  s u r f a c t a n t s  p r o v i d e s  a n  inexpens ive  w a y  f o r  d e t e r m i n i n g  
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low concen t ra t ions  o f  elements.  The  change  in co lor  p r o d u c e d  in the presence o f  
a sur fac tan t  is a t t r ibu ted  to an  in te rac t ion  o f  the b inary  complex  with the sur fac tan t  
to build up  a t rue t e rna ry  complex,  ad so rp t i on  o f  the b inary  complex  on  the micelles 
o f  surfac tant ,  or  f o r m a t i o n  o f  micelles fo l lowed by  in te rac t ion  o f  the b inary  complex  
wi th  the sur fac tan t  ion to f o rm  an ion-assoc ia t ion  complex  [1].  

The  present  work  was carr ied  ou t  to  invest igate  the react ions  o f  cer ium(I I I  and  
IV) ions with 9 -phenyl -2 ,3 ,7 - t r ihydroxy-6- f luorone  (H3PF)  in the presence and  
absence o f  d i f ferent  types o f  sur fac tants  and  pro tec t ive  colloids.  The  s to ich iomet ry  
o f  the fo rmed  complexes  and  their  stabil i ty cons tan ts  were de termined.  M a x i m u m  
sensi t izat ion o f  the co lor  react ions  was ob ta ined  in the presence o f  cat ionic  sur- 
factants .  Consequen t ly ,  highly sensitive s p e c t r o p h o t o m e t r i c  m e t h o d s  for  cer ium 
de t e rmina t i on  were deve loped  and  used to  de te rmine  the ce r ium con ten t  in monaz i t e  
concent ra te .  

Experimental Part 

All chemicals were of analytical reagent purity. Surfactants and protective colloids were used as 
received without further purification. Bi-distilled water was used throughout. Stock solutions 
(1" 10-2M) of cerium(III) and cerium(IV) were prepared by dissolving 1.0856 g of cerium(III) nitrate 
hexahydrate in water containing 1 ml of nitric acid, or 0.4303 g of cerium(IV) oxide in 10 ml of 1:1 
hydrochloric acid and diluted to 250ml with water in a volumetric flask. These solutions were 
standardized with EDTA [21. H3PF was purified and a 1 - 10-3M solution was prepared according 
to Marczenko et al. [3]. Borax buffer solutions of different pH values were prepared by adjusting 
the pH of 5 .10-2M borax solution with hydrochloric acid or sodium hydroxide solution to the 
desired value. Cationic and anionic surfactants were prepared as 1 • 10 - 2 M solutions whereas nonionic 
surfactants and protective colloids were utilized as 5% v/v and 0.5% m/v, respectively. 

A Perkin-Elmer Model Lambda 3B double-beam UV-visible spectrophotometer equipped with 
matched 1-cm quartz cells was used for optical measurements. A Schott Ger/ite pH-meter Model 
CG 710 fitted with a combined glass-calomel electrode was used for pH adjustment. 

Determination of Cerium(Ill) with H3PF and CPB at pH 8.6 or 10.2 

Introduce a suitable aliquot of sample solution containing up to 42 gg of cerium(III), 2.5 ml of H3PF 
solution and 5 ml of CPB solution into 25 ml volumetric flask. Complete the volume to the mark 
with borax buffer ofpH 8.6 or 10.2 and measure the absorbance after 30 minutes of mixing at 570 
or 590 nm, respectively. Determine the cerium content using calibration graphs prepared in the same 
manner. 

Determination of Cerium(IV) with H3PF and CTAB or CPB 

Transfer up to 47 gg of cerium(IV) into a 25 ml volumetric flask. Add 2.5ml of H3PF solution and 
5 ml of CTAB or CPB solution. Complete to volume with borax buffer ofpH 8.8 or 10.2, respectively. 
Let stand for 45 min and measure the absorbance against a blank at 570 or 595 nm, respectively. 

Results and Discussion 

Tables  1 and  2 i l lustrate the results ob ta ined  for  the effect  o f  some pro tec t ive  colloids 
and  sur fac tan ts  on  the spectral  character is t ics  o f  cer ium(I I I  and  I V ) - P F  complexes  
at  p H  8.6(8.8) and  10.2. M a x i m u m  e n h a n c e m e n t  o f  the abso rbance  o f  cer ium(II I )  
complex  was ob ta ined  at  p H  8.6 and  10.2 in the presence  o f  CPB. On the o the r  
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Table 2. Effect of surfactants and protective colloids on the absorbance of cerium(IV)-phenylfluorone complex at pH 8.8 
and 10.2. Ce 7 .71.10-6M; other conditions as in Table 1 

Surfactant or protective At pH 8.8 At pH 10.2 
Colloid 

km~x (rim) Absorb. ~. 104 l mo l -  1 c m -  1 Xm~x (nm) Absorb. ~. 1041 too l -  1 c m -  1 

Without 530 0.302 3.92 550 0.265 3.44 
SLS 535 0.195 2.53 555 0.285 4.06 
SAS - - - 560 0.240 3.42 
Emulsifier S 500 0.530 6.87 560 0.436 6.22 
Tween40 530 0.275 3.57 565 0.573 8.17 
Tween 60 535 0.515 6.68 555 0.490 6.98 
Tween 80 545 0.250 3.24 565 0.490 6.98 
TritonX-100 535 0.342 4.44 555 0.484 6.90 
CTAB 570 0.617 8.00 590 0.557 7.94 
CPB 575 0.556 7.21 595 0.600 8.56 
CPC 575 0.560 7.26 595 0.590 8.41 
Zephiramine 570 0.520 6.75 592 0.508 7.24 
Gelatin 535 0.316 4.10 555 0.410 5.85 
Polyvinylpyrrolidone 535 0.530 6.88 545 0.580 8.27 
Poly(vinyl alcohol) 535 0.350 4.54 550 0.485 6.92 

0.4 
o 

.13 

o o.3 

0.6 

B 
0.5 

0.2 

01 . ~  

420 L,60 500 540 580 620 660 700 
Wavelength (nrn) 

Fig. 1. Absorption spectra of cerium(III) complexes in aqueous and aqueous micellar media. 
[Ce3+]=5.66 • 10-6M; [CPB]=2.10-3  M; [Phenylfluorone] = 7 . 5 . 1 0 - 6 M  for curves 1, 3 and 5, 
1,2- 1 0 - 4 M  for curves 4 and 6, and 2" 1 0 - 4 M  for curve 2; 1-cm cell. I Phenylfluorone at pH 8.4 
vs. buffer; 2 cerium-phenylfluorone binary complex vs. blank; 3 phenylfluorone + CPB at pH 8.6 
vs. blank; 4 cerium-phenylfluorone-CPB ternary complex at pH 8.6 vs. blank; 5 Pbenylfluorone + 
CPB at pH 10.2 vs. blank; 6 cerium-phenylfluorone-CPB ternary complex at pH 10.2 vs. blank 



Complexation Reactions of Cerium(III and IV) 481 

0.6 

0.5 

5 

0.4 

° / 
~0.3 

e ~  

0.2 2 4 
/ \ / 

/ \ / 4"',.~.~e/" 
, ,  >(.,'1 ], 

o.1 t , ,~ . , ' " \  I I 

' "  ?";t 
/,20 460 500 540 580 620 660 700 

WaveLength (rim) 

Fig. 2. Absorption spectra of cerium(IV) complexes in aqueous and aqueous micellar media. 
ICe 4+] = 5.60.10-6M; [CTAB] = [CPB] = 2.10 -3 M; [Phenylfluorone] = 8 . 1 0 - 6 M  for curves 2, 
4 and 6, and 2 . 1 0 - 4 M  for curves 1, 3 and 5; 1-cm cell. 1 cerium-phenylfluorone binary complex vs. 
blank; 2 phenylfluorone at pH 9.4 vs. buffer; 3 cerium-phenylfluorone-CTAB ternary complex at pH 
8.8 vs. blank; 4 phenylfluorone + CTAB at pH, 8.8 vs. blank; 5 cerium-phenylfluorone-CPB at pH 
10.2 vs. blank; 6 phenylfluorone + CPB at pH 10.2 vs. blank 

hand, CTAB and CPB were optimum sensitizers for the color reactions of cer- 
ium(IV) at pH 8.8 and 10.2, respectively. 

Spectral Characteristics 

The absorption spectra of cerium(III)-PF complexes formed in the absence and 
presence of CPB are shown in Fig. 1. The binary complex formed at pH 8.4 in the 
absence of surfactant exhibits an absorption maximum at 525 nm (curve 2). The 
corresponding reagent blank absorbs at 470 nm (curve 1). Addition of CPB to the 
reagent at pH 8.6 is accompanied by batho- and hypochromic shifts (curve 3). At 
the latter pH, the absorption maximum of the complex is shifted to 570 nm and 
the absorbance increases 3-fold as a result of the sensitizing action of CPB (curve 4). 
At pH 10.2 in the presence of CPB the complex absorption maximum is shifted 
to 590nm with further increase in the absorbance value (curve 6). The spectral 
curve of the blank is given in curve 5. 

In Fig. 2, curves 1 and 2 show the spectral curves of the cerium(IV) binary 
complex and its reagent blank at pH 9.4. Their absorption maxima are at 535 and 
470nm, respectively. In the presence of CTAB at pH 8.8 the complex has an 
absorption maximum at 570 nm (curve 3) and the blank at 520 nm (curve 4). More- 
over, in the presence of CPB at pH 10.2 the absorption maximum of the complex 
is shifted to 595 nm with further increase of absorbance (curve 5). The blank spec- 
trum is shown in curve 6. 
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Effect of pH 

The effect of pH on the formation of cerium(III and IV) binary and sensitized 
complexes was investigated using 7.5- 10 - 6 M of the metal ion, 2 .10 - 4 M of reagent 
( 1  • 1 0 - a M  in the presence of surfactant) and 2 . 1 0 - 3 M  surfactant as final con- 
centrations. The pH was adjusted with diluted hydrochloric acid or sodium hy- 
droxide solution. 

The binary cerium(III) complexes have maximum and constant absorbances in 
the pH ranges 8 .2 -8 .8  and 10.0-10.6 at 525 and 550nm, respectively. The sen- 
sitized complexes with CPB are formed in the pH ranges 8.2 - 9.0 and 9.8 - 10.8, 
at 570 and 590 nm, respectively. The corresponding pH ranges of cerium(IV) binary 
complexes are 8 .8 -9 .5  and 10.1-  10.7 at 535 and 550 nm, whereas the sensitized 
complexes with CTAB and CPB are formed in the pH ranges 8.4 - 9.0 and 9.8 - 10.6 
at 570 and 595 nm, respectively. At the opt imum pH ranges no difference in the 
absorbance values of the complexes are noticed when borax buffer is used. Thus, 
borax buffer is utilized for pH adjustment in the procedures. 

Effect of Reagent and Surfactant Concentrations 

The opt imum concentration ranges of H3PF for the formation of cerium(III and 
IV) binary complexes are 1 . 2 - 1 0 - 4 - 2 . 8  • 10 -4 and 1.6" 1 0 - 4 - 2 . 4  • 10-4M.  The 
corresponding reagent concentration ranges for the formation of the sensitized 
cerium(III) complexes at pH 8.6 and 10.2 are 4 . 8 . 1 0 - 5 - 1 . 8 . 1 0  -4 and 
6.10 - 5 -  1 .2 .10-4M.  Moreover, 6.4.10 - 5 -  1.6- 10 -4 and 5.8.10 - 5 -  
1 . 3 . 1 0 - 4 M  reagent are opt imum for the sensitized cerium(IV) complexes with 
CTAB and CPB, respectively. 

A study of the effect of  surfactant concentration on the absorbance of the 
ternary cerium(III) complexes at pH 8.6 and 10.2 reveal maximum enhancement 
in the presence of 1 . 2 . 1 0 - 3 - 3 . 2  • 10 -3 and 8 . 1 0 - 4 - 4  • 1 0 - 3 M  CPB. Moreover, 
1 .6 .10-  4 _ 2.8" 10-- 3 and 2.0" 10- 4 _ 3.2- 10- 3 M of CTAB and CPB are opt imum 
for sensitizing cerium(IV) complexes. 

Effect of Time 

Full color development is obtained after 20 minutes of mixing for cerium(III) binary 
and ternary complexes. The absorbance of these complexes then remains maximum 
and constant for 3 hours. Therefore, a standing time of 30 minutes is recommended 
in the procedures of cerium(III) determination. 

On the other hand, the absorbance of cerium(IV) binary complexes reach their 
maximum values within 50 minutes, whereas the corresponding time for the sen- 
sitized complexes is 35 minutes. The complexes are stable for more than 4 hours. 
In the recommended procedures 45 minutes standing time is selected. 

Calibration Curves, Sensitivity and Precision of the Methods 

The calibration curves for cerium(III) determination as ternary complexes at pH 
8.6 and 10.2 adhere to Beer's law up to 1.68 and 1.60 ppm of cerium, respectively. 
The corresponding curves for cerium(IV) determination as sensitized complexes 
with CTAB and CPB are rectilinear up to 1.88 and 1.92 ppm of cerium. 
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The molar absorptivities of cerium(III)-PF-CPB ternary complexes, formed at 
pH 8.6 and 10.2, are 9.02- 104 and 9.86. 1041mol - 1 cm-1 at 570 and 590nm. The 
molar absorptivities of cerium(IV)-PF-CTAB and cerium(IV)-PF-CPB complexes 
are 8.00.10 4 and 8.56- 1041mo1-1 cm -1 at 570 and 595nm. 

The developed methods for cerium determination are more sensitive than the 
widely used spectrophotometric procedure utilizing Arsenazo III (~--5.6.10 4 at 
650rim) [41, 8-hydroxyquinoline (e=6.7.103 at 495nm) [51, formaldoxime 
(e=4.7.103 at 340nm) [6] 3-thianaphthenoyltrifluoroacetone (~=5.5.103 at 
424nm) [71 and tetron (e=2.5 .10 4 at 470nm) [8]. 

The sensitivity indices of the developed methods for cerium(III) determination 
in the presence of CPB at pH 8.6 and 10.2 are 1.55 and 1.42 ng cm - ; ,  respectively. 
The corresponding values for cerium(IV) determination in presence of CTAB and 
CPB are 1.75 and 1.64ng cm -2. 

The precision of the proposed procedures was established from the results of 
ten determinations each of a standard solution containing 4 .25 .10-6M of cer- 
ium(III) or 3 .86 .10-6M of cerium(IV). The standard deviation values for the 
methods of cerium(III) determination in the presence of CPB at pH 8.6 and 10.2 
were 0.0014 and 0.0015. The corresponding values for cerium(IV) determination 
in the presence of CTAB and CPB were 0.0013 and 0.0011, respectively. 

Stoichiometry and Stability Constant of the Complexes 

Cerium(III and IV) react with H3PF in the absence and presence of surfactant to 
form different types of complexes depending on the pH of the medium. The con- 
tinuous-variation and slope-ratio methods were used at the optimum pHs, to de- 
termine the metal:reagent ratio in the complexes, whereas the iso-molar ratio method 
[-91 was utilized to determine the metal:surfactant ratio. 

In aqueous medium, at pH ca. 8, the reagent is a singly charged anion (pKa = 7) 
[101 and reacts with cerium(III) to form the bis complex. 

Ce(OH)n 3 - n + 2 HzPF- = Ce(HzPF)2(0H)x 3 - 2- x 

Increasing the pH to ca. 10 enhances the deprotonation of the second proton of 
reagent and hence the formation of the more stable tris complex. 

In case of cerium(IV), the tris complex is formed at lower pH as a result of 
cationic charge increase. Increasing the pH to ca. 10, though is accompanied by 
further deprotonation of the ligand, the high hydrolytic tendency of the cation 
leads to the formation of the mixed hydroxo-bis chelate. 

On the other hand, tetrapropylammonium bromide, which is a nondetergent 
quaternary ammonium salt, exerted a sensitizing action on the absorbance of 
cerium(III and IV) binary complexes. Consequently, the enhancement of binary 
complex absorbances with cationic surfactants is due to the formation of true 
ternary complexes [11, 12]. 

In the presence of surfactants, the metal:ligand ratios for cerium(III) ternary 
complexes were 1:3 and 1:4 at pH values 8.6 and 10.2, respectively, whereas for 
cerium(IV) the corresponding ratios in the presence of CTAB and CPB were 1 : 4 
and 1 : 3. The obtained increase of metal:ligand ratios in the presence of surfactants 
is in agreement with previously reported measurements [13, 14]. 
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Table 3. Composition of the binary and ternary complexes and their overall formation constants 

Cerium(III) complexes Cerium(IV) complexes 

pH Lma~ e 1 mol -  1 cnl-  1 M:L log 13 pH ~'max e 1 mol -  1 crn- 1 M:L log 

In the absence of surfactant 8.4 525 3.32.104 1:2 26.2 9.4 535 3.92.104 1:3 
10.2 550 3.09.104 1:3 29.5 10.2 550 3.44.104 1:2 

M:L:S* M:L:S* 

In the presence of surfactant 8.6 570 9.02- 104 1 :3 :3  30.4 8.8 570 8.00.104 1 :4 :2  
10.2 590 9.86.104 1 :4 :3  34.1 10.2 595 8.56.104 1 :3 :2  

29.7 
26.8 

34.4 
30.6 

* S, surfactant cation 

Table 4. Effect of foreign ions on the determination of cerium(III) and cerium(IV) with phenylfluorone 
and CPB at pH 10.2. Ce 3+ or Ce 4+, 4, 10-6M; 100-fold molar excess of metal added relative to 
cerium 

Ion added ce(Iii) system Ce(IV) system 

Absorbance Interference (%) Absorbance Interference (%) 

Without 0.394 - 0.342 - 
AI(III) 0.769 + 95.1 0.798 + 133.3 
As(V) 0.396 + 0.5 0.330 - 3.5 
Ba(II) 0.390 - 1.0 0.347 + 1.5 
Be(II) 0.402 + 2.0 0.351 + 2.6 
Cr(III) 1.110 + 181.7 1.081 +216.1 
Cu(II) 1.091 + 176.9 1.211 + 254.1 
Fe(III) 1.388 + 305.8 1.186 + 226.3 
Hg(II) 1.620 + 311.2 1.593 + 365.8 
La(III) 0.962 + 144.2 0.937 + 173.9 
Mg(II) 0.937 + 137.8 1.025 + 199.7 
Mn(II) 1.872 + 375.1 1.943 + 468.1 
Mo(VI) 0.723 + 83,5 0.643 + 88.0 
Pb(II) 0.978 + 148.2 0.841 + 145.9 
Pr(III) 0,937 + 137.8 0.987 + 188.6 
Sm(III) 1.123 + 185.0 1.023 + 199.1 
Th(IV) 1.978 + 402.0 1.963 + 474.0 
V(V) 0.860 + 118.2 0,808 + 136.2 
U(VI) 1.653 + 319.2 1.935 + 465.8 
Zr(IV) 0.616 + 56.3 0.700 + 75.4 

T h e  n u m b e r  o f  c a t i o n i c  s u r f a c t a n t  a s soc i a t ed  wi th  the  f o r m e d  c o m p l e x e s  were  
3 a n d  2 fo r  c e r i u m ( I I I  a n d  IV)  complexes ,  i r respec t ive  o f  the  m e d i u m  pH. A 
s u m m a r y  o f  all the  resul ts  o b t a i n e d  a l o n g  wi th  the  overa l l  f o r m a t i o n  c o n s t a n t s  o f  
the  c o m p l e x e s  as d e t e r m i n e d  b y  the  c o n t i n u o u s - v a r i a t i o n  m e t h o d  [15]  is g iven  in 

T a b l e  3. 
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Table 5. Results for cerium content in monazite 

Cerium content, % 

This method a Arsenazo III method b X-Ray 

fluorescence 

spectrometry 

14.17 (mean = 14.42) 14.49 4- 0.22 14.37 

14.25 

14.36 

14.42 
14.45 

14.53 

14.56 

14.64 

a Standard deviation = 0.15 
b Six determinations 

Interference Study 

Several metal ions react with H3PF to give colored complexes. The influence of 
100-fold molar excess of some metal ions on the determination of cerium(III or 
IV) in the presence of CPB at pH 10.2 is illustrated in Table 4. 

Moreover, a study of the effect of some masking agents on the color reactions 
show that up to a 1 000-fold molar excess of bromide, iodide, thiosulfate, and 
thiourea, and up to a 600-fold excess of cyanide, oxalate, tartrate, citrate, and 
malonate do not interfer. However, these masking agents slightly improved the 
selectivity of the developed procedures. Consequently, a preliminary separation 
step of cerium is necessary when present in a complex matrix. 

Application of the Method 

The proposed procedure for cerium(IV) determination as the PF-CPB complex at 
pH 10.2 was used to determine the cerium content in monazite concentrate. A small 
portion of the finely powdered monazite sample was weighed and digested for 
4hours with concentrated sulfuric acid in a reflux apparatus [16]. The sample 
solution was evaporated to a small volume and carefully diluted with water. The 
solution was filtered and further diluted to a suitable volume. Cerium was separated 
from other matrix elements by extracting cerium(IV) from nitric acid solution into 
isobutyl methyl ketone [ 17], stripping in water and determined by the recommended 
procedure. 

The results obtained are given in Table 5. The cerium content in monazite, as 
determined by the developed procedure, is in good accordance with that obtained 
by the spectrophotometric method utilizing Arsenazo III and by x-ray fluorescence 
spectrometry. 
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