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ABSTRACT KEYWORDS
Nanocrystalline magnetite (Fe,O,) powders have been successfully syn- Pigment;
thesized using both co-precipitation and isothermal gaseous reduction of Magnetite;
hematite (Fe,O,). In the co-precipitation route, the ferrite precursors were Co-precipitation;
obtai ned from aqueous mixtures of ferrouschloride and ferric chloridewith Reduction;
Fe*/Fe?* mole ratio equals 2. The precipitation of ferrousions and ferric Isothermal.

ionswascarried by using 5 M sodium hydroxide solution. In the isothermal
gaseous reduction route, gas composition 20%C0O-80%CO, and reduction
temperature 1000°C for 2 hours were used in this study. The effects of
synthesis conditions on the formation, crystal phase analysis, morphology
analysis, Color characteristics of pigment wereinvestigated. Moreover, the
effectsof CoO doping (0, 1, 2, 4 and 7%) onthe physicochemical properties
of magnetite produced viaisothermal reduction werea so investigated. The
powdersformed wereinvestigated using X-ray diffraction (XRD), and scan-
ning electron microscope (SEM) while col our propertieswere measurement
according to the ASTM-C 609-71 by using a colorimeter instrument type
Hunter Lab. The results obtained showed that the single-phase Fe,O, pow-
derswere achieved at Fe*/Fe?* moleratio value 2 viaco-precipitation route
with nanocrystalline sizefor the most intense peak (311) of Fe,O, phasewas
in the range of 13.7 nm. In the gaseous reduction route, the single-phase
Fe,O, powders were achieved at 20%CO-80%CO, gas composition and
reduction temperature 1000°C. The crystallite size of the most intense peak
of Fe,0, phasewasin the range between 133.9 and 180 nm. The addition of
CoO oxide up to 2% to the hematite before reduction enhancing the col ouring
properties of the magnetite and beyond which adecreasing in the colouring
properties were observed. The synthesized pigments were tested in typical

ceramic glazes and ceramic bodies. The colouring propertiesof CIE- L*a*b*

and X, Y, Z color-measurementswere near acommercial black pigment. The
results demonstrate the viability of using these powders at 2% CoO in
Fe,O, spinel asblack ceramic pigments.
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INTRODUCTION

Composite oxideswith spinel structures(AB,O,)
and space group Fd,mareimportant inorganic metal-
loid materialsand arewidely usedin different fieldg™.
They areused not only asheet-resistant pigments, which
can be applied to porcelain and ceramics, but also as
gas-sendtivemaerids, cadyticmaterids, magneticmar
terid sand waveabsorption materids. Different studies
show that certain compounds with spinel structure
present possi ble applicationsof great technological in-
terest, such as pigments (CoAlO,)!> 3, refractories
(MgALQ)® 3, catalysts (ZnCo,0,)!* 7, electrodes
(LiMn,O,) 9, superconductors (LiTi,O,)!> ™ and
varistors (Zn,Sb,0,.)™. In relation to pigments,
MgFe,0, iscommercidly used asoil paintand ZnFe,0,
wasdready eva uated, with brown color and good prop-
ertied?s 14,

Pigmentsarefindy ground solidsdispersedinalig-
uid for application ascoatings, such aspaintsandinks,
or for blending with other materialssuch asceramics,
glaze, cosmetics, and plastics. Ontheother hand, aque-
oussolutionsof dyesareused for coloring paper, | eather,
textilesand other materids. Intheceramicindustry; many
natural and synthetic pigmentsfind practica gpplication
ascoloring agentsin glasses, enamd sand unglazed bod-
ies. Black pigment Fe,O,*>'" is a compound oxide
with anon-normal spinel structurewhichisnot only
used in the coating industry for qualified covering,
colouration and light-resistance, but dsowiddly inthe
constructionindustry duetoitsexcellent dkali resis-
tance. Fe,0,, asmagnetic pigment, alsoisoneof the
main materials used to produce copy black powder.
Nowadays, Fe,O, is used in more aspects dueto the
devel opment of preparation technol ogy of nanometer
powders. At present, there are many applied reports
about nanometer- sized Fe,O, in many different fields
such asmagnetic absorbing materia 98 and catdysis™.
Nowadays, Magnetite (Fe,O,) nanoparticles (MNPs)
have been used as magnetic carriersfor avariety of
biomedical applications®!. However, the synthesis of
nanometer powderswith finegranularity, good disper-
sonand unified Szeand shapesiscritica inthefabrica
tion of nanometer materids. Therefore, the preparation
of nanometer materid shasattracted great attention and
isbeing extensvely studied.

CHEMICAL TECHNOLOGY

Various methodsof preparing Fe,0, nanoparticles
have been carried out by several techniques, including
co-precipitation?Y, spray pyrolysig?, microwaveir-
radiation of ferrous hydroxide®, microemulsiontech-
nique? 23 hydrothermal preparation technique?, etc.
In this context, the goal of this work is to prepare
nanometric black pigmentswith spinel Fe,O, structures
by co-precipitation method. Onthe other hand, it isof
great interest to study aternative methods of synthesis
to reduce costs of preparation and improve the rate
and quality (purity, stoichiometry and crystallinity) of
thefina products. Thedirect reduction of ferric oxide
by gaseousreductantsisanindustridly important reac-
tion. Thereaction proceedsthrough the formation of
Fe,0, if thetemperatureisbelow and gascomposition
is controlled®. Many researchers have studied the
gaseous reduction of iron oxide?-2%, Thedatareported
can be summarized by stating that the consecutivere-
duction of iron oxides should be viewed asacomplex
series of heterogeneous reactionswhoseratesarein-
fluenced both by chemical kineticsfactorsand mass
(and/or heat) transfer factord®). Studied the dynamics
of transformation from hematite to magnetite by fol-
lowing two solid-state methods. One of the procedures
consisted of athermal treatment under a20% H, and
80% N, atmosphere at 375°C, whereas the second
methodinvolved aplanetary ball mill toinducethetrans-
formation. Theresultsof thefirst procedure evidenced
awel|-behaved sructurd trandformationfor whichhighly
stoichiometric Fe,O, asasingle phase was obtained
for treatment above 12.5 min. In contrast, a less sto-
ichiometric magnetite in the case of the ball milled
sampleswas obtained. The hematite/magnetitereduc-
tion asoneof theiron oxidesreduction stagesreflects
very significant morphologica changesdueto various
crystal latticereconstructions. The crystal structure of
hematiteisclose-packed hexagond whilefor the mag-
netiteisaninversespina structure.

Thispaper aimed to devel op apractica methodol -
ogy for the synthesisand characterization of magnetite
nanomateria sas magnetic materiad sfor industrial and
magnetic fluid and copy black powder pigment through
co-precipitation and isothermal gaseous reduction
routes. Theeffectsof CoO doping (0, 1, 2, 4 and 7%)
onthephys cochemicd propertiesof magnetitewill dso
investigated. Moreover, the paper studied the effect of
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synthesis conditions on theformation, Crystal phase
andys's, morphology andysis, magnetic propertiesand
color characteristicsof pigment.

EXPERIMENTAL

Two routs were applied the preparation of
nanocrystalline black magnetite (Fe,O,). Thefirst one
wasthe co-preci pitation while the second was theiso-
therma gaseousreduction.

M agnetitevia co-precipitation

Chemicdly gradeferricchlorideanhydrous(FeCl,),
ferrouschloride (FeCl,.4H,0) and sodium hydroxide
(NaOH) were used as starting materials. The magne-
tite powderswas prepared using asolutions of ferric
chloride and ferrous chloride with Fe*/Fe?* molar ra-
tios2. Themagnetite precursorswereprecipitated from
thesesmixtures by adding gradually sodium hydroxide
(5M) solution at room temperature at d pH 10 under a
gentlemagnetic stirring. Theagueous suspens onswere
stirred gently for 15 min to achieve good homogeneity
andto attain astable pH conditions. The black magne-
tite co-preci pitatewerefiltered off, washed with deion-
ized water and dried at 60°C overnight.

Magnetitedoped with CoO viaisother mal gaseous
reduction

Chemically gradeferric oxide (Fe,O,) and cobalt
oxide (CoO) wereused as starting materials. A series
of 50g ferric oxide (Fe,0,) doped with 0, 1, 2, 4 and
7% CoO weremixed inaball mill for 6 h. After that,
each sample, separately, asisothermally reducedin a
20%C0O-80%CO, gas mixture at 1000°C for reduc-
tiontime2hinahorizontal tubefurnace. Thesamples
werekept inthereduction furnace under the samere-
ducing gasduring cooling to theroom temperature.

Characterization

The crystalline phases present in the different
sampleswereidentified by X-ray diffraction (XRD) on
a Brucker axis D8 diffractometer using Cu-K_ (A
=1.5406) radiation and secondary monochromator in
the range 260 from 10° to 80°. The crystallite size of
magnetite present in theinvestigated was based on X -
ray diffraction line broadening and cal culated using
Scherrer equation. The magnetite particles morphol o-

—= PFyll Pgper
gieswereobserved by scanning el ectron microscope.
Colour measurement

Thecdcite powder pigment wereinvestigation by
color measurement according to theASTM-C 609-71
by using acolorimeter instrument typeHunter Lab. in
the300-800 nm range, with attached standard colors.
From thesemeasurements, thetristimulusvauesof re-
flection X, Y, and Z were deduced. These datawere
then converted to the values of color vauesand chro-
maticity dimension by meansof L*, a* and b* factors.
TheCIE- L* a* b* colorimetric method was used, as
recommended by the Commission International del,
Eclarage(CIE)®-%2, Inthismethod, L* isthelightness
axis[black (0) — white (100)], b* is the blue (-) ——
yellow (+) axis, a* isthegreen (-) — red (+) axis de-
scribethe color hue. Thorough description of color is
done by recal cul ation of chromaextent C, according
theformulaC = (a2 + b?)*2,

Application of pigment in glazecoatingand ceramic
body

Thematerialsusedinthisapplication from glaze
and bodiesin perimaceramic company in Egypt. To
eva uatethe colour devel opment in common products,
the pigment was added (5%) to commercia glazesand
(10%) to ceramic bodies:

1- Atransparent and lustrous, |ead-free glaze, re-
ferred to asPerimaceramic company andfired a 1150
°C.

2- A ceramic body, referred to as perimaceramic
company, asofiredat 1150°C.

For comparison purposes, acommercial, black
Fe,0, spinel pigment was a so eval uated. The mixtures
were prepared by wet ball-milling for 30 min and then
dried at 110°C. As in the preparation of the pigments,
the use of ethanol accelerated thedrying process.

RESULTSAND DISCUSSIONS

I nvestigation and char acterization of phases

The XRD patternsof magnetite nanostructuresob-
tained from the co-precipitation of ferric and ferrous
ionsat pH 10 (5 M NaOH) at room temperature are
shownin Figure 1. The Figure showsonly peaksfor
magnetiteasthat inASTM standard of XRD. Thisindi-
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Figurel: XRD patter nsof theproduced nanocr ystallinemag-
netite powder sfromthe precur sor sprecipitated at pH 10and
Fe*/Fe** moleratios2.

Figure2: SEM micrograph of theproduced nanocrystalline
magnetite powder sfrom theprecur sor sprecipitated at pH 10
and Fe**/Fe** moleratios2.

cated that asingle- phase of nanocrystallinemagnetite
(Fe,0,) powders have been synthesized using the co-
preci pitation routein roomtemperaturewithout thepres-
enceof impurities. Ascan beseen, low crystalinemag-
netite phaseisformed asobserved from thelow inten-
sity and broad peaks. The nanocrystallinesize of the
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Figure3: Effect of CoO doping on the XRD patter nsof the
nanocrystallinemagnetite powder sproduced viaisother mal
gaseousreduction using 20% CO-80% CO, gas mixture at
1000°C.
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Figure4: Effect of % CoO additionson thelattice param-
eter sof magnetite powder ssynthesized by isother mal gas-
eousreduction of hematite.
most intense peak (311) of Fe,O, phase calculated us-
ing Scherrer equation wasintherangeof 17nm.
Themicrogtructuresof the prepared nanocrystdline
sizesamplehad to bethoroughly examined to beable
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Figure5: Effect of % CoO additionson thecrysallinesizeof
magnetite powder s synthesized by isothermal gaseousre-
duction of hematite.

to determinethe most common structurethat charac-
terized theexamined magnetiteand shownin Figure 2.
It can be observed that the magnetite powders pos-
sessed auniform finestructurewithauncleer crystdline
microstructure. The SEM microstructureindicatesthat
magnetite particleswerequasi-spherica particleswith
aquiteuniformsizedigtribution.

The effect of cobalt oxide doping on the crystal
structure of the magnetite prepared from hematite
through isothermal gaseous reduction at 20%CO-
80%CO, and 1000°Cisgiven by the XRD patternsin
Figures 3. Thepercent of cobalt oxideaddition were0,
1, 2, 4 and 7% and the samplenamed M, MC1, MC2,
MC4 and MC7 respectively. The powder XRD pat-
ternsof al systemsshowed sharp and intensive peaks
characteristic of the single phase of cubic structure of

—= Full Paper
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Figure6: Colorimetric parametersin the plan axb of the
magnetite pigments Fe,0, synthesized by isothermal gas-
eousreduction of hematite doped with different per cent of
CoO.

Fe,O, with traces of precipitated carbon. Thediffrac-
tion peakscorrespondingto (22 0), (31 1),(22 1),
(400),(422),(51 1)and (4 4 0) planes of magne-
tite were observed with atraces of precipitated car-
bon. Theabsence of extralinesfor hematite (Fe,0,) in
thediffraction patternsensuresphase purity. Thismeans
that theisothermal reduction of hemétiteat 1000°C and
20%CO-80%CO, resultedin acomplete conversion
of Fe,0, toyield Fe,0, asasingle phase. However,
thedoping with either 4wt% CoO followed by isother-
mal gaseousreduction a 1000 °C resulted in a decrease
inthe peak height of magnetite phase. Thismeansthat
the CoO may be had adifferent behavior than that at
lower content of of CoO. Thelattice parameter for the
cubic Fe,0, sampleswith cobalt oxide varying from
0.0 to 7% by weight as a function of Co ions were
caculatedforthe(3 1 1) plane and the results are shown
inFigure4. Theresultsindicatethat introducing differ-

TABLE 1: Thecolor propertiesof thesintered magnetite pigment powder.

Sample Color Values Tristimulus Values Chromaticity Values Chroma
L* a b Y Z X y C
Pure (M) 184 14 -04 3.3 34 4.1 0.32 0.31 157
1% CoO( MC1) 158 13 -05 25 25 3.0 0.31 0.31 1.39
2% CoO (MC2) 152 12 -03 3.0 3.0 3.6 0.31 0.31 1.53
% CoO (MC4) 174 17 -04 2.3 2.4 2.8 0.32 0.31 1.77
7% CoO (MCT7) 186 19 -05 34 34 4.1 0.31 0.31 1.97
—————= CHEMICAL TECHNOLOGY
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ent amountsof Coionsgivesadetectablechangeinthe
|attice parameter. With increased Co content, thevaue
of the lattice parameter decreased from 8.375 A for
Co0=0.0%10 88.3648 A for CoO= 7%. Beyond this
doping, anincreaseinthelatticeparameterswasfound.
Thischangeof |atice parameter with thechange of CoO
can beattributed to the progressive dissolution of Co
ionsinto thespine structureand thiscan directly influ-
ence themagnetic and col ouring performance of the
magnetite.

Fromthe X RD petterns, theaveragecrystdlinesizes
for thespind phasewereestimated (Figure5) fromthe
broadening of the strongest diffraction peak using the
Debye-Scherrer formula. It was found that the aver-
agegrainsizedecreased from 158.5 nm for the sample
that prepared by thereduction of pure hematitewithout
doping to 133.9 nm for the sample that doped with 2%
CoO0. After the 2% CoO doping, thecrystalinesize of
the pure single phase magnetite produced wasincressed
by increasing the doping percent. It increased from
143.9 nm for the magnetite powders produced con-
taining 4% CoO to 180.1nm for the powdersproduced
containing 7% CoO asdoping.

MC1

MC2

Color characteristicsof pigment

Thecolor’s tri-stimulus values(X,Y,Z) and chro-
maticity coordinate(x,y) of the pigment weremeasured
using acolorimeter instrument type Hunter Lab. with
attached standard colors, and then cal cul ated thelight-
ness value and CIE chromaticity®Y. The results are
showninTABLE 1. The TABLE showed that L* and
b* vauesincreases, whilea* vary randomly. Thesere-
sults can be attributed to the high amount of defects
(oxygen vacancies) in the structure of magnetite pre-
pared viaisothermal gaseousreduction. Defectslead
to distorted tetrahedral and octahedral sites, changing
theligand-field around the chromophore, changing the
observed color®d, TABLE 1 also showsthat the colo-
rimetric coordinatesin the plan axb for the pigments
werein agreement withwhat isillustrated in Figure6.
TheL* parameter of sampleM C2isdecreaseand better
black than other sampl e because the percentage of 2%
CoOreduction of brightness. MC2 sampleishighina*
and b* valuesand near to zero value or center of axis
(zeroblack) of &, b* values, areasonably strong black
hue. It can bea so observed that thereisadecreasein

MC4 MC7

Figure7: Colour sampleof pureFe,0, and that doped with different per cent of CoO by glaze bodiescontaining 5% wt

pigment.

M MC1

Figure8: Colour sampleof pureFe,O, and that doped with different percent of CoO by ceramic bodiescontaining 10% wt
pigment.
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theL*, a* and b* parameterswiththeincrease of the
Co?" concentration at 2% which may be due to the
tetrahedral coordination change (NC = 4) totheocta-
hedra coordination (NC = 6) established by the sub-
stitution of Co? for Fe** ions. The composition MC2
showsthe smallest values of colorimetric parameters
resulting indarker color than thecompositionM, MC2,
MC4, MC7.

All compositions can beapplicationin transparent
glaze and ceramicbodies. ThesampleMC2inglazeis
dark hue and the optimum col or; however MC4 and
MC7 wereapparent black with some bluish spotsand
thesamplesM, MCl arepaedark hueasseeninFig-
ure7. Thedegreeof darknessblack color isincrease
withincrease of cobat percentagein magnetite spinel
powder from sampleM toMC7. ThesampleMC7in
ceramic body ishighest dark black hueand better black
color. The samples M and MCL1 are pae black hue
(Figure8). TheMC2inglazeand MC7 in ceramic body
performed better inal matrixesasindicated by thehue
in Figures 7 and 8. Result can be improved viathe
amount of cobalt in the pigment, by the formation of
iron cobalt partid inversesping, (FeCo) (Fe) O, This
compound has been proposed by different authorg®*
%l andispresent inthecommercia pigment.

CONCLUSION

1. A single- phase of nanocrystalline magnetite
(Fe,O,) powders were produced using the co-
precipitation route without using annealing tem-
perature.

2. The nanocrystalline size of the prepared Fe,O,
phase prepared by using co-preci pitation methods
wasintherangeof 17nmwhilethe particleswere
quas-spherica particleswithaquiteuniformsize
digtribution.

3. Theisothermal reduction of hematitea 1000°C and
20%CO-80%CO, resulted in compl ete conversion
of Fe,0,toyield Fe,0, asasingle phase

4. Thevaueof thelattice parameter and the crystal -
linesizeweredecreased with theincrease of CoO
addition up to 2%CoO beyond thisdoping, anin-
creasesinthelattice parametersand crystdlinesize
were observed.

—= Full Paper

5. Theresultsdemonstratetheviability of usngthese
powdersat 2% CoOin Fe,0, spinel asblack ce-
ramic pigments.
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