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Abstract

Wet method was employed to the treatment of heavy metal-contaminated wastewater, and Zn,Fe;_,O4, Ni,Fe;_,04 and Cr,Fe;_,04 (0<x<1)
were synthesized. Phase identification of the prepared samples was done by X-ray diffraction (XRD), which indicates that the products are spinel-
structured; transmission electron microscopy (TEM) images show that crystal size of the ferrite products synthesized is 0.1-0.4 pm. Thermostability
of the products was characterized by differential thermal analysis (DTA) and thermal gravimetric analysis (TGA). It was found that when the doped
ferrite is qualified, the highest content of doped ion (Zn?**, Ni** and Cr**) that could enter ferrite lattice is: 0.08, 0.049 and 0.02, respectively.
At low concentration the capability of doped ions entering ferrite product is Ni** ~Zn?* >Cr** and the influence of the three ions on sample

thermostability is Zn?* >Ni** > Cr*.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

With the wide use of heavy metals in industrial manufac-
turing operations, the treatment of wastewater contaminated by
heavy metals, especially mining and electroplating wastewater
becomes a serious environmental issue. In the cadmium (Cd)
polluted Jinzu River basin in Toyama Prefecture, Japan, itai—itai
disease prevailed in middle 1900s, which could cause bone brit-
tleness and kidney failures and was officially recognized in
1968 as the first disease induced by environmental pollution
in Japan after legal proceedings. Excessive exposure to heavy
metals or overdrinking of water containing excessive heavy
metals may cause toxicosis or even cancer to human beings.
Take chromium for example, some of hexavalent chromium
compound are viewed as strong oxidants and irritant poisons
to mucosal tissues. Poisoning effects of these compounds may
include metabolic acidosis, acute tubular necrosis, kidney failure
and death [1].
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Chemical precipitation method is usually used for the treat-
ment of water polluted by heavy metals. But heavy metals cannot
be degraded or destroyed; even though they can be efficiently
removed from water, heavy metal sludge generated still will
release harmful heavy metals to soil and groundwater when it is
landfilled. Many methods were developed to stabilize the heavy
metals, including solidifying and stabilizing by fixing the heavy
metal sludge in cementitious solid products [2] or in the leach-
resistant solid bodies [3]. Electrolytic ferrite method [4] and
biological methods [5,6] were also employed. But the possible
secondary pollution these methods may cause is still disputable,
not to speak of the heavy cost.

The proposal of “ferrite process” carves out a new way for
mining and electroplating wastewater/sludge disposal and uti-
lization. In wet method of “ferrite process”, the heavy metal
ions are incorporated into the lattice points of ferrites during the
formation of spinel structure by the oxidation of the Fe(Il) ions
[7] and these doped ferrites could still be used as environment-
friendly magnetic materials or ferrite pigments with no harm.
Many investigations have been developed on the formation
of ferrites containing Al, Cr, Cu, Mg, Mn, Ni, Zn, etc., and
physical and chemical properties of these ferrite composites
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have been studied as well [8—11]. Application of ferrite pro-
cess have been employed in wastewater treatment [11], acid
mine drainage treatment [12], municipal solid waste incinera-
tion ash treatment [13], etc. It will be greatly meaningful to
apply low-cost wet method to heavy metal-contaminated water
treatment.

However, the relationship between heavy metal ions and the
quality of ferrites still needs further investigation. Also, as an
important index in ferrite application, thermostability of synthe-
sized ferrite products have seldom been deeply investigated. In
this paper, three popular heavy metal ions in wastewater, Zn(II),
Ni(II), Cr(III), were chosen to study the synthesis of doped fer-
rites. Ferrite products containing heavy metal ions with different
concentrations were characterized and compared. Last but not
least, differential thermal analysis and thermal gravimetric anal-
ysis were introduced in product characterization to test their
thermostability, which could be used for reference in further
investigation and application.

2. Materials and methods

2.1. Preparation of Fe/Zn, Fe/Cr and Fe/Ni-substituted
ferrite

All the reagents used in the synthesis of doped ferrite were
of analytical grade and were purchased from Sinopharm Group
Chemical Reagent Co., Ltd. of China.

Doped ferrites were prepared as follows: standard solution of
Zn, Ni, or Cr (prepared with deionized water and ZnSO4-7H;0,
NiSO4-6H,0 or Cra(SO04)3-6H,0, respectively.) was mixed
with standard solution of Fe (prepared with deionized water and
FeSO4-7H,0) with certain molar ratio in the reactor under the
protection of nitrogen. The reactor was sealed with rubber septa
and was kept in a thermostatic bath. Both of the solution was
prepared with distilled water, of which dissolved oxygen and
carbon dioxide were removed in advance. Then pH and volume
of mixed solution was adjusted to a proper value for reaction.
Optimum reaction condition was attained through orthogonal
test.

A weak oxidant NH4NO3; was selected. Preliminary study
showed that the amount of NH4NOs influences the distri-
bution of iron in different species greatly. Fe(OH), is the
main product with a low oxidant concentration. As the oxi-
dant amount increases, the amount of Fe(OH), decreases
sharply and trivalent species increase. Fe3O4 become the
main product when NH4NO3 reaches certain amount, while
as the amount of oxidant goes on to increase, the amount
of a-FeOOH increases greatly with a corresponding decrease
in the amount of FezO4 and other by-products. From the
aspect of thermodynamics, it seems that the amount of oxidant
should be controlled in certain range so that neither Fe(OH);
nor a-FeOOH would become the main component of the
product.

The reaction was carried on under the oxidation of 10 g/L
NH4NOj3 at 90°C for 2h. pH of the solution should be con-
trolled between 9.0 and 11.0. Then the reaction solution was
kept still for 2 h under constant temperature. The deposition of

the solution was washed with deionized water for five times and
acetone for three times. The sample acquired was dried under
60 °C and sealed in bottles for characterization.

2.2. Sample analysis

Content of doped ions was analyzed by X-ray fluorescence
spectrometer with 20kV, 20mA, LiF(200) (Model VF-320,
Shimadzu Co., Japan).

Transmission electron microscope (Model JEM-100CX,
JEOL, Japan), Electrooptics analytical balance (Model
TG328A, Shanghai Balance Instrument Factory, P.R. China), X-
ray diffractometer (Model XD-3A, Shimadzu Co., Japan; Cu Ka
radiation (A =1.5418 A), 25mA, 35kV) with 4° min~!, Elec-
trooptics analytical balance (Model TG328A, Shanghai Balance
Instrument Factory, P.R. China) were employed to characterize
the samples.

Thermal analysis were performed by differential thermal
analysis (Model CRY-1, Shanghai Balance Instrument Factory,
PR. China) from room temperature to 500 °C in air with a heat-
ing rate of 10°C/min under a crosshead speed of 2 mm/min
and thermal gravimetric analysis (Model PRT-1, Beijing Opti-
cal Instrument Factory, P.R. China) with a calefactive rate of
10 °C/min at a crosshead speed of 4 mm/min.

3. Results and discussion

3.1. Properties of doped ferrites containing Zn, Ni, or Cr
element

As the concentration of doped ions increases to certain
amount, deposition property of the solution became unsatisfy-
ing, and then tests of each group could end. Thus, the Zn group
contains nine tests, and six tests in Ni group, five tests in Cr
group.

By comparing amounts of doped ions and iron ions before
reaction and in ferrite products, it was found that not all the
metal ions entered lattice. However, the doped ions could barely
be detected (always below 1 mg/L under the situations tested),
which we assume that they might be trapped in the compound
and co-precipitate. For better understanding of the results, con-
tent comparison instead of removal efficiency comparison was
selected to indicate the ability and efficiency of doped ions enter-
ing lattice.

Table 1 shows the results of Zn group, Ni group and Cr
group. It is conspicuous by comparing the content of doped-
metal element and iron in doped ferrites of Table 1 that as
the concentration of doped ions increases, the amount of cor-
responding element contained in doped ferrites increases as
well. It could also be inferred that in a low concentration
([Mel/([Me] + [Fe**])=0.02), almost all the doped ions have
entered spinel structure of ferrite products. But as the concen-
tration increases, doped ion content in ferrite products changes
as heavy metal element differs.

For Zn and Ni group, when the initial molar ratios is under
0.075, little difference could be told between the content of
doped element before reaction and in product; while the amount
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Table 1
Comparison of test results of Zn-, Ni- and Cr-doped ferrite
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Label Content of Me before reaction

Content of Me in doped ferrite

Content of Fe in doped ferrite

([Me™]/([Me™] + [Fe?*1)) ([Me]/([Me] + [Feora])) ([Fe(ID]/(IMe] + [Feqoal1))
7Zn Ni Cr 7Zn Ni Cr
0 0 0 0 0 0.320 0.320 0.320
1 0.02 0.020 0.020 0.020 0.265 0.255 0.283
2 0.05 0.049 0.049 0.043 0.234 0.243 0.255
3 0.075 0.067 0.068 0.063 0.233 0.211 0.240
4 0.10 0.080 0.086 0.090 0.245 0.203 0.230
5 0.15 0.122 b - 0.143 - -
6 0.20 0.135 0.168 - 0.154 0.171 -
7 0.22 0.161 - 0.098 - -
8 0.25 0.200 - 0.073 - -
9 0.30 0.257 0.221 - 0.021 0.122 -

4 Me represents Zn, Ni or Cr. For Zn and Ni, n=2; for Cr, n=3.
b No test was carried on in the corresponding group.

of Cr entering ferrite structure is relatively fewer. It implies that
at a lower concentration the capability sequence of doped ions
entering ferrite product is: Ni~Zn > Cr.

As the ratio rises from 0.075 to 0.10, Cr element enters into
ferrite the most instead. But the products are not qualified as
ferrites. With a concentration ratio under 0.3, Ni content in doped
ferrite is a little more than that of Zn element. It was found that
when the doped ferrite is qualified, the highest content of doped
ion (Zn%*, Ni?* and Cr?*) that could enter ferrite lattice is: 0.08,
0.049 and 0.02, respectively.

Researches showed that the incorporation of metal ions into
the lattice points is mostly related to their ionic radii [14,15]. By
comparing the content of the three metals in doped ferrites, it
could be deduced that the capability of heavy metal ions entering
ferrite structure might have some relationship with the solubil-
ity product constants of their corresponding hydroxides (Egs.
(1)-(3)) [16], and heavy metal ion with a relatively high hydrox-
ides solubility product constant might enter spinel lattice easier:

Kp[Ni(OH),] = 2.0 x 1071 (1)
Kp[Zn(OH),] = 1.2 x 1077 )
Kp[Cr(OH)3] = 6.3 x 107! 3)

3.2. X-ray diffraction results and lattice constant
comparison

X-ray diffraction results showed that all the iron black prod-
ucts are of spinel structure, which testified that they are all
ferrites and that doped ions have assuredly entered the spinel
structure. Fig. 1 shows a typical X-ray diffraction curve of Cr-
doped ferrite [17]. Lattice constant values of products were
obtained by analyzing corresponding X-ray diffraction results
using a least-squares method [18].

Lattice constants are the lengths of the edges of a unit cell
along its major axes. The smallest regularly repeated volume in a
lattice is called a unit cell. Lattice constant values and knowledge
of crystal structure are needed to calculate distances between
neighboring atoms in a crystal, as well as in determining some
of the crystal’s important physical and electrical properties [19].

N'J \\AMMWMW
0 30 20 50 80 '

2 70 80 90 100

20

Fig. 1. X-ray diffraction curve of Cr-doped ferrite.

Also, lattice constant is a measure of structural compatibility
between different materials.

Fig. 2 and Table 2 show the relationship between lattice con-
stants and the content of doped metal elements in doped ferrite
products.

Chemical composition of ferrite was expressed by the chemo-
metric number (the value of x, which was obtained by tripling the
content of each metal in doped ferrite) of doped metal element
in ferrite product Me,Fes_,O4 (Me represents Zn, Ni or Cr).
Broken lines in Fig. 2 is ideal lines connecting lattice constant
of Fe;O4 and Me,Fe3;_, 04, which show that when Fe in ferrite
is gradually replaced by heavy metal elements, lattice constant
of the product changes linearly with the increase of x.

With the increase of x, lattice constant of Fe/Zn-substituted
ferrite increases gradually (Fig. 2, curve of Zn,Fes_ Oy, except
for the fourth sample), while lattice constant of Fe/Ni-substituted
ferrite increases firstly and then decreases (Fig. 2, curve of
Zn,Fe3_,04). Relationship between Cr content and lattice con-
stant of Cr-doped ferrite is irregular (Table 2).

Table 2
Relationship between Cr content and lattice constant of ferrite

Label

1 2 3 4
[Cr)/[Cr] + [Fetotal ] in product 0.020 0.043 0.063 0.090
Lattice constant (A) 8.413 8.416 8.397 8.414
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Fig. 2. Relationship between x and lattice constant of ferrite.

Fe304 crystal has an inverse spinel structure with a structural
formula: [Fe3*]A[Fe3*, Fe?*]BOy. ‘A’ represents tetrahedral site
where Fe ion is surrounded by four oxygen atoms, while ‘B’
represents octahedral site where Fe ion is surrounded by six
oxygen atoms (Fig. 3).

Zn?* jons tend to occupy the spinel on A-site [21], which
force Fe?* ions on A-site to enter B-site. But the ion radius of
Zn** (0.82 A) is larger than that of Fe3* (0.67 A), the four oxygen
atoms constituting ‘A’ tetrahedral site have to move outward
along the diagonal of lattice to provide more space for Zn>* ion.
Thus, lattice constant of doped ferrite appears to increase. As to
the fourth sample of Zn group, the total content of Zn** ion and
Fe2* ion is the highest, which means the content of Fe3* ion is

O oxygen

”' ! @ tetrahedral Fe
b TA A-site
b P
] ' !
T 4o octahedral Fe
' e o ' B-site
I e SLLT
e e i~ after Banerjee and

Moskowitz (1985)

Fig. 3. The spinel structure of Fe3Oy4 crystal [20].

the least. Both the radius of Zn>* ion and Fe?* ion are larger than
that of Fe3* ion, so it is comprehensible that the lattice constant
of sample 4 is a little higher.

Ni?* ion and Cr>* ion are B-site-entering ions, and the struc-
ture of Fe/Ni and Fe/Cr-substituted ferrite is quite different from
that of Zn-doped ferrite. Fe?* ion enters B-site easier than Fe>*
ion does, while Ni2* ion and Cr** ion occupy B-site even more
advantaged than Fe?* ion does. When Ni%* ions and Cr>* ions
go into ferrite lattice, they could not only replace Fe?* ions on
B-site, but also possibly push part of the Fe** ions into A-site
and cause an increase in lattice constant. But with the increasing
content of Ni2* jons, lattice constant of Fe/Ni-substituted ferrite
will decrease instead, due to Ni** jon’s smaller radius (0.78 10\)
comparing to Fe?* ion (0.83 A).

As for Cr?* ion, it seems that it can only replace Fe>* ion on B-
site, but in fact, it can replace both Fe** ion and Fe?* ion equally
[22]. And Fe** ion and Fe?* jon can also transform to each other
through charge transfer. So the lattice constant change of Fe/Cr-
substituted ferrite is the result of combining effects of Cr3* ions,
Fe3* ions and Fe* ions. Robbins et al. [22] reported that when
x value changes from 0 to 2, lattice constant of Cr-doped ferrite
differs dramatically. The irregularity of lattice constant data in
Table 2 coincides with their results.

3.3. Thermostability of doped ferrites

Fig. 4a—c illustrates the DTA curves of doped ferrites con-
taining Zn>*, Ni?* and Cr**, respectively. In the curve of
NiyFes_O4, while xis 0.504 and 0.663, small endothermic peak
appears. While in the curve of Cr,Fe3_,O4, endothermic peak
appears when x is only 0.129, and the peak becomes larger as the
content of Cr increases; TG analysis shows that it is due to the
dehydration of samples (Fig. 5). There is barely any endothermic
peak in the curve of Zn-doped samples.

In Ni group, large and sharp peaks appear in samples 2—4
(x=0.147, 0.204, 0.258). But the peak heights of the three sam-
ples reduce successively. In curves of samples 6 and 9 (x=0.504,
0.663), the peaks become plain. The phenomenon of successive
debasing of exothermic peak is caused by the gradual decrease
of Fe content in samples, and it appears in Zn group as well.
As for the formation of large and sharp peak, it may due to
the fact that Fe?* and Ni** ions do not enter the ferrite lat-
tice synchronously during ferrite formation, which means that
the crystal core consists of FezO4, and with the growth of
the crystal, Ni>* ions begin to be absorbed by the outer layer
of the crystal and enter the lattice together with Fe3* ions.
Thus, the outer layer of the crystal is mainly constituted with
Ni,Fe;_, 04, which is difficult to oxidize. As the thermostabil-
ity of Ni, Fe3z_,O4 is better than that of pure ferrite, when it
comes to the oxidation temperature of Ni,Fe3_,04, the inner
part of the crystal get oxidized immediately and sharp peak
appears.

Fig. 5 shows the TG analysis curves of several selected sam-
ples. A net weight loss appears the TG curve of sample 4 of
Cr group, and it may caused by the low content of Fe?* in the
sample. It could be found by comparing TG and DTA curves
that the second peak in DTA curve is oxidation exothermic peak
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Fig. 4. DTA curve of doped ferrite containing Zn>* (a), Ni2* (b) and Cr3* (c).

which represents the thermostability of ferrite samples. When
the second peak appears, the sample begins to be oxidized and
its weight increases. Thus, a relationship between oxidation
temperature and doped ion content could be deduced though
analyzing DTA curve of each samples, and it is illustrated in
Fig. 6.

It is shown in Fig. 6 that thermostability of Cr-doped fer-
rite is quite different from that of Ni- and Zn-doped ferrite.
With the content of doped ion increases, thermostability of
Fe/Zn and Fe/Ni-substituted ferrite increases rapidly and then
decreases rapidly before tending to plain, while thermostability
of Fe/Cr-substituted ferrite increases continually, and at doped-
ion content under 0.12, it increases most rapidly in the three
groups. It seems that under an x value of 0.12, the content of Zn>*
ions influences sample thermostability most, while the content
of Cr3* ions influences least. When the x value is above 0.12,
the sequence is just the opposite. It could be seen from the test
results of the three groups that doped ion content is usually small

Cr, x=0.06

Zn, x=0.366
Ni, x=0.147

I weight loss

I I ] ] ]
250 200 150 100 50 0 °C

Ni, x=0.147
calefactive line

Cr, x=0.270

Fig. 5. TG curves of selected samples.

if the doped ferrite is to be qualified. So the influence sequence
is usually list as: Zn>* > Ni** > Cr3*.

3.4. Crystal size of samples

Fig. 7 illustrates crystal images of doped ferrites. The size of
crystals is between 0.1 and 0.4 wm. Ferrites containing Zn are
mostly spherical crystals with a few cubic particles, and ferrites
containing high ratio of Zn become irregular-shaped (sample 9,
x=0.771). Fe/Cr-substituted ferrite crystals are mostly cubic,
while Ni-doped ferrite crystals turn out to be both spherical and
cubic. It could be seen from Fig. 7 that crystals become irregular
as the content of doped metal ions increases, and Ni-doped ferrite
crystals become irregular at a low content of Ni2* ion content.
It could be concluded that the influence sequence of the three
metal ions on ferrite crystal shape is: Ni?* > Cr3* > Zn%*.

And also it could be deduced by analyzing Fig. 4 and the size
difference of TEM images of samples that it is more difficult
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Fig. 6. Relationship between oxidation temperature and doped ion content.



384 J. Yang et al. / Journal of Hazardous Materials 143 (2007) 379-385

Fig. 7. TEM images of doped ferrites (row 1: Zn,Fe3_,04, x=0.06, 0.405, 0.771, respectively; row 2: Ni,Fe3_,04, x=0.147, 0.258, 0.663, respectively; row 3:
CryFe3_404, x=0.06, 0.129, 0.270, respectively. Scale in each image represents 0.3 wm).

to synthesize high-Ni/Cr-content anhydrous ferrite with larger
crystal size than to synthesize counterpart Zn-doped ferrite.

4. Conclusions

1. At low concentration the capability of doped ions entering
ferrite productis: Ni>* a2 Zn>* > Cr3*. When the doped ferrite
is qualified, the highest content of doped ion (Zn**, Ni** and
Cr’*) that could enter ferrite lattice is: 0.08, 0.049 and 0.02,
respectively. Although ionic radius determines the capability
of corresponding metal ions entering ferrite structure mostly,
solubility product constants of their corresponding hydrox-
ides also might have some relationship with it.

2. With the increase of x, lattice constants of Zn- and Ni-doped
ferrite change regularly, while relationship between Cr con-
tent and lattice constant of Cr-doped-ferrite is irregular.

3. Thermostability of doped ferrite is better than that of pure
ferrite. The influence sequence of the three ions on sam-
ple thermostability is Zn>* >Ni?* > Cr* under the content
ratio of 0.12. When Cr and Ni content are high, the crys-
tals of doped ferrites become smaller and irregular, and more
water is contained in ferrite products. Thus, in DTA curve,
endothermic peak will appear, and weight loss will be obvi-
ous in TG curve.

4. Crystals of Zn-doped ferrite are mainly spherical and crystals
of Cr-doped ferrite are mainly cubic. Crystals of Ni-doped
ferrite appear both spherical and cubic. It seems difficult

to synthesize highly doped and anhydrous Fe/Ni- or Fe/Cr-
substituted ferrite with larger crystals through wet method.
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