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ABSTRACT 

Iron citrate decomposes to give ot-Fe203 as an end product at 460°C via a four-step 
process. Barium citrate has been found to decompose to a stable barium carbonate at 412°C. 
It is, however, observed that a mixture of iron and barium citrates decomposes to BaO and 
either ,/-Fe203 or Fe304 or a mixture of these two oxides. Thus, the mixture does not 
decompose to give a-Fe203 and BaCO 3 as obtained in the individual decomposition of iron 
citrate and barium citrate, respectively, The iron and barium oxides obtained as a result of 
decomposition of the mixture then chemically combine to form barium ferrite at 600°C. 

INTRODUCTION 

The most common method for preparing oxide electroceramics such as 
ferrites which serve as raw materials in the fabrication of permanent magnets 
involves the calcination of a mechanically ground mixture of metal oxides 
and carbonates at very high temperatures. 

In the present work, a non-conventional method is used for the prepara- 
tion of barium ferrite, a commonly used permanent magnet material. This 
method is known as the "Liquid mix technique" [1,2] and it involves the 
formation of citrates of iron and barium individually, mixing them in 
solution, calcining to burn off all the organic material and chemically 
combining the oxides. This method showed great potential for obtaining 
high uniformity and homogeneity of the product formed as the ions are 
mixed on an atomic level in the liquid state. This method does not involve 
milling of the compound as is required in the ceramic method to produce 
fine-grained powders. This is an advantage of this method as milling 
introduces lattice defects and strains in the compound which have a detri- 
mental effect on the permanent magnet properties. The barium ferrite 
formed by this method is ideally suited to studies of its basic properties. In 
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view of this, it appeared necessary to study the preparation and decomposi- 
tion of the amorphous citrate salts, i.e., iron citrate, barium citrate and a 
stoichiometric combination of iron citrate and barium citrate, to enable a 
systematic study of the various properties of barium ferrite. 

EXPERIMENTAL 

Preparatton 

The chemicals used in the preparation were iron citrate (Riedel-Dettaen, 
Seelze-Hannover, AG) barium carbonate (BDH, AR) and citric acid (HPC, 
LR). 

In order to prepare a stoichiometric mixture of iron and barium citrates, 
the required amounts of iron citrate and barium carbonate were accurately 
weighed. A solution of iron citrate was prepared in distilled water. An 
aqueous solution of barium citrate was also prepared in the following way: a 
concentrated solution of citric acid was made in distilled water. Small 
amounts of the barium carbonate were added to this citric acid solution with 
constant stirring, resulting in a colourless solution of a barium citrate 
complex. The two solutions, i.e., of iron citrate and barium citrate, thus 
formed were then mixed together, again with continuous stirring. The 
mixture was heated over a hot-plate at a temperature of about 40°C. At the 
end of the heating, the product remaining was in the form of a solid mass 
which was glass-like in nature. This homogeneous glassy mixture was then 
subjected to differential thermal analysis (DTA). To support the thermo- 
gravimetric data, infrared (IR) spectroscopy and X-ray diffraction (XRD) 
were used in the study. 

lnstrumental 

A Netzch STA 409 differential thermal analyser was used to obtain the 
thermal data on the citrates. This differential thermal analyser simulta- 
neously plots the results of differential thermal analysis (DTA), thermogravi- 
metric analysis (TGA) and derivative thermogravimetric analysis (DTG) 
along with the sample temperature (T). The IR spectra were recorded in 
nujol on a Pye Unicam IR spectrometer (SP3-300). For recording the X-ray 
diffraction patterns, a Philips 1730 diffractometer was used. 

For the differential thermal analysis, 50 mg of the sample were placed in 
an cylindrical-type platinum crucible mounted on one of the 2-ram alumina 
rods of the sample carrier covering the Pt/Pt-10% Rh differential thermo- 
couple which measured the sample temperature simultaneously. The sample 
was heated in a dynamic air atmosphere at a rate of 10°C min -1 and a chart 
speed of 120 mm h-~ was used during the thermogravimetric scan. 
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The activation energies for the various decomposition steps were calcu- 
lated from the DTA data using the following formula [3] 

log dw/dt vs. ( T - l )  
log ~ log 

where W = total weight loss up to time t, ~ = ~ - HI', ~ = weight loss at 
completion of reaction, T = absolute temperature. 

RESULTS AND DISCUSSION 

The DTA studies on iron citrate (FeC6H50 7. 2H20 ) showed that the 
decomposition of iron citrate to iron oxide (ot-Fe203) as the end product is a 
four-step process as shown in the thermogravimetric curve (TG) in Fig. 1. 

In the first step (step A) an endothermic change having an activation 
energy of 31.8 kcal mol -]  leading to dehydration was observed in the 
temperature range 22-175°C. This dehydration begins at 35°C and is 
completed by 175°C. The IR spectrum (Fig. 2) of the sample obtained at the 
end of this stage is similar to that of the starting material except for the 
sharpening of the bands and a reduction in the hydroxyl band intensity. As 
seen from the spectrum, there are two hydroxyl bands appearing at 3460 and 

oL ,,I ,, 
~ \ ~ , 

8 T-G" . | 

16~ ~ .... . . . . .  ........... "': / II :fl'" ................................. 

I i/ z 4  D.T-S.  - I . . "  ! 
xO : ..... I ." I 
t a  i I : I 32 f / I 

I "  STEP-B ~ | .: I 
4 0  " I .. I 

i/,,'\ 
1 D ,, i~ l  "--. 

- \ 

. F  i j \ . . . .  
r2"-  !i T 

( ~ STE,-, 
8 0 1  [ I 1 I I I I I I I I I 

25 50 I00 200 300  4 0 0  500  600  7 0 0  800  9 0 0  I000  

T E M P E R A T U R E  ( * C )  

Fig. 1. TG, DTG, DTA curves of iron citrate in air. 
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3220 cm-]  corresponding to the weakly bonded water of crystallization and 
the hydroxyl group in the molecule. Therefore the observed weight loss 
(13.0%) in this step may be attributed only to the removal of two molecules 
of crystal water leading to a calculated loss of 12.9%. 

The IR spectrum (Fig. 2) of the sample after the second step (step B) of 
the TG curve in the temperature range 175-228°C still showed the presence 
of the hydroxyl stretching band and the carboxylate band at 3220 and 1580 
cm-],  respectively, in addition to all other bands corresponding to those 
present in the IR spectrum of the first step, but with reduced intensities. The 
observed weight loss of 20.2% for this step is due, therefore, to partial 
decarboxylation of the citrate moiety which agrees with the weight loss of 
20.0% calculated for the loss of one carboxyl group per citrate moiety. As 
seen in the DTA curve the reaction in this decomposition step is exothermic 
having an activation energy of 10.6 kcal mol-].  

The third step of the decomposition curve (step C) in the temperature 
range 228-330°C is also exothermic with an activation energy of 33.4 kcal 
mol -I giving rise to a weight loss of 20.4%. The IR spectrum (Fig. 2) 
corresponding to this step showed the absence of the - O H  band and a 
considerable reduction in the intensities of all the bands. Therefore, the loss 
in weight in this step can be attributed to further decarboxylation of the 
citrate moiety. The observed and calculated weight loss tally has been 
summarised in Table 1. 
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The IR spectrum (Fig. 2) of the product  obtained at the end of the fourth 
step of the decomposit ion curve (step D) showed a complete absence of all 
the bands due to citrate and the appearance of new and strong bands in the 
oxide region of the IR spectrum. These oxide bands which prominent ly  
occur at 560, 460, 400 and 320 cm-1 are found to compare with those of the 
a-phase of iron oxide [4]. The formation of this a -Fe20  3 as the final product  
of decomposit ion was also confirmed by XRD (Table 2). The observed 
weight loss of 17.0% in this exothermic step with an activation energy of 31.5 
kcal mo l - I  in the temperature range 330-460°C is therefore due to the total 
loss of all the organic material and it agrees with the calculated weight loss 
of 18.1% required for the formation of iron oxide. 

As is clear f rom the above discussion the IR spectra of the various 
decomposit ion steps do not show the appearance of any new bands up to the 
third step. They show only a gradual decrease in the intensity of all the 
bands present in the IR spectrum of the original sample. This shows that the 

TABLE 1 

Thermal analysis data for the decomposition of iron citrate 

Decomposition % Weight loss % Weight loss Temperature Activation Type of each 
step observed at calculated range (°C) energy reaction 

the end of (kcal tool- z) 
each step 

A 13.0 12.9 22-175 3 1 . 8  endotherrnic 
B 20.2 20.0 175-228 1 0 . 6  exothermic 
C 20.4 20.6 228-330 3 3 . 4  exothermic 
D 17.0 18.1 330-460 31.5 exothermic 

TABLE 2 

X-ray diffraction pattern of' a-Fe203 formed as a result of the iron citrate decomposition at 
460°C 

d reported (A) d observed (A) I/Io 
a-Fe203 

3.68 3.66 mw 
2.69 2.68 vs 
2.51 2.50 s 
2.20 2.20 mw 
1.84 1.84 ms 
1.69 1.69 ms 
1.60 1.60 mw 
1.49 1.48 ms 
1.45 1.45 mw 

vs = very strong, s = strong, ms = medium strong, mw = medium weak, w = weak, vw = very 
weak. 
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thermal decomposition of iron citrate results in the gradual burning of the 
amorphous citrate salt to the crystalline a-phase of iron oxide. The probable 
intermediates formed during the multistage decomposition of iron citrate 
are, therefore, as given in the decomposition scheme. 

In our earlier work [5] we have already reported the thermal decomposi- 
tion of barium citrate resulting in stable barium carbonate as the final 
product. This BaCO 3 formation starts at about 300°C and is completed by 
412°C. In order to convert this BaCO 3 further to barium oxide a very high 
temperature [6] is required for the removal of one molecule of CO 2 from 
BaCO 3. 

As seen from the above discussion, iron citrate, in contrast to barium 
citrate, decomposes directly to iron oxide without the formation of a stable 
carbonate intermediate. This is confirmed by the absence of bands due to 
carbonate in the IR spectra of the various decomposition steps. 

The simultaneous decomposition of iron citrate and barium citrate showed 
further interesting results. When a mixture of the citrates of iron and barium 
in the required stoichiometric proportion is heated, gradual decomposition 
of the mixture similar to that of iron citrate takes place at every stage of 
decomposition. The IR spectra of the product at the end of every decomposi- 
tion step show a subsequent reduction in the intensities of the citrate bands. 
There is no appearance of any new bands in the spectra up to a temperature 
of about 300°C. X-ray diffraction patterns of the decomposition product at 
400 and 500°C showed lines (Table 3) which corresponded to either y-Fe20 3 
or Fe304 or a mixture of these two. As the d values of y-Fe20 3 and Fe30 4 
are very close it is very difficult to distinguish between the two oxides. The 
observation is, however, contrary to that observed in the individual decom- 
position of iron citrate wherein a-Fe203 is formed as the end product. No 
X-ray diffraction lines due either to barium carbonate or oxide were ob- 

TABLE 3 

X-ray diffraction 
citrate mixture at 

pattern resulting from the decomposition of the iron citrate and barium 
500°C 

d reported (,~) I / I  o d reported (A) I / I  o d observed (A) I / I  o 
Fe304 Fe304 y-Fe203 y-Fe203 observed 

2.97 mw 2.95 mw 2.93 ms 
- - 2.78 w - - 
2.53 vs 2.52 vs 2.51 vs 
2.42 w 2.41 vw - - 
2.10 mw 2.08 mw 2.08 mw 
1.71 m w  1 .70  w 1 .69  w 

1.61 m s  1 .61 m s  1 .60  m w  

1 .48  s 1 .48  m s  1 .47  m s  

vs = very strong, s = strong, ms = medium strong, mw= medium weak, w = weak, vw = very 
weak. 
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served as the amount of barium was beyond the X-ray detection limit. Also, 
since the IR spectra of the same products did not show any bands due to 
carbonate, the possibility of the formation of iron carbonate or barium 
carbonate can easily be ruled out. This leads to the conclusion that barium 
citrate, instead of decomposing to BaCO 3, has decomposed directly to BaO 
in the presence of iron oxide. This observation is again in contrast to the 
individual decomposition of barium citrate wherein BaO is formed via the 
BaCO 3 intermediate at very high temperatures. Therefore, at 400°C com- 
plete decomposition of the organic material takes place forming iron oxide 
(other than a-Fe203) and BaO which subsequently combine with each other 
resulting in the formation of barium ferrite at 600°C. This barium ferrite 
formation was confirmed by XRD (Table 4). The X-ray diffraction pattern 
recorded at 650°C also shows the formation of barium ferrite. Of course, the 
ferrite formed at 650°C was more crystalline than that obtained at 600°C. 
Thus, at the end of the thermal decomposition of the mixture, the organic 
portion is removed, le~iving the selected composition of mixed oxides chem- 
ically combined. 

As seen in the foregoing discussion, barium ferrite, prepared by the liquid 
mix technique, is formed at 600°C. This temperature of formation of barium 
ferrite is lower than that at which the ferrite is formed when prepared by the 
conventional ceramic method [7] or even the other methods like the coprecip- 
itation method [8]. This low temperature formation of barium ferrite itself 
reflects the greater reactivity and purity of the iron and barium oxides 
formed as a result of the citrate decompositions. 

Decomposition scheme of iron citrate 

(1) FeC6HsO 7 • 2H20 
22-175oc 

--~ F e C 6 H s O  7 
- 2 H 2 0  

TABLE 4 

X-ray diffraction pat tern of barium ferrite formed at 600°C 

d reported (,~) d observed (A) I / I  o d reported (A) d observed (A) l / I  o 

3.86 3.83 w 1.94 1.94 vw 
2.93 2.92 ms 1.81 1.81 w 
2.77 2.76 s 1.71 1.71 w 
2.61 2.61 s 1.66 1.66 ms 
2.53 2.53 mw 1.62 1.62 ms 
2.41 2.41 ms 1.46 1.47 ms 
2.22 2.22 ms 1.42 1.42 vw 
2.12 2.12 mw 1.39 1.39 w 

1.31 1.30 w 

s -- strong, ms = medium strong, mw = medium weak, w = weak, vw = very weak. 
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175-228oc 
(2) FeC6HsO 7 ~ Fe(OH) • (CH2COO)2 

-CO 2 
- C  (as CO, C02) 

228-330°C 
(3) Fe(OH). (CH2COO)2 --, 

- CO~ 
-H-2 

- C  (as CO, C O  2 ) 

330-460°C 
(4) FeO(CH3COO) --* 1/2Fe203 

-2C (as CO, CO2) 
- 1 . 5 0  

-3H 

FeO(CH3COO ) 
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