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Abstract 

The citrate precursor method has been used to synthesise ultrafine NiFe20 4. The citrate 
precursor, Ni3Fe60¢(C6H6OT)8-6H20 , was isolated by thermal heat treatment at around 
100°C. Thermal decomposition of the hydrated precursor was investigated by TG, DTA and 
DTG techniques, and gas and chemical analyases. The citrate precursor, on decomposition in air, 
yields pure and stoichiometric NiFe20 4. The decomposition consists of three major steps. The 
dehydration step of the citrate precursor is overlapped by the formation of an acetonedi- 
carboxylate complex. The citrate groups are completely destroyed in the temperature range 
200-320°C resulting in the formation of NiFeEO 4 with the evolution of acetone and CO 2 gas. 
The free CO z gas is trapped in the lattice and is released above 320°C. The ultrafine NiFe204 
particles have been observed as clusters having a crystallite size of 5.93 nm and a surface area of 
120.0 m 2 g-  1. The citrate precursor and decomposed products were characterized by IR. NMR, 
XRD, SEM and surface area measurements. 
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I. Introduction 

Magnet ism of fine particles is of considerable interest from the points of view of basic 
scientific unders tanding and technological  applications. The prepara t ion of spinel 
ferrites has been technologically impor tan t  to the microwave industries for a long time. 
In the past ten years or  so the product ion  of  ferrites with small particle characteristics 
has been impor tan t  for high speed digital tape or disk recording [1]  and has a future 
applicat ion as a repulsive suspension for use in levitated railway systems [2]. This has 
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prompted the development of various chemical methods which include hydrothermal, 
co-precipitation, freeze drying, spray drying and sol-gel for the preparation of 
stoichiometric and chemically pure spinel ferrites [3-8]. In particular, the citrate 
precursor process has been shown to have great potential in the preparation of rare 
earth iron garnets [9,10]. 

No studies are available on the thermal decomposition of nickel iron citrate 
precursor. The present investigation deals with the preparation, characterization and 
mode of thermal decomposition of nickel iron citrate hexahydrate precursor, leading to 
the formation of chemically pure and stoichiometric nickel ferrite powder. 

2. Experimental 

2.1. Reagents 

The reagents [Ni(NO3)2"6H20 and citric acid] used were AnalaR grade from S.d. 
fine Chem, Boisar, India. Fe(NO3)3.9H20 used was GR grade from Loba Chemie, 
Bombay, India. 

2.2. Preparation 

70 mL, 0.2 M, nickel nitrate and 85 mL, 0.2 M, ferric nitrate were mixed with 200 mL, 
0.2M citric acid, i.e. in the molar ratio of Ni:Fe: citric acid= 1:2:2.7 The 
resultant homogeneous solution was heated under reflux for 15 h at 90°C in a 1-L 
capacity round-bottomed flask. Finally the solution was slowly evaporated on a water 
bath to form a viscous liquid which was later transferred to a petri dish. Further drying 
was carried out at 100°C in an oven for 5 h to remove adsorbed water. During the 
process of drying the gel swells into a fluffy mass which eventually breaks into 
brittle flakes. The degree of hydration, i.e. adsorbed water molecules, varied from 4 to 
12 per mol. 

2.3. Analysis 

Nickel was estimated gravimetrically with 1% ethanolic dimethyl glyoxime and 
weighed as nickel dimethyl glyoximate [11]. Iron was also estimated gravimetrically 
with 5% cupferron and subsequently weighed as Fe(III) oxide [12]. Chemical analysis 
by atomic absorption spectroscopy was performed with a model spectra AA-10, 
Varian, USA. The results from both analyses agreed well for the precursor, intermedi- 
ates and end products. The citrate content of the precursor was estimated using 
Karpov's method in which 2 mL of citrate precursor solution was mixed with 25 mL 
0.1 N K2CrzO 7 and 5 mL conc. H2SO 4. The solution was heated gently and excess 
dichromate was titrated against 0.1 N solution of Mohr's salt using 3 to 4 drops of0.1% 
phenylanthranilic acid as indicator. The end point is the change of red-violet to a green 
colour [13]. The qualitative analysis of acetone was performed using filter paper 
moistened with o-nitrobenzaldehyde in 2 N sodium hydroxide. During decomposition 
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of the citrate precursor evolved acetone turns the paper bluish green. The presence of 
acetone was also detected by the Iodoform test and the acetone-2,4-Dinitrophenylhy- 
drazone test. This was further confirmed by 1H NMR spectral analysis using a Jeol- 
PMX-60 S1, Japan [14]. Quantitative analysis of acetone was performed by titrating 
excess acidified 0.1 N iodine solution against 0.1 N NazS20 3 solution in the presence of 
1 N NaOH. A Perkin-Elmer 240 C elemental analyser was used to analyse the evolved 
gases. Thermal analyses of the citrate precursor were performed up to 1000°C with 
a Linseis model L-81/042 derivatiograph which records TGA and DTA simultaneous- 
ly. Samples (60 mg) were placed in a platinum crucible, ignited alumina was used 
as the reference meterial with the heating rate of 10 '~min-1 and 5 ~ rain 1 The 
thermal analyses were carried out in static air. Some thermoanalytical curves were 
recorded on Perkin-Elmer TG S2/TADS 3600 and Shimadzu DTA-50, differential 
thermal analysers at temperatures up to 700°C with heating rates of 10 '~ rain- 1 and 
5 ° min-- 1. 

X-ray diffractograms were recorded using a Rich Seifert Isodebyflex X-ray unit 
model 2002 with CuK:  Radiation and Ni filter. IR spectra were recorded with 
a Perkin Elmer model 377 IR spectrophotometer using sample in the form of KBr 
pellets. Surface area measurements of the residue were obtained by the single point 
BET method with a Quantachrome Quantasorb sorption system model QS-7 using 
nitrogen gas as the adsorber. 

3. Results 

Wet chemical analysis of the nickel iron citrate precursor gave: Ni - -8 .0%,  
F e =  15.2%, H 2 0  =4 .9%,  c i t ra te= 71.9% which agreed well with the values cal- 
culated for Ni3Fe604(C6H6OT)s.6H20 , N i =  7.9%, Fe = 15.2%, H 2 0  =4.9%,  ci- 
t r a te=71 .8%.  The precursor adsorbs water depending on the humidity of the 
atmosphere. It was amorphous to X-rays. The IR spectra of nickel iron citrate 
precursor, citric acid and ferric nitrate were analysed; the results are shown in Table 1, 
which shows that the citrate precursor has all the common bands of the citric acid. 
There are some bands that differ in intensity and are broad in nature, which indicates 
the formation of hydrated citrate precursor. The broad bands in the region 3600 
3000 cm 1 and around 1610 cm ~ could be due to the stretching and bending modes of 
water molecules because the intensity of these absorptions decreases and disappears 
with the heat-treatment temperature. However, the broad band in the region 
3429cm-1 and the small shoulder at 1700cm -1 could be attributed to the free 
hydroxyl and carboxylate group of nickel iron citrate. The broad and the unresolved 
bands at 1570 and 1400 cm-1 are characteristics of the completely ionised carboxyl 
group with equalised CO bands. No bands were observed for free citric acid 
(1700 cm ~, vs) or ionic nitrate (1385 cm 1) impurities [ 15]. These studies indicate that 
citrate groups coordinate to the Fe and Ni metal through carboxylate groups leaving 
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I 



T
ab

le
 

1 

IR
 s

p
ec

tr
al

 
fr

eq
u

en
cy

 
as

si
g

n
m

en
ts

 
fo

r 
ci

tr
ic

 a
ci

d
, 

fe
rr

ic
 n

it
ra

te
, 

p
re

cu
rs

o
r 

an
d

 
d

if
fe

re
n

t 
h

ea
t-

tr
ea

te
d

 
p

ro
d

u
ct

s 
~ 

C
it

ri
c 

ac
id

 
F

er
ri

c 
n

it
ra

te
 

P
re

cu
rs

o
r 

H
ea

t 
tr

ea
tm

en
t 

te
m

p
er

at
u

re
/°

C
 

14
0 

16
0 

20
0 

2
8

0
 

33
00

s 
3

7
0

0
-3

0
0

0
v

s 
3

7
0

0
-3

0
0

0
v

s 
3

7
0

0
-3

0
0

0
v

s 
3

7
0

0
-3

0
0

0
w

 
3

7
0

0
-3

0
0

0
w

 
- 

3
4

5
0

sh
 

- 
3

4
5

0
sh

 
3

4
5

0
sh

 
_ 

2
9

0
0

-2
8

0
0

s 
- 

2
9

0
0

-2
8

0
0

w
 

2
9

0
0

-2
8

0
0

w
 

2
9

0
0

-2
8

0
0

w
 

- 

- 
- 

2
3

2
0

w
 

17
00

vs
 

- 
1

7
0

0
v

w
sh

 
1

7
0

0
v

w
sh

 
1

7
0

0
v

w
sh

 
- 

16
20

w
 

16
10

s 
1

6
1

0
w

 
1

6
1

0
w

 
- 

- 
- 

1
5

7
0

v
s-

 
1

5
7

0
v

s 
15

70
s 

1
5

7
0

v
w

 
- 

14
30

,1
39

5 
1

4
0

0
v

s 
1

4
0

0
v

s 
1

4
0

0
v

s 
1

4
0

0
v

w
 

- 
13

55
s 

- 
1

3
6

1
v

s 
- 

1
2

4
0

-1
1

9
0

s 
1

2
7

0
w

sh
 

1
2

7
0

w
sh

 
- 

_ 

1
0

8
0

-1
0

5
5

s 
- 

1
0

8
0

b
r 

1
0

8
0

b
r 

1
0

8
0

b
r 

- 
9

4
0

-9
0

0
sh

 
_ 

- 
8

3
5

m
 

_ 
78

0s
h 

- 

60
0,

65
0s

h 
- 

_ 
- 

- 

_ 
- 

- 
- 

5
8

7
w

 

- 
3

9
6

w
 

s,
 s

tr
o

n
g

; 
vs

, 
v

er
y

 s
tr

o
n

g
; 

sh
, 

sh
ar

p
; 

m
, 

m
ed

iu
m

; 
w

, 
w

ea
k

; 
br

, 
b

ro
ad

. 

32
0 

2
3

2
0

w
 

5
8

7
m

 

3
9

6
m

 

A
ss

ig
n

m
en

ts
 

v 
O

H
 

w
at

er
 

v 
O

H
 

h
y

d
ro

x
y

l 

v 
C

H
 

v 
C

O
 2

 

v 
as

y
m

C
 

= 
O

 

H
O

H
 

v 
as

y
m

C
O

O
 

v 
sy

m
C

O
O

 

v3
 N

O
 3

 - 

v 
sy

m
C

O
 

v 
st

 C
-O

 

C
it

ra
te

 

v2
 N

O
 3

 - 

C
it

ra
te

 

C
it

ra
te

 

vl
 

N
iF

e2
0

4
 

v2
 N

iF
e2

0
4

 

O
¢ 

¢3
 

g~
 

g~
 

g~
 

t-
4 L
 



N.S. Gajbhiye, S. Prasad/Thermochimica Acta 285 (I 996) 325-336 329 

3.1. Thermal decomposition of the citrate precursor 

TG, DTG,  and DTA curves recorded in static air at 5 ° min - 1 and 10 ° min -  ~ and are 
shown in Figs. 1 and 2 respectively. It can be seen that one-to-one correlation exists 
between these thermoanalytical curves indicating that the thermal effects are accom- 
panied by weight loss. There are three major  steps in the decomposition process: 
dehydration, decomposition of the anhydrous precursor to acetonedicarboxylate 
complex and decomposition of acetonedicarboxylate complex to nickel ferrite. There 
are two endothermic peaks corresponding to the dehydration of the citrate precursor. 
After dehydration there are two exothermic peaks corresponding to citrate decomposi- 
tion followed by nickel ferrite formation. However steps 2 and 3 appeared as a simulta- 
neous a n d / o r  single step process when the heating rate was 10 ° min -  l (Fig. 2). The 
complete data of the observed weight loss and the corresponding temperature ranges 
are given in Table 2. 

3.2. Dehydration of the citrate precursor 

As mentioned earlier, apart  from the six coordinated water molecules the amount  of 
excess water depends on the atmospheric humidity; the amount  varies from 4-10%.  
The extra water can be removed by heating the citrate precursor at 100°C which is 
shown by the endotherm between 85 and 100°C, Dehydrat ion of the citrate precursor 
takes place between 120 and 160°C with a maximum around 140°C, as shown by the 
second endotherm in Figs. 1 and 2. The thermoanalytical curves show weight loss of 
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Fig. 1. TG, DTG and DTA recorded at 5 ° min- 1 for nickel iron citrate precursor. 
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Fig. 2. TG, DTG and DTA recorded at 10 ° min-  ~ for nickel iron citrate precursor. 
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Table 2 
Weight loss in decomposition steps of Ni3Fe604(C6H6OT)8.6H20 recorded with varying heating rate 

Steps Temp. Heating rate = 5 ° min 1 Observed static Heating rate = 10 ° min-  
range/°C wt. loss / % Observed wt. loss/% 

Observed Calculated 
wt. loss/% wt. loss/% 

1. < 100 4-10.0 9.5 4.5 
2. 100 160 4.9 4.9 5.2 4.8 
3. 160-200 10.7 10.2 49.1 49.3 
4. 200-320 45.9 47.0 13.6 13.9 
5. > 320 6.5 6.0 - 

4.9% and 4.9%, respectively, corresponding to the loss of 6H20  per mol in the citrate 
precursor. The temperature range mentioned above is valid only at a pressure of one 
atmosphere. The chemical analyses of anhydrous nickel iron citrate precursor gave 
Ni = 9.1%, Fe = 17.1%, citrate = 70.6%, which agreed with the theoretical values for 
Ni3Fe604(C6H607)8; Ni = 8.4%, Fe = 16.0%, citrate = 72.5%. 

3.3. Decomposition of the anhydrous precursor 

Thermal decomposition of the anhydrous nickel iron citrate was found to be the 
most important  and at the same time most complex stage of decomposition. The citrate 
precursor is probably converted to acetonedicarboxylate complex. This process is 
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found to be exothermic in air (Fig. 1) and large amounts of gases are evolved 
spontaneously. The decomposition of the anhydrous citrate precursor started around 
160°C and was accompanied by the evolution of CO gas. The weight loss of 10.7% was 
recorded up to 200°C in air as compared with the calculated value of 10.2% for the 
formation of acetonedicarboxylate complex Ni3Fe604(CsH606) 8 as shown in Table 2, 
There is evolution of a large amount  of CO gas which on combustion, i.e. secondary 
reaction of carbon monoxide, makes the process exothermic in air. At the end of this 
step the metastable acetonedicarboxylate complex was identified as the product. By 
isothermal heating of anhydrous nickel iron citrate in air around 175°C for about 4 h, 
the isolated acetonedicarboxylate on analysis gave, N i =  10.7%, F e =  19.7%, 
acetonedicarboxylate complex = 66.2% which were comparable with the calculated 
values, Ni = 9.4%, Fe = 17.9%, acetonedicarboxylate complex = 69.2%. Evolved gas 
analysis and TG weight loss indicates that 8 mol of CO gas was evolved. The 
acetonedicarboxylate was found to be X-ray amorphous and the varying weight loss 
occurs because of the metastable nature of the complex. 

3.4. Decomposition of acetonedicarboxylate complex 

The acetonedicarboxylate complex started decomposing at around 200°C in air and 
the decomposition was complete at around 320°C. At this stage the observed weight 
loss of 45.9% was found to be less than the calculated values of 47.0%. This may be due 
to the adsorption of extra CO 2 gas in the ultrafine NiFe204 particles which have a very 
large surface area of 120.0 m 2 g 1. At this stage decomposition is a complex process 
which involves decarboxylation (i.e. evolution of CO2) and the acetone molecules 
formed. The evolution of acetone was confirmed by heating the residue 
Ni3Fe604(C6H607) 8 in a closed, hard-glass tube and condensing the evolved acetone 
in ice cold CDC13. The NMR spectrum in Fig. 3 clearly indicates the acetone proton 
peak at 6 = 2.2 ppm. 

This means that when the precursor is decomposed at a higher temperature, above 
200°C, the citrate precursor structure collapses and the formation of NiFe20  4 occurs 
with the evolution of acetone and CO 2 gas. The residue at this stage has a structure 
corresponding to nickel ferrite with trapped CO 2 gas; Ni3Fe6012(CO2) 3 because of its 
fine particle nature has a large surface area, It is surprising that the decomposition does 
not go through the formation of complex carbonates, as has been reported in the 
literature [-16 19], and it is also unusual that the formation of nickel ferrite occurs at 
a much lower temperature, i.e. 250°C. This residue dissolves in cone. HC1 and black 
particles of carbon were not observed in the solution. The residue, Ni3Fe6011(CO2) 3, is 
X-ray amorphous and becomes crystalline above 280°C. Heat treatment beyond 250~C 
over two days yields the stoichiometric NiFe204, the total weight loss being 6.5%. 
Isothermal heating of the citrate precursor around 280°C and above for 48 h yields 
a residue of the above constant composition, NiFe20 4, with a total weight loss of 
68.1% compared with the 68.08% which results from the above calculations (Table 2). 
Chemical analysis of the residue, Ni3Fe6012(CO2)3, gave the observed values, 
N i=22 .6%,  Fe- -41 .2%,  compared with the theoretical values, N i = 2 1 . 1 % ,  
Fe = 40.1%. 
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Fig. 3. NMR spectrum of acetone evolved during decomposition of acetonedicarboxylate complex. 

However, the decomposition rate was found to be faster when the heating rate was 
10 ° min-  1 (Fig. 2) which shows the decomposition of anhydrous nickel iron citrate 
precursor is a single step exothermic process leading to the formation of amorphous 
Ni3Fe6012(CO2) 7 with the evolution of CO, CO 2 and acetone simultaneously. The 
decomposition temperature range is 160 to 200°C with the peak temperature at 180°C. 
The weight loss is 49.3% which is comparable with the static weight loss of 49.1% for 
the evolved gases. The adsorption of CO 2 gas is much larger in the residue, 
Ni3Fe6012(CO2)7, because of the fine particle nature and high porosity. 

3.5. X-ray diffraction and IR  spectral studies of the citrate precursor decomposition 

Fig. 4 shows XRD pattern for the formation of intermediates and the spinel phase at 
various temperatures. The formation of pure single-phase NiFe20 4 occurs at around 
250°C. Below 280°C, the NiFe20 4 phase is X-ray amorphous and crystallises com- 
pletely above this temperature. The assignment of the IR bands is shown in Table 1 for 
the intermediates and the pure spinel phase. The absorption of citrate precursor occurs 
at 3429 (br), 2900 (w), 1700 (sh), 1570 (vs), 1400 (vs), 1270 (w) and 1080 (w) cm- 1. The 
1700(sh) and 1080(w) cm 1 absorption bands disappear above 160°C retaining 
carboxylate absorption at 1570 and 1400 cm -1 [19]. This shows that the basic 
structure of the citrate breaks down by 160°C with the evolution of CO gas. The broad 
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Fig. 4. X-ray diffraction pa t te rns  of d ecom posed  p roduc t s  at var ious  tempera tures .  

absorptions bands at 1570 cm-  1 and 1400 cm-  1 disappear above 200°C on longer heat 
treatment for 10 days. The IR spectrum at 280°C and above shows bands at 587 and 
397 cm-~ which correspond to spinel phase formation; a sharp band at 2320 cm 1 
must be due to the asymmetric stretching mode of free CO 2. The sharp absorption at 
587 and 396 cm-  1 is due to the lattice absorption of two NiO 4 and one FeO 4 group of 
tetrahedral symmetry in NiFezO 4 [20]. The increase in the intensity of these bands 
with heat treatment temperature above 320°C is understood in terms of the manifesta- 
tion of crystalline NiFezO 4. 

4. Discussion 

The literature contains scanty information on the use of citrate complexes for ferrite 
formation; however thermal decomposition studies of citrate complexes for the forma- 
tion of garnets [7,21], LaCrO 3 [22], LaFeO 3 [15], LaCoO3, LaCrO3, SrCoO3, [23], 
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BaTiOa [173 have been reported. In general these studies show that impure citrate 
metal complex decomposition involves mainly three or four steps, which are as follows: 
removal of water of hydration and excess nitrate, and decomposition of the anhydrous 
citrate complex and free citric acid through intermediates such as aconitate, itaconate, 
itaconic anhydride and complex carbonates, leading to the respective oxides. In most of 
these cases citric acid and nitrates were present in considerable amounts [15, 24] and 
thus the thermal decomposition studies are not comprehensive and remain inconclu- 
sive. 

In the present studies neither free citric acid nor nitrates were present in the nickel 
iron citrate precursor and we have also successfully studied and reported the thermal 
decomposition of rare earth iron citrate [ 10]. Knowledge of citrate precursor structure 
will be very useful for predicting the number of citric acid molecules associated with the 
metal ions. However, little evidence is available in the literature concerning the possible 
structural arrangements of nickel iron citrate complex, although the citrate complexes 
of nickel and iron have been reported independently 1-25,26]. The extent of polymeriz- 
ation in the citrate complexes depends on pH [27,28] and in the lower pH ranges the 
extent of polymerization is not sufficient to form a network of solid structures; the 
nickel iron citrate precursor is, therefore, obtained in the pH range 1.25-2.00. It was 
also difficult to predict the binding metal ion sites with the citric acid; a plausible 
mechanism is, therefore, proposed on the basis of thermal analyses, chemical analyses 
and gas analyses, XRD, IR and NMR data. Nickel iron citrate hexahydrate precursor 
decomposes to the NiFe204 phase in air and the experimental results indicate the 
following scheme: 

Ni3Fe60,(C6H6OT)s'(n + 6)H20 , Ni3Fe604(C6H60 7)8-6H20 
< 100°C 

+ nH20 

Ni3Fe604(C6H6OT)s.6H20 , N i 3 F e 6 0 4 ( C 6 H 6 O T )  8 + 6H20 
100 - 160°C 

N i 3 F e 6 0 4 ( C 6 H 6 0 7 )  8 , N i 3 F e 6 0 4 ( C s H 6 0 6 )  8 + 8 C O  
160 - 200°C 

N i 3 F e 6 0 4 ( C s H 6 0 6 )  8 ~ N i 3 F e 6 0 1 2 ( C O 2 )  3 + 8 ( C H 3 C O C H 3 )  
200 - 32ooc 

+ 13CO 2 

NiaFe6012(CO2)3 'NiaFe6012 + 3 C O  2 
> 320°C 

(1) 

(2) 

(3) 

(4) 

(5) 

Nickel iron citrate hexahydrate complex was isolated by removing extra adsorbed 
water at around 100°C. The first step in the decomposition of the citrate precursor 
corresponds to the loss of coordinated water. The first and the second steps overlap and 
represent the major reactions in the thermal decomposition of anhydrous nickel iron 
citrate precursor. During the third step there is an evolution of CO gas. The residue 
after this decomposition step has only a metastable composition Ni3Fe604(CsH606) 8. 
In the fourth step complete internal conversion of carboxylate groups, methylene 
groups and hydroxyl groups takes place to form acetone and CO 2 gas which can be 
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observed by the disappearance of the absorption bands at 2900cm-1 (Ysym. CH), 
1570 cm- 1 (V,sym. CO0), 1400 cm- 1 (Vsym.COO) ' in the IR spectrum. The gases evolved, 
mainly CO 2 and acetone, were confirmed by the gas analysis data. Some CO 2 gas is 
adsorbed by the NiFe20 4 lattice because of its large surface area; it can be seen from the 
2320cm-~ absorption in the IR spectrum of residue, Ni3Fe6012(CO2) 3. It was also 
mentioned earlier that the steps 2 and 3 occur as a single process between 160 and 
200°C. When the decomposition is faster (i.e. heating rate 10 ° min- 1), the formation of 
NiFe20 4 phase is observed at a much lower temperature, i.e. around 200°C, with the 
simultaneous evolution of CO, CO 2 gases and acetone. The actual reactions appear to 
be simpler in the second and third steps unlike the reactions proceeding through 
aconitate complex formation by analogy with the thermal decomposition of the barium 
titanyl citrate complex [17]. This compound, Ni3Fe6012(CO2)3 was found to be X-ray 
amorphous and the adsorbed CO 2 gas disappears only on heating to around 250°C for 
more than 2 days. It is surprising that the decomposition does not proceed through the 
formation of complex carbonates as was reported in the literature [ 17] and, unusually, 
the formation of nickel ferrite occurs at a much lower temperature, i.e., 250'~C. Finally, 
the crystallisation of this amorphous phase takes place above 280°C which is confirmed 
by the XRD pattern of the NiFe20 4 phase, (Fig. 4). The crystallised NiFe20 4 has 
a particle size of about 5.93 nm from the X-ray line-width measurement using the 
Scherrer method [29]. The surface area of crystallised NiFezO ~, measured by the BET 
method, was found to be 120.0 m 2 g 1. 

5. Conclusions 

The synthesis of amorphous and crystalline NiFe204 ferrites by the citrate precursor 
method was investigated and the mechanism of thermal decomposition was examined 
in detail. The nickel iron citrate precursor was found to have the formula 
Ni3Fe604(C6H607) 8"6H20; it was decomposed in a static air atmosphere resulting in 
the growth of pure and stoichiometric NiFe204 phase. Thermal decomposition of the 
citrate precursor consists of three major steps: dehydration, formation of acetonedicar- 
boxylate complex and a decarboxylation process associated with the simultaneous 
evolution of acetone, yielding amorphous Ni3Fe6012(CO2)3 above 200°C. The high 
decomposition rate, low decomposition temperature and large amount of gases (i.e. 
CO, CO 2 and acetone) evolved results in the formation of ultrafine NiFe20 4 with 
a crystallite size of 5.93 nm which is evident from the measured surface area of 
120.0 m 2 g 1. Overall the formation of X-ray crystalline NiFe20 ~ occurs at a relatively 
very low temperature i.e. above 250°C. 
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