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Abstract Magnetite nanoparticles were prepared by partial

oxidation of Fe(II) ions of an aqueous suspension of hy-

droxysulfate green rust which was obtained by precipitation of

Fe(II) ions. This magnetite was mixed with zeolite synthe-

sized from coal fly ash to obtain the magnetic adsorbent and

the final product characterization was made. By analysis of

scanning electron microscopy and X-ray diffraction, images

of clusters of magnetite nanoparticles were observed and

crystallite sizes of 17 nm were determined, respectively. In

thermal analysis, the weight ratio of 1:3 for magnetite-zeolite

in the magnetic adsorbent was measured and a non-magnetic

product at 974 �C was found in both magnetite and magnetic

adsorbent. Magnetization measurements described small

hysteresis from the clusters of magnetite nanoparticles. Fou-

rier Transform Infrared spectroscopy analysis indicated that

the synthesized zeolite is a hydroxy sodalite and evidences of

formation of the magnetic adsorbent were observed. The

performance of magnetic separation technique was evaluated

and it was comparable to the centrifugation process. The

magnetic adsorbent indicated a potential application for

adsorption of dye Reactive Orange 16 from aqueous solution.

Introduction

Magnetic adsorbents have been developed as an alternative

technology of wastewater treatment. It is a known

technology in biological assays as magnetic carriers that

can be successfully employed in removing contaminants.

Magnetic carriers have binding sites for biological mole-

cules and present magnetic properties. Among other phe-

nomena, the binding with the molecules can occur by

adsorption. The combination of these two properties,

adsorption and magnetic, into one composite allows

obtaining a magnetic adsorbent potentially applicable in

the wastewater treatment. This composite can be used to

adsorb contaminants and subsequently can be removed

from the medium by a magnetic separation method using

an external magnetic field [1] and without the use the fil-

tration or centrifugation.

Many authors have documented the technology of

magnetic adsorbents by incorporation of magnetic nano-

particles of iron oxide on adsorbent substrates. Magnetite

(Fe3O4) and maghemite (c-Fe2O3) are the most commonly

employed. Magnetic adsorbents where the core is a cluster

of magnetic nanoparticles do not retain remanent magne-

tization; so that, with the removal of the external magnetic

field they can be resuspended in another liquid medium.

This property allows to conduct adsorption/desorption

processes on magnetic adsorbent, and its reuse. It is a

technology relatively simple without generation of sec-

ondary effluents.

The adsorbent substrates of the magnetic adsorbents

[2, 3] can be natural or synthetic materials which have

shown efficiency in removing dyes and metal ions [4, 5].

Zeolites are effective adsorbents and can be used to remove

dangerous heavy metals from effluent streams [6, 7].

Natural zeolites have been combined with nanoparticles

of maghemite and goethite to form magnetic zeolites for

Cu(II), Cr(III), and Zn(II) as investigated by Oliveira et al.

[8]. Other works about magnetic zeolites are found in the

literature [9–11].
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A solid waste of large volume from industrial activities

is the coal ash produced by coal-fired power plants. This

sub-product is usually disposed of in uncontrolled coal

waste disposal sites or landfills that can lead to risk of

serious contamination of soil, groundwater, and surface

water with arsenic and other heavy metals [12, 13]. Studies

indicate a high feasibility of using coal ash as building

materials [14–16] and as fertilizers in agriculture [17].

Another form of its recycling is the obtaining of synthetic

zeolites. The coal ash is composed mainly of silica and

alumina and, therefore, can be converted into zeolites by

hydrothermal treatment with alkaline solutions [18–20].

Zeolites from coal ash have been prominent as adsor-

bents for metal ions and dyes in liquid medium [21–23];

however, they are an ultrafine powder and it makes the

process of solid–liquid separation harder. After the

adsorption of metal ions or dyes, the filtration or centri-

fugation used in the stage of zeolite-supernatant separation

is onerous. On the other hand, zeolite powder with mag-

netic properties can be easily removed by the technique of

magnetic separation. The zeolite magnetic powder can be

attracted and agglomerated with a magnet and the super-

natant can be discarded. The magnetic separation technique

combined with adsorption makes the wastewater treatment

process simpler than applying a centrifugation or filtration.

In this work, magnetite particles were synthesized by

precipitation and partial oxidation of Fe(II) ions in an

alkaline medium and were combined with the zeolite from

coal ash to form the magnetic adsorbent. These materials

were characterized, and the performance of the techniques

of adsorption of dyes Reactive Orange 16 and magnetic

separation on magnetic adsorbent was evaluated.

Experimental

All chemicals used were of analytical grade. Reactive

Orange 16 (RO16; C.I. 17757; C20H17N3O11S3Na2; molar

mass = 601.54 g�mol-1) was purchased from Sigma-

Aldrich (50 % purity). The sample of coal fly ash from

baghouse filter was obtained from a coal-fired power plant

located at Figueira City, in Parana State, Brazil. All experi-

ments were performed at room temperature (25 ± 2 �C).

Zeolite synthesis

Coal fly ash was used for zeolite synthesis by hydrothermal

treatment where 20 g of fly ash was mixed with 160 mL of

3.5 mol L-1 NaOH solution and heated to 100 �C in an

oven for 24 h. The zeolitic material product was repeatedly

washed with deionized water and dried at 100 �C for 24 h

[24]. This product was called SZ.

Magnetite particles synthesis

Magnetite particles were obtained by the method of pre-

cipitation and partial oxidation of Fe(II) ions. A solution of

ferrous sulfate containing 0.0651 mol L-1 was prepared by

dissolution of FeSO4�7H2O salt in 100 mL of distilled

water. Aliquots of 0.250 mL of the solution of 2.5 mol L-1

NaOH were added progressively at time intervals of 30 s

into the ferrous sulfate solution under stirring at 8,000 rpm

using a Quimis disperser, model Q252K28, until obtaining

the pH 11 at room temperature. Dark green precipitates

with gelatinous aspect were formed. Variations of pH of

the ferrous sulfate solution were recorded as function of the

volume of added NaOH. After reaching pH 11 the addition

of NaOH was stopped and the stirring was kept for 10 min

which ensured the homogeneity of the suspension and the

aerial stirring. Then the suspension containing dark green

gel-like precipitate was boiled in a water bath for 75 min to

complete the formation of a black precipitate. The dark

green precipitate turned into a black, dense, and magnetic

precipitate known as magnetite. The supernatant solution

was discarded and the precipitate was washed several times

with distilled water using the magnetic separation tech-

nique to sedimentation of the magnetic black solid phase

and for the removal of wash water. After the washing, the

wet solid phase was divided in two parts. One part of black

solid was dried at room temperature to obtain a powder

which was called MAG. Another was used immediately to

prepare the magnetic adsorbent.

Magnetic adsorbent

The wet magnetite particles obtained according to the

described procedure were used to prepare the magnetic

adsorbent. A quantity (0.5 g) was suspended in 40 mL of

distilled water and 1.5 g of SZ was slowly added into

it under agitation. The used SZ/magnetite ratio was 3:1

(w/w). The obtained magnetic composite was washed

several times with distilled water where the wash water

was removed after the application of the magnetic sepa-

ration process. The magnetic composite was dried at room

temperature and was called MZ.

Characterization

The images of scanning electron microscopy (SEM) were

obtained using the scanning electron microscope Philips

XL-30. X-ray powder diffraction (XRD) analysis was

performed on a MINIFLEXIII Desktop X-ray diffractom-

eter, Rigaku, using radiation Cu Ka1 (k = 1.5406 Å) at

30 kV and 15 mA in the range of 2h from 5� to 80�, with a

scan rate of 0.05� per second. Magnetization measurements

were obtained at room temperature in magnetic fields up to
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20 kOe using a vibrating sample magnetometer (Princeton

Applied Research, model 4500). Thermogravimetry anal-

ysis (TG) was performed on a Mettler Toledo thermobal-

ance 851 where a quantity of 10 mg of sample was filled

into the aluminum plate, and was heated at a heating rate of

10 �C min-1 under O2 atmosphere with a flow rate of

50 cm3 min-1. Fourier transform infrared (FTIR) spectra

of the dispersed samples in KBr pellets were recorded by a

Nicolet Nexus 670 FTIR spectrometer.

Performance of MZ as magnetic adsorbent

The efficiency of the magnetic separation and the adsorp-

tive property of MZ were evaluated using batch adsorption

tests where a vial containing 50 mg of MZ particles with

5 mL of Reactive Orange 16 (RO16) dye was agitated for

120 min. A Quimis shaker, model Q225 M, at 360 rpm,

was used. After agitation, the vial containing the MZ and

the solution was placed on the magnet and was left for

60 min for the settling of the particles on the bottom due to

the attraction by magnetic field. After that, 4 mL of

supernatant solution was carefully removed and transferred

into another vial and its absorbance was read at 493 nm by

a UV–Visible spectrophotometer, Micronal, model B582.

Then, this supernatant was centrifuged for 20 min and a

new reading of absorbance was obtained. The adsorption

percentage of each step was calculated by Eq. (1) and this

study was carried out in triplicate.

Results and discussion

Magnetite particles from partial oxidation Fe(II) ions

When aliquots of NaOH are added into a ferrous solution in

the total absence of oxidant agent, the OH- ions bound to

Fe(II) ions to form a ferrous hydroxide gel, Fe(OH)2.

However, when the Fe(II) ions are from the ferrous sulfate

solution and the suspension is aerated by stirring it ensures

a progressive partial oxidation of Fe(II) ions to Fe(III) ions

such as it was observed in this work. The mixture turned to

a dark green color.

The partial oxidation of ferrous ions by the dissolved

oxygen in distilled water leads to the formation of mixed

ferrous-ferric hydroxides known as green rusts (GR) due to

bluish-green colors which are layered structures consisting

of alternating positively charged hydroxide layers and

hydrated anion layers [25, 26]. GR are commonly prepared

in the laboratory by aerial oxidation of Fe(OH)2 precipi-

tates and very seldom prepared by coprecipitation of

Fe(II)-Fe(III) solutions [27].

NaOH was added drop by drop into Fe(II) solution in

order to verify the pH change during the formation of dark

green precipitates. The typical pH titration curve of the

ferrous sulfate solution was plotted as a function of added

NaOH volume, and is illustrated in Fig. 1. The curve is

essentially characterized by one plateau region. With

addition of NaOH, a rapid increase of the pH 3.7 of the

Fe(II) solution up to pH 7.2 was observed and pratically

remains unchanged during the process involving the for-

mation of GR. The plateau was observed beginning at 7.2

and finishing at 8.4. Then, a jump of pH indicated an

excess of OH- ions in the solution.

The plateau was observed until pH 8.4 by addition of

4.50 mL of NaOH into the solution of 0.0065 mol of

Fe(II). It corresponded to the addition of 0.0113 ±

0.0001 mol of OH-, indicating that less than 2 mol of OH-

per mole of Fe(II) was consumed different from formation

of the Fe(OH)2 gel. This can suggest the formation of an

oxidation final product of other hydroxides as hydroxy-

sulfate green rust attributed to the dark green precipitate

cited by Génin and Ruby [27].

After heating for 75 min in a water bath, the dark green

precipitate turned to a black, dense, and magnetic precip-

itate identified as magnetite in the characterization studies.
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Fig. 1 Evolution of pH curve during titration of the ferrous sulfate

solution with a NaOH solution in the aerated mixture

Adsorption percentage %ð Þ ¼ initial absorbance� final absorbanceð Þ � 100

initial absorbance
ð1Þ
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The oxidation of hydroxysulfate green rust to the mag-

netite, FeIIFe2
IIIO4, occurred by heating, in addition to the

aerial oxidation and oxidation by SO4
– ions which were

present within reaction medium. Génin et al. [28] related

that the GR could not be a precursor of magnetite by a

simple aerial oxidation.

For simplicity reasons, the formation reaction of the

magnetite from the precipitation and partial air oxidation of

Fe(II) ions can be suggested by the Eq. 2. The GR pre-

cipitate was produced due to oxidant aqueous medium and

aeration. The reaction is completed by heating to the for-

mation of the magnetite. The mechanism of magnetite

formation from the intermediate precipitate of GR was not

discussed herein due to reaction complexity and necessity

to complementary studies.

FeIISO4 þ NaOH þ O2 þ H2O! GRð Þ ! heating

! FeIIFeIII
2 O4

ð2Þ

The chemical reactions of formation of the magnetite

from precipitation and partial oxidation from Fe(II) ions

are easily affected by the quantity of OH- ions, rate of

stirring of the solution, the Fe(II)/OH- ratio, the heating

temperature, and the heating time. All these variables must

be carefully controlled, otherwise another iron oxide like

reddish-brown rust, a-Fe2O3, known as hematite can form.

SEM studies

Figure 2 shows a fine gray powder of the synthesized

zeolite SZ. In Fig. 3, the SEM images of SZ, MAG, and

MZ revealed non-uniformly sized particles. Clustered

particles can be seen. These clusters are irregularly shaped

grains of various sizes, usually less than 500 nm. However,

some are as big as 1 lm and there is no narrow distribution

of particle sizes.

The SZ showed clusters of spherical particles of varying

sizes and larger than the particles MAG. The MAG powder

is an agglomeration of clusters of different sizes made of

tiny particles.

The image of the MZ showed particle clusters as MAG.

It is observed to be tiny particles, probably of MAG par-

ticles, adhered to larger particles, probably SZ, to form the

magnetic zeolite MZ. The origin of the clusters can be

ascribed to the used drying process for obtaining of pow-

dered samples. Drying process caused the formation of

clustered particles. The MAG and MZ images showed

smaller clusters and larger clusters having sizes 100 nm or

greater.

Magnetization measurements

The particle morphology and distribution of particle sizes

can affect the magnetic properties of a material such as

residual magnetism. The black powder MAG exhibited a

strong magnetic attraction with the approach of a magnet,

as shown in Fig. 4, and with the withdrawal of the magnet,

any residual magnetism was not observed. The MZ also

exhibited a strong magnetic attraction in the presence of a

magnet, as intense as MAG particles (Fig. 4).

The magnetic properties of the composts MAG and MZ

were evaluated using a vibrating sample magnetometer.

The two powdered samples were subjected to magnetic

measurements at 300 K by the field cycling between ±20

kOe and their magnetic properties were investigated on the

obtained hysteresis loops shown in Fig. 5. The values of

the saturation magnetizations (Ms), coercivities (Hc), and

remanence or remanent magnetizations (Mr) are summa-

rized in Table 1.

A saturation magnetization (Ms) value of the MAG

nanoparticles equal to 72.6 emu g-1 was found which is a

high value but significantly lower than the value for bulk

size of the magnetite (92 emu g-1) [29]. This significant

decrease in the Ms value can be attributed to the nanosize

dimensions of the particles and to the effects of anisotropy

and oxidation of the surface and shape of non-spherical

samples.

For the MZ, a Ms value lower than that of MAG was

observed. The decrease is attributed to the effects of dis-

persion of non-magnetic volume of SZ phase in the composite

MZ. The decreasing is proportional to the 1:3 MAG/SZ

ratio used in the synthesis.

The insert in Fig. 5 illustrates the hysteresis loops in the

field cycling between ±5 kOe. Both MAG and MZ samples

showed low values of coercivity (Hc) and remanence (Mr).

A value of Hc indicates that there is a magnetic storage

in the sample; therefore, hysteresis was observed. This

means that the samples did not behave purely super para-

magnetically even though the particle size was very small.

The coercivity is affected by particle size. The coercive

field increases with the average size of the particles. As can

be seen in the SEM images (Fig. 3), the samples are

formed by the clustered particles, so the result of theFig. 2 Synthesized zeolite SZ
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magnetic properties represents a total for all particles

present in the clusters. The magnetic properties can also be

influenced by the growth of the clusters. The non-zero

coercivity can be explained because the magnetic proper-

ties were more affected by the cluster growth than by the

reduction process and the formation of very fine particles.

The clustering of the small particles in the sample could

be responsible for the deviations from magnetic

measurements.

A low value of remanence, Mr, as showed by the sam-

ples means lower value of the residual magnetization.

In practice, these magnetic properties described favor-

able condition for the use of magnetic separation tech-

nique. The particles of magnetic adsorbent can be removed

from the liquid by applying an external magnetic field and

resuspended in another liquid medium after removal of the

external magnetic field.

X-ray diffraction

XRD patterns of the three types of samples are shown in

Fig. 6. It can be seen that the peaks in the synthesized

magnetite MAG, Fe3O4, are in agreement with the data of

the face-centered cubic of the reported pattern of reference

magnetite in the ICDD n8 19-629. All MAG peaks showed

broad diffraction lines and well-defined peaks indicating

that the crystallites were very small.

The obtained zeolite from coal fly ash (SZ) showed

crystalline components with no peaks of magnetite indi-

cating its absence in accordance with the composition of

the material. The peaks are assigned to the hydroxy soda-

lite (ICDD 00-011-0401) as the zeolitic phase mixed with

quartz (SiO2) and mullite (2SiO2�3Al2O3 or Al6Si2O13) and

some metals remaining in the sample after the heat alkaline

treatment of the coal fly ash. The hydroxy sodalite is rep-

resented by the chemical formula Na4Al3Si3O12(OH).

For XRD pattern of the MZ, the illustrated peaks were

related to the peaks found for MAG and SZ.

Fig. 3 SEM images of magnetite MAG, synthetic zeolite SZ, and magnetic zeolite MZ

Fig. 4 Magnetic responses of the MAG (left) and MZ (right) in

contact with a magnet
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Fig. 5 Magnetization loops measured at 300 K for the particles of

MAG and MZ

Table 1 Magnetic properties of MAG and MZ at 300 K

Samples Ms (emu g-1) Hc (Oe) Mr (emu g-1)

MAG 72.6 -0.09; ?0.1 -12.1; ?11.7

MZ 19.9 -0.1; ?0.1 -4.1; ?4.1
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For better comparison, the values of 2h of the observed

peaks in the MAG and MZ were indicated in Table 2

together with the values of 2h angle related to the relative

intensity and the diffraction plane (hkl) of the reference

standard of magnetite.

The crystallite size (D) of magnetite particles for sam-

ples of MAG and MZ was estimated from the X-ray dif-

fraction peak (311) using the Scherrer formula [30]

represented by the Eq. 3. The Scherrer equation is limited

to nano-scale and is given for particles of spherical shape

(shape factor of typical value 0.9). In this work in order to

apply the Scherrer formula the spherical shape of nano-

particles was considered. The estimated crystallite sizes of

magnetite of the samples are given in Table 3. As can be

seen the crystallite is in nanosize, which may be smaller or

equal to the grain size. The nanoparticles were also evi-

denced in the XRD pattern by broad and distinct peaks.

D ¼ 0:9k
b1=2 cos h

ð3Þ

where k is the wavelength of the X-ray source (CuKa1), b1/2

is the angular width at the half maximum intensity of the

diffraction peak (rad), and h is the Bragg angle.

FTIR analysis

The FTIR spectra of the materials are given in Fig. 7. For

MAG it was possible to visualize the sharp and strong

absorption band at 568 cm-1 attributed to the Fe–O bond

of magnetite. No absorption band at 632 cm-1 was

observed as in the magnetite from coprecipitation of Fe(II)

and Fe(III) ions [31].

A broad absorption band was seen in the region from

4000 to 800 cm-1 and clearly showed the overlapping of

some vibration modes. This overlapping can be assigned to

different O–H stretching modes in H2O and to the presence

of the hydroxyl groups on magnetite particle surfaces as

Fe–OH. It may also be attributed to the very strong

hydrogen bonds in magnetite particles.

When exposed to free water molecules from aqueous

solutions, the surfaces of metal oxide such as the magnetite

particles undergo surface hydroxylation and hydration.

Many hydroxyl groups and hydrogen bonds and absorbed

water molecules on the surface of the magnetite particles

are not eliminated during the drying process at room

temperature in which the magnetite particles were

subjected.

The FTIR spectrum of the SZ was investigated by a

comparison with the main absorption bands of sodalite

structure that have been reported in the literature [32–34].

The absorption bands that occur at 992, 722, 697, 660, 459,

and 429 cm-1 were characterized as the infrared absorp-

tion bands of the hydroxy sodalite. The broad band at

992 cm-1 arises from the asymmetric stretch, mas(T-O-T,

T=Si, Al) located in the 1200–900 cm-1 region. The three

bands located in the 750–650 cm-1 region were attributed

to the symmetric stretch ms(T-O-T). The bands at 459 and
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Fig. 6 X-ray diffraction patterns of the MAG compared with SZ and

MZ

Table 2 XRD peaks of the (ICDD 19-629) reference magnetite, MAG and MZ

Plane (hkl) 311 440 511 220 400 422

Reference peak (2h) 35.428 62.518 56.948 30.108 43.058 53.398

Relative intensity reference peak 100 40 30 30 20 10

Peak (2h) in the MAG and MZ 35.58 62.88 57.38 30.38 43.38 53.68

Incident X-ray Cu Ka

Table 3 XRD crystallite size of the MAG and MZ for the (311) peak

of magnetite

Sample MAG MZ

Crystallite size (nm) 17 18

5098 J Mater Sci (2013) 48:5093–5101

123

Author's personal copy



429 cm-1, in the range 500–420 cm-1, were assigned to

the bending vibration of d(O-T-O). Absorption bands

around 796, 778, and 613 cm-1 can be due to the combi-

nation modes and overlap of (Al, SiO4) and Si–OH

vibrations of the hydroxylated quartz [35, 36] in the SZ.

The broad band at about 3400 cm-1 and a band at

1642 cm-1 band were attributed to water of hydration in

the zeolitic sample.

The FTIR spectrum of the MZ illustrates the overlap-

ping of the absorption bands of the synthesized zeolite

(75 %) and magnetite (25 %) particles in the region from

750 to 500 cm-1. The appearance of a well-defined band of

the Fe–O vibrations of the MAG particles can be seen at

568 cm-1. Comparing the spectra and considering the

sample containing 25 % of MAG particles, the intensity of

the strong and broad absorption band in the region from

1600 to 1250 cm-1 decreased, probably indicating the

possible formation of electrostatic forces and hydrogen

bonding between SZ and MAG particles with hydroxyl

groups, to form the magnetic composite.

TG analysis

Figure 8 shows the thermograms of mass variation with

increasing temperature under O2 atmosphere where the

structure differences of the materials MAG, SZ, and MZ

can be observed.

In the thermogram of the MAG, a small mass loss was

observed in the temperature range from 25 to 974 �C. A

final product of brown color having no magnetic properties

with 98.8 % of the initial mass was obtained. The analysis

of the final product by XRD, Fig. 9, indicated that it was a

hematite. The phenomenon which might have occurred

with increasing temperature under O2 atmosphere may be
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the oxidation of magnetite to maghemite to be transformed

to the thermodynamically stable hematite, a-Fe2O3.

The thermogram of the SZ showed significant mass loss

with increasing temperature and described change in

chemical structure of the synthetic zeolite until reaching a

stable product containing 85.8 % of the original mass at

temperature of 974 �C.

The thermogram of the MZ, which is a composite

assigned by one part of MAG and three parts of SZ, also

showed a significant mass loss but less than SZ. A non-

magnetic solid of 90.4 % of the initial mass was observed

as a final product. This percentage value found is according

to the MZ composition in the prepared ratio of one MAG

and three SZ proving the formation of the composite MZ.

Effectiveness of magnetic separation performance

of MZ

The particles of MZ exhibited magnetism in magnetic field

from the magnet-forming agglomerates that settle rapidly

at bottom of the vial by magnetic forces. Figure 10 shows

that the suspended particles in the liquid medium were

immediately attracted and agglomerated by a magnet easily

allowing the solid–liquid separation. This step is required

in the final processes of wastewater treatment. After the

magnet removal, the particles were dispersed, again, in the

liquid phase, enabling to apply the following desorption

technique and the reuse.

According to the described procedure, the magnetic

separation performance of MZ was evaluated. After

120 min of agitation, the supernatant was cloudy due to the

suspension and dispersibility of the dark MZ particles. So

the vial was left on the magnet for 60 min. After that, the

supernatant was clear without the MZ particle suspension,

and the RO16 absorbance was read. All MZ particles were

settled at the bottom of the vial. After that, the same

supernatant was subjected to a centrifugation for 20 min at

3000 rpm, and a new absorbance was read.

The results of the Table 4 indicated the magnetic sep-

aration to be as efficient as centrifugation, since no dif-

ference was found between the absorbance values. The

RO16 recovery from the read absorbances was 90 % in

both techniques. Therefore, the effectiveness of the MZ as

an adsorbent for the RO16 dye and the high performance of

the application of magnetic separation was confirmed. The

results also confirm a good binding between the magnetite

and the zeolite, since no additional drop in the absorbance

was observed after centrifugation. A complete study of

adsorption was presented by Fungaro et al. [24].

The time of 60 min that the vial stayed on the magnet

was sufficient to override a centrifugation of 20 min. It is

noteworthy that the established time of 60 min can be

much reduced using a stronger magnetic field. The settling

time of magnetic particles depends on the force of the

applied magnetic field. On the stronger field gradient, the

rate of settling increases, and, therefore, the separation time

can be significantly reduced.

Conclusions

Magnetite was preferentially formed by heating of a GR

suspension in aqueous medium containing dissolved oxy-

gen by aerial process and sulfate ions at pH higher than 11.

The GR precursor of magnetite was easily obtained by

precipitation and partial oxidation of Fe(II) ions but the

variables must be carefully controlled.

This magnetite combined with zeolite from the coal ash,

an abundant industrial waste, produced a magnetic adsor-

bent which exhibited magnetic properties by being easily

attracted and separated from the aqueous solutions using a

magnet.

The performance of the magnetic adsorbent applied for

magnetic separation technique was comparable to the

centrifugation process. The results showed that the Reac-

tive Orange 16 dye was favorably adsorbed on the mag-

netic adsorbent MZ from aqueous solution, indicating a

Fig. 10 Application of magnetic separation technique: a Vial with a

suspension of MZ particles in the solution of dye Reactive Orange 16,

b Vial with the MZ particles in the solution dye Reactive Orange 16

being attracted by the magnet after 5 s

Table 4 Values of adsorption percentage of RO16 dye on the MZ

Separation technique Adsorption (%)

Magnet (60 min)a 90 ± 3

Magnet (60 min) ? centrifugation (20 min)b 90 ± 3

a The vial containing MZ and supernatant was placed on a magnet for

60 min
b The separated supernatant by a magnet was centrifugated for

20 min
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potential application as an alternative and sustainable

technology for wastewater treatment.
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