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The effect of the molar ratio of cations and citric acid 
on the synthesis of barium ferrite using a citrate 
process 

WEN-J IUNG LEE, TSANG-TSE FANG 
Department of Materials Science and Engineering, National Cheng Kung University, Tainan, 
70101 Taiwan 

A model is presented to evaluate the concentration of species in a citric solution for 
preparing barium ferrite powder. The evaluated concentration of species provides valuable 
information and help in selecting the optimal condition for preparation of the barium ferrite 
powder using the citrate process. The influence of the molar ratio of cations and citric acid on 
the formation of barium ferrite is studied. The formation temperature of barium ferrite 
decreases as the ratio increases. When the molar ratio of cations and citric acid is 13 : 20, the 
barium ferrite can completely form at 700 ~ 

1. Introduction 
Barium ferrite of magnetoplumbite structure is chem- 
ically stable and has excellent magnetic properties. 
Since its introduction by the Phillips laboratory in 
1952, it has been used widely in industry. In recent 
years, barium ferrite particulate media have generated 
a lot of research interest for advanced magnetic re- 
cording applications, e.g. video recorder and flexible 
disk memories because of their high recording density 
and relatively low manufacturing cost [1]. The chara- 
cteristics of the barium ferrite powder are of great 
importance because of their influence on the quality of 
the final product. The conventional method of prep- 
aration of the powder is to calcine the mixture of 
barium carbonate and iron oxide at a high tempera- 
ture, which has disadvantages of large aggregates and 
inhomogeneous compositions. Several chemical 
methods [2, 3] were usually reported to be able to 
overcome these problems, but their control of the 
homogeneity of composition is overestimated, and 
aggregation of powders using these methods cannot 
be escaped. 

The Pechini or citrate process [4] was usually con- 
sidered to have the advantage of mixing ions on the 
atomic scale in the liquid state, so it is easy to control 
accurately the composition of the powder. However, 
there are many types of cation citrate complexes in the 
solution, so the concentration of citric acid could 
affect the formation of citrate complexes and further 
affect precipitation and segregation during gelling and 
charring, respectively. Moreover, Lessing 1-5] showed 
that the molar ratio of citric acid and ethylene glycol 
could affect the powder morphology. Messing [-6] also 
reported that the pH value of solution has an influence 
on the powder morphology of BaTiO3. Therefore, in 
this investigation [7-9], a model is presented to evalu- 
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ate the influence of the cations and citric acid on the 
concentration of the cation citrate complexes in solu- 
tion, which in turn would provide the citrate or 
Pechini process with effective control and predictable 
compositions in preparing the barium ferrite powder. 

2. Experimental procedure 
The Fe-solution was prepared by dissolving Fe 
(NO3)3 in distilled water, and the iron content in the 
solution was quantitatively determined. The Fe-solu- 
tion and BaCO3 dissolved in the variably concen- 
trated citric acid solution were in the molar ratio 12 : 1. 
The concentrations of Ba, Fe and nitrate ions, 0.01, 
0.12 and 0.36 M, respectively, were kept constant; but 
the concentration of the citric acid and the pH value 
were varied. Analytical grade NH4OH solution was 
used to adjust the pH of the solution. A few per cent of 
ethylene glycol were added in order to produce long- 
chain organic molecules. The clear solution was slow- 
ly heated and evaporated until a highly viscous gel 
was formed. 

Differential thermal analysis (DTA) and thermo- 
gravimetric analysis (TGA) were employed to investi- 
gate the thermal decomposition of gel at a heating rate 
of 10 ~ rain- 1. Gels of different citric acid concentra- 
tions had similar thermal behaviours according to 
DTA. Weight loss and exothermic heat were large 
below 400 ~ as shown in Fig. 1. In order to avoid 
deflagration, the gels were prefired at 400 ~ to burn 
off the organic matter, referred to as the "precursor". 
The precursor was heated at different temperatures in 
the range 600-900 ~ X-ray diffraction (using CuK~ 
radiation) was used to examine the phases of the 
calcined powder. 
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Figure 1 Thermal  behaviour of the gel in which the molar ratio of 
cations and citric acid is 13:13. 

[HCit 2-]  - [Cit 3 ] [H  +] 
k3 (6) 

The total iron concentration is the sum of equilibrated 
citric complexes of iron 

[ F e  3 +IT = [Fe 3 +] + [Fe(HCit) +] 

+ [Fe(Cit)] + [Fe(OU) a+] (7) 

where [Fe 3+-IT is the total concentration of iron in the 
solution. The formation of [Fe(HCit) § complex is 

Fe 3 + + HCit z-  <=~Fe(HCit) + 

[Fe(UCit)+-i 
k4 - [Fe3 +] [HCit2_] (8) 

Combining Equations 6 and 8, one obtains 

3. A model for evaluating the 
concentration of iron and barium 
citrate complexes in a solution under 
different conditions 

In this model, the concentration of citric acid, pH and 
temperature affecting the formation of iron and bar- 
ium citrate complexes have been taken into considera- 
tion. Several assumptions involved were that 

1. solutions were assumed to be ideal, 
2. one citrate ion could form a chelate with only one 

cation, and 
3. concentration of the complexes could not change 

as temperature increased. 
The concentration at 25 ~ was taken as the reference. 

The dissociation of the citric acid involving three 
stages of ionization was written as follows 

[Fe(HCit) +] = [Fe 3 +] 

[Cit 3 - ] [-H + ] k#/k3 (9) 

Similarly, one obtains 

[Fe(Cit) +] = [Fe3+][Cit3-]ks (10) 

[Fe(OU) 2+] = [Fe3+] [OU-]k6  (11) 

Substituting Equations 9 11 into Equation 7, one 
obtains 

[Fe3+lT = [Fe3+l (1 + k6[OH-] )  

+ [Fe3 +][Cit 3-3 

(kr + ks) (12) 

The total barium concentration is expressed as follows 

H3Cit <=> H2Cit-  + H § 

[H2Cit - ]  [H + ] 
kl = (1) 

[H3Cit] 

HzCit -  <=>HCit 2 + H + 

[HCi t2 - ] [H  +] 
k2 = (2) 

[H2Ci t - ]  

[Ba2+]T = [Ba 2+] + [Ba(H2Cit) +] 

+ [Ba(HCit)] 

+ [Ba(Cit)-] 

+ [Ba(NO3) + ] (13) 

where [Ba 2 +lT is the total concentration of barium in 
the solution. The formation of [Ba(H2Cit) +] complex 
is 

Ba 2+ + H2Cit <=>Ba(H2Cit) + 

HCit 2 - ~- Cit 3 - + H + 

[Cit 3 - ] [ H  +] 
k 3 -  [ H C i t : - ]  (3) 

H3Cit represents citric acid and kl, k2, k3 are the 
equilibrium constants of citric acid. Equations 1, 2 and 
3 could be rewritten as 

[C i t3 - ] [H+]  3 
[H3Cit] = (4) klk2k3 

[Cit 3 ] [H+]  2 
[H2Ci t - ]  = (5) k2k3 

[Ba(H2Cit) + ] 
k7 = [Ba2 + ] [HzCit -  ] (14) 

Combining Equations 5 and 14, one obtains 

[Ba(HzCit) + ] = [Ba 2 + ] [Cit 3 - ] 

[n+]2kT/(k2k3) (15) 

Similarly, one obtains 

[Ba(HCit)] = [Ba 2 +][Cit 3 - ] [ H  +]ks~k3 (16) 

[Ba(Cit)-] = [Ba2+][c i ta- ]k9 (17) 

[Ba(NO3)] = [Ba2+][NOg]klo  (18) 
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Figure 2 The evaluated concentration of barium species in the 
solution, in which the molar ratio of cations and citric acid is 13 : 13 : 
(A) Ba 2+, ([]) Ba(NO3) +, (0) Ba(Cit)-, (�9 Ba(HCit), and (11) 
Ba(H2Cit) +. 
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Figure 3 The evaluated concentration of barium species in the 
solution, in which the molar ratio of cations and citric acid is 13 : 14: 
(A) Ba 2+, ([~) Ba(NO3) +, (0) Ba(Cit)-, (0) Ba(HCit), and (11) 
Ba(HzCit) +. 

Substituting Equations 15 18 into Equation 13, one 
obtains 

[Ba2+]T = [Ba2+](1 + k lo[NO3])  

+ [Ba2+][Cit3- 3 ( [H+]2k7 /k2  k3) 

+ [H+]ks/k3 + k9) (19) 

Finally, the total citrate concentration could be ex- 
pressed as the sum of all equilibrated citrate com- 
plexes of concentration as follows 

[Citrate]w = [H3Cit] + [H2Ci t - ]  + [HCi t2- ]  

+ [Cit3-]  + [Fe(HCit +] 

+ [Fe(Cit)] + [Ba(H2Cit)+] 

+ [Ba(HCit)] + [Ba(Cit)-] (20) 

where [Citrate] v is the total concentration of citric 
acid in the solution. 
Substituting Equations 4-6, 9,10, 15-17 into Equation 
20, one obtains 

[Citrate]T = [Cit 3 - ] ([H + ] 3/(k 1 kzk3) 

+ [H+]2/(k2k3) + [H+3/k3 + 1) 

+ [ Fe3 +3 [ Cit3-]  

x ([H+]k4/k3 + ks) 

+ [ Ba2 +] [ Cit3-1 

x ([H +]2kv/(kzk3) 

+ [ H  +] ks~k3 + kg) (21) 

It should be noted that the nitrate concentration 
should be considered in the solution because it also 
formed a complex with barium ion 

[NO3]T = [NO~]  + [Ba(NO3) +] (22) 

where [NO ~ IT is the total concentration of nitrate ion 
in the solution. 
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Figure 4 The evaluated concentration of barium species in the 
solution, in which the molar ratio of cations and citric acid is 
13 : 20 :(A) Ba 2 +, ([3) Ba(NO3) +, (0) Ba(Cit)-, (�9 Ba(HCit), and (Ill) 
Ba(H2Cit) +. 

Substituting Equation 18 into Equation 22, one ob- 
tains 

[NO~]T = [NO33 + [BaZ+][NO3]klo  (23) 

For simplification, one rewrites these Equations 12, 
19, 21 and 23 as 

[Citrate]T = A[ Cit3-]  + B[ Ci t3-] [  Fe3 +3 

+ C[Cit3-][Ba2+ 3 

[Fe3+]T = D[Fe  3+] + B[Ci t3- ] [Fe  3+] 

[BaZ+]T = [ Ba 2+] + E[BaZ+J [NO; ]  

+ C[Ci t3- ] [Ba  2+] 

[ N O , J r  = IN �9  + E[Ba2+] [NO3]  
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TABLE 1 Equilibrium constants for citric acid and cation com- 
plexes at 25 ~ 

Species Equilibrium constant Reference 

H3Cit ka(1.17 x 10- 3) [101 
HzCit- k2(4.17 x 10 -5) [101 
HCit z- k3(1.82 x 10 -6) [101 
Fe(HCit) + k4(5 x 106) [10] 
Fe(Cit) kdl.58 x 1011) [101 
Fe(OH) 2+ k6(1 x 10 li) [11] 
Ba(HzCit) + k7(6.17) [121 
Ba(HCit) k8(56.23) [12] 
Ba(Cit)- k9(776.25) [121 
Ba(NO 3) + k 10(8.7) [ 13] 

A 

v 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

i 

2 3 4 

pH 

o~ 

5 6 7 

Figure 5 The evaluated concentration of iron species in the solution, 
in which the molar ratio of cations and citric acid is 13:13: (�9 
Fe 3+, (1) Ee(OH) 2+, (A) Fe(HCit) +, and (lI) Fe(Cit). 

where A, B, C, D and E are defined as follows 

A = [H+]3/klk2k3)  + [H+]Z/(k2k3) + [H+] /k3  + 1 

B = [H+]k4/k3 + k s 

C = [H+]2kT/(kak3) + [H+]ks/k3 + k9 
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Figure 6 The evaluated concentration of iron species in the solution, 
in which the molar ratio of cations and citric acid is 13:14: (�9 
Fe 3+, (&) Fe(OH) 2+, (A) Fe(HCit) +, and ( , )  Fe(eit). 
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Figure 7 The evaluated concentration of iron species in the solution, 
in which the molar ratio of cations and citric acid is 13:20: (�9 
Fe 3+, (A) Fe(OH) 2+, (A) Fe(HCit) +, and (11) Fe(Cit). 

D = 1 + k6 [ -OH-]  

E = kl0 

The  total  equil ibrium constants  are listed in Table  I. 

4.  R e s u l t s  a n d  d i s c u s s i o n  
Figs 2M show the theoretically calculated ba r ium 
complex concentra t ions  at different p H  values and 
concentra t ions  of  citric acid. In these figures, the con- 
centrat ion of ba r ium and ba r ium nitrate ions de- 
creases with increasing p H  values; however,  the con- 
centrat ion of the Ba(Cit 3 - )  complex increases at p H  
values > 4. The  concentra t ions  of the other  two bar-  
ium citrate complexes  [Ba(H2Cit) + and Ba(HCit)]  
existing in a certain range of pH,  initially increase and 
finally decrease with increasing p H  values. As the 
concentra t ion  of citric acid increases, the concentra-  

t ion of the ba r ium cation and ba r ium nitrate ion 
reduce but  the concentra t ion  of the Ba(Cit 3 - )  complex 
increases when p H  > 4 .  The  concentra t ions  of 
Ba(H2Cit) + and Ba(HCit)  also increase as the concen- 
t ra t ion of citric acid increases. 

Figs 5-7 show the theoretically calculated iron com-  
plex concentra t ions  at  different p H  values and concen- 
t ra t ions of  the citric acid. The  concentra t ion  of the 
iron complexes had  the same trend in these three 
figures, i.e. the concent ra t ion  of citric acid has little 
influence on those of the iron complexes,  but  as p H  
values increase only Fe(Cit 3 - )  increases, the rest of the 
complexes decreasing, and at p H  > 3, all i ron ions 
complete ly  form iron citrate complex  Fe(Cit 3 -). 

I t  was usually found that  the Ba(NO3)2 c o m p o u n d  
is easy to precipitate during the evapora t ion  process if 
the processing pa ramete r s  are not  proper ly  controlled,  
which in turn would form BaCO3 during decomposi -  
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Figure 8 X-ray diffraction patterns of the gel with different (cations): 
(citric acid) molar ratio decomposed at 400 ~ (a) 13: 13, (b) 13: 14, 
and (c) 13:20. Where (1) BaCO3, and (2) y-Fe203. 
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Figure 10 X-ray diffraction patterns of the precursor with a (ca- 
tions): (citric acid) molar ratio of 13:14, which was heated at different 
temperatures: (M) BaFel/O19, (1) BaCO3, (2) y-Fe203, and (3) 
BaFe204. 
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Figure 9 X-ray diffraction patterns of the precursor with a (cations): 
(citric acid) molar ratio 13 : 13, which was heated at different temper- 
atures: (M) BaFelzO19, (1) BaCO3, (2) ?-F%O3, and (3) BaFezO4. 

tion and increase the calcination temperature. There- 
fore, to reduce the concentrations of barium and bar- 
ium nitrate ions would be very important in avoiding 
the precipitation of Ba(NO3)2. According to the theor- 
etical model (Figs 2-4), at a given concentration of 
citric acid, the amount of the precipitation of 
Ba(NO3)2 will be reduced as pH increases to seven 
because of reduction of the barium nitrate ion, which 
is consistent with the observations, i.e. no precipita- 
tion occurred at pH > 5 in this investigation. 

Moreover, as observed in Figs 2 4 ,  the concentra- 
tion of citric acid has a significant influence on those of 
the barium ion, barium nitrate ion and barium citrate 
complexes in the solution, which in turn would affect 
the precipitation of Ba(NO3)/during the evaporation 
process. In order to further evaluate the theoretical 
model, the pH value of solution was fixed at seven and 
the concentration of citric acid varied. As inferred 
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Figure 11 X-ray diffraction patterns of the precursor with a (ca- 
tions): (citric acid) molar ratio of 13:20, which was heated at 
different temperatures: (M) BaFel/O19, (1) BaCO3, (2) y-Fe203, and 
(3) BaF%Or 

from the Figs 2-4, the precipitate of Ba(NO3)2 will 
decrease as the concentrations of barium ion and 
barium nitrate ion decrease; therefore, BaCO3 will 
reduce during the decomposition process. As observed 
in Fig. 8, the amount  of 7-Fe203 and BaCO 3 reduces 
as the cation and citric acid molar ratio increases, 
which further supports this model. Since BaCO3 and 
v-Fe/O3 reduce as the ratio increases, the intermediate 
phase of BaFe/Or (Figs 9-11), which is usually ob- 
served in the solid state reaction, apparently reduces. 
Thus, M type ferrite could form completely at low 
temperature, 700 ~ Accordingly, the model proposed 
in this investigation to  evaluate theoretically the con- 
centration of species in a solution could provide valu- 
able information in preparing ceramic powders using 
the citrate process. 
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5. Conclusions 
The concentrations of barium and barium nitrate ions 
are the major factors affecting the precipitation of 
Ba(NO3)2 during the evaporation process and the 
formation of BaCO3 during the decomposition pro- 
cess. Increasing the concentration of citric acid and 
pH values can reduce the amount of BaCO3 and the 
formation temperature of barium ferrite. The barium 
ferrite can completely form at 700 ~ as the ratio of 
cations and citric acid is 13 : 20 and the pH value of the 
solution is seven. The theoretical model could provide 
valuable information and help in preparing ceramic 
powders using the citrate process. 

References 
1. T. FUJIWARA, IEEE Trans. Mag. 21 (1985) 1480. 
2. O. KUBO, T. IDOandM. YOKOYAMA, ibid. 18(1982) ll22. 

3. K. KANEDA and H. KOJIMA, J. Amer. Ceram. Soc. 57 (1974) 
354. 

4. M . P .  PECHINI,  US Patent 3-330 697 (1967). 
5. P.A. LESSING, Bull. Amer. Ceram. Soc. 68 (1989) 1002. 
6. G.L. MESSING,  Mater. Res. Soc. Symp. Proc. 271(1992)95. 
7. A. SRIVASTAVA, P. SINGH and M.P. GUPTA, J. Mater. 

Sci. 22 (1987) 1489. 
8. E. LUCCHINI,  S. MERIANI, F. DELBEN, S. PAOLETTI, 

ibid. 19 (1984) 121. 
9. F. LICCI, T. BESAGN[, IEEE Trans. Mag. 20 (1984) 1639. 

10. M.A. EARL, "Critical Stability Constants", Vol. 5 (Plenum 
Press, New York, 1974) 329 330. 

11. HOGFELDT ERIK, "Stability Constant of MetaMon Com- 
plexes", Supplement No. 2, part A (Pergamon, Oxford, 1982) 42. 

12. M.A. EARL, "Critical Stability Constants", Vol. 3 (Plenum 
Press, New York, 1974) 161. 

13. HOGFELDT ERIK, "Stability Constant of Metal-Ion Com- 
plexes", Supplement No. 1 (Pergamon, Oxford, 1982) 34. 

Received 11 July 1994 
and accepted 22 March 1995 

4354 


