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ABSTRACT

Tile lIew regulatiLms 011 occupationa! hcuth (Law 35/1995 Oil labour risks), and Oil waste pre­
rcution (RD 952/1997 011 hazardou« 1m stes), introduce practicesJill' reducillg hazardous agellts.
Tile prcscn! paper sets out tile possil,ility, in ceramic colourant production, of replacillg the chro­
nurplton: anions of metals of rvlntinc toxic risk (N i. Co) by low toxicitu metals (Mg , AI) ill the case
of black colonrillg spillcis. For tilis, based Oil tile colorimetric slrellglll of the best commercial black
I,igmell ts made with a notabtc presellce ofNi. Co and Cr, and tul uc« ClEL*a */>*=33/1/0, the delle­
lopntcn! was studied of solid <olution« of inert [orms ill the base spine!» CoFe,O,mlli Ni Fe,O, ill
their tctrahcdrnl and octnhcdral position». This substitution is effected unihout reducillg their
colourins; strength and enables decreasillg the quentin; of hazardous material req uired ill produc­
iion as ivci! as aba tillg tile haznrd Icrc! atu! cnrironmental impact of tile wastes.

1. INTRODUCTION

The new Valencia law on was tes 10/ 2000 (DOGV 15 December ) follows the co urse
of RD 952 /97 on hazardous wa stes, and in its Additional Provision 4, es tablishes tha t
wi th in a year of coming in to force (before 16-3-2002), an d in four yea rly per iods, w aste
p rod uce rs in the Valenc ia Reg ion sha ll present a plan fo r the p revent ion and reduction of
wastes, ex p ressly se tting out : (a) ob ject ives for red u cin g, assessi ng and quantifyin g these,
(b) measures to be taken to achieve th is, (c) eva luation an d contro l svstem to attain the
objectives. '

In acco rdance wi th a p recedent on was te preven tion, RD 782 / 1998 Regu lation for
Application of the law on pa ckings and packing waste 11 / 1997, m inimi sation ind ica to rs
cou ld include: (a) reduction of the quan tity of ari sin g was te per p rod uction uni t, (b) rise
of the reusable waste fraction co m pared w ith the non-reusable fractio n, (c) physico- che­
mi ca l improvement of ma teria ls and raw materials to enable reducing their haz ard or
m ini mising the env iro nmenta l im pact of the waste, (d ) e lim ina tion of super fluous mate­
ria ls or raw m ateri als, (e) in crease of mat eri als or raw mat eria ls w hose was tes can m ore
rea d ily be assessed , inclu d ing recycli ng, (f) rise in the qu antity of recycled ceram ic waste
used in producin g new ce ramic material s.
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2. OBJECTIVES

The present study sets ou t the possibi lity, in ceramic colourant production, of rep la­
cing the chromophore cations of metal s o f relati ve toxic risk (Ni, Co) by low toxicity
metals (Mg. AI) in the case of black colouring spinels [I ] . This substitution occurs wi thou t
reducing their colouring strength and enables decreasing the amount of hazardous mate­
rials needed in production as well as red ucing the level of hazard and environmental
impact of the wastes.

The black spinels employed as bla ck ceramic pigments are complex structures that
use a gro up of transition cations loca ted in the Boctahed ral and A tetrahed ral positions of
the struc tu re AB,O,: A,B=l i" , Co" , Mn", Fe" , Crv. Jn this list, Ni is considered as a heavy
metal in European regulations (Commiss ion Decision 2000 / 332/ CE of 16-1-2001), con­
firmed carcinogen in human beings in its insoluble componen ts (level A1 on the ACGI H
scale with TWA of 0.2 mg / Nm3 as Ni in labour env ironments), in its inorgan ic forms
coba lt is carcinogenic in animals thou gh this is not p robable in human bein gs (level A3 on
the ACG IH sca le with TWA of 0.02 mg / Nm' as Co in labour environmen ts). Chromium is
a confirmed carcinogen in human beings as a chromate or Cr (VI) (level A1 on the ACGIH
scale with TWA of O. rng zNm-in labour environments), bu t this form is unusual in cera­
mics where it is found and handled as Cr (lIl ) (classified as A 4, which indicates that data
have no t shown carcinogeneity in human bein gs or ani ma ls, and with TWA of 0.5
mg / Nrn' as Cr in labour env ironments with ino rganic forms). Man ganese (TWA of 0.2
mg / Nm' as Mn in labour environments with inorgani c forms) and iron (TWA of 1
mg / Nm''as Fe in labour environments wit h soluble forms) presen t few eco-toxicological
problem s [' .3]. The prese nce of ioni c forms of nickel or coba lt are considered hazard -con­
tributing components in the wastes tha t contain them (codes C5 and C4 respec tive ly in RD
952 /97 on hazardous wastes of 5-7-97). Th e reduction of both ions in formulating black
pigments therefore involves a reduction in their degree of ha zardou sness in processing,
handling and waste management.

The present work has stud ied the subs titu tion of I i and Co ions by inert ions such
as Mg, Al or Zn and the minimisati on of ch romium in the formulat ion [Ho.7]. For th is, based
on the colo rimetr ic strength of the best commercial black pigments L*a*b*=33 / I / 0, the
development was stud ied of solid solu tions of inert forms in the base spi nels CoFe,O, and
NiFe,O, in bo th their tetrahedral and octahed ral positions.

2. EXPERIMENTAL

First, a wide survey was cond ucted of com mercial black pigments, with a view to
establish ing the compositional typology employed an d the par ticle size cha rac teristics.
After es tablishing the commercia l formulations an d their pigmenting strength in ceramic
bases, systems were formulated optimising the generally formulated sp inel A(B,l0, or
B(AB)O, for standard or inverse spinel respectively, indicat ing in brackets the cations
occupy ing the octahedral position. Black pigment prep aration was designed us ing two
base compos itions [H ]:

(A) NICKEL BLACKS

Trevorite or ferr ite of nickel ba se Fe(N iFe)O,. In princ ip le it wa s attempted to avoid
th is form ulation in view of the grea ter hazard of nickel compounds mentioned above.
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(B) CO BALT BLACKS

i! QUALI 2002

Coba lt fe rr ite base Fe(CoFe)O,. A form ula tion is invol ved th a t decreases the hazard
of th e former w h ile holding the o ther necessary co-ch romophores ,

The formulati ons were optim ise d on the basis o f three va riab les or crite ria:

(a) co lou ring strength m ust match that of the p resen t co m m ercia l p roduct

(b ) p repa rati o n co nd itio ns and resu lting m icrostructure m ust be sim ilar to
co m me rcia l o nes

(b ) the prese nce of N i mu st be minimised .

(c) if it is possib le to d o w ithou t n ickel, the presence of cobalt and chromium
mu st be m ini m ised .

Th e sa mples were prepared fro m thei r ox ides: NiO, Cop" Cr,O" Fe,O" ZnO, MgO,
AIO (OH ) sup plied by JJ NAVARRO, of industria l qual ity. Th e po wders were m ixed in a
planetary m ill usi ng ace tone as di spersion medi u m and afte r d rying th ey were ca lcined in
an electric ki ln . The calcine d pow ders w ere m anua lly m icron ised an d sieved before use as
il 5/A, co louran t add ition to a conven tional frit used in nl0 nopo rosa cycles.

The re fore, in the di fferent optim isa tions, the CIEL*a*b* co-o rd inates were m ea sured
of 5~' ; , pig ment ad d itions to a conve ntional m onoporosa base. X-ray d iffraction (XRD)
powder ana lys is was perfor med to evalu at e the crysta lline phase present as well as th e
s ize o f th e uni t cell by usin g an in tern al stan da rd (o -alum ina) and fitti ng the d iffra cti on
pea ks by least sq ua res IS]. Furthermore, the samples were st ud ied by SEM-E DX to dete r­
m in e the ir spot co mposition and pa rt icle size cha racte ristics .

3. ST UD Y OF BLACK CO M M ERCIA L SP INEL PIGMENTS

Four black co lou ran ts mark eted in the Castello n ceram ic sector by di fferen t sup­
p lie rs were s tud ied. Table I detai ls the results o f the cha rac te risa tions ru n o n these fo ur
m ateria ls .

SAMPLE L*a*b* XRD SEM EDX
(FeC rN iCo)
mol/fonnuta

I 32.6/0 .9/-0 A 2 phase Parti c ula te Nickel-cobalt

spinel 0 ..5 - 1 urn. fc rroc hro mirc
-l um. ( I I 'I . /J
uuart l Mangunese co bultite

2 33.0/1. 010.0 single- Particulate :\ickel-coba lt

phase I 'UTI fe rroch romi re

spine l aggregates { l l :/H I

3 32.6/0 .8/-0 A single - Pa rticu late Nickel -cobalt -

phase 1-2 p ill manganese

spinel aggregutc.. fcrrochrom irc
( I l :/ .J!-)

4 32.6/0.8 /-0.4 single- Particulate Nick el-cob alt -

phase I um manganese

spinel fcrr ochromi re
{ I I I/ ,'j .\

Table I. Chamcte ri-onon l~f tile COIII IIIl' re ial piSIIII'lItSlllli7lysl'd.
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Table I shows tha t the d ifferent formula tions ach ieve a similar pigmenting level in
all the materials. Th ere are single-phase spinel pigments and also tw o-phase sp ine l pig­
ments. Chromium is introduced in all the formu la tion s (app roximately 1 mol! for mula by
we igh t) and always nickel and cobalt, albe it in vary ing quantities. No mangan ese w as
added in just one p igment. Particle shape is irregu lar and mean sizes do not exceed 2 urn .
typical values being 1 urn (Figure 1). Pigmenting strength in th e conventional monoporo­
sa ba se is sim ilar in each and of the order of L*a*b*=33 /1 ! O.

Figure 1. Microgrnph of commercialpigmcllt 2.

4. Fe(N iFe)O, NICKEL BLACKS

These pigments were opti mised according to the follow ing steps: (a) optim isa tion of
the minim um qu antity of chromium required in an octahedra l gap to achieve optimum
colour, (b) optimisat ion of the maximum qua nt ity of inert magnesium th at can replace nic­
kel w itho u t reducing colouring strength, (c) optimisation of th e maximum quantity of
mag nesium and zinc that can repl ace nickel without reducing colouring streng th, (d )
in trod uction of aluminium to replace iron in the foregoing optimisation. Th e optimisa ­
tions are d iscussed below.

4.1. OPTIMISATION OF THE MINIMUM QUA NTITY OF CHROMIUM NEEDED IN AN
OCTAHEDRAL GAP TO ACHIEVE OPTI:VIUM COLOUR

Figure 2 shows the resu lts of the evolution of a" and b* as well as latti ce parameter a
w ith degree of subs titu tion x on prepa ring the solid solu tions Ni(Fe,.,C r)O, at 1300"C! 6h,
at w hich the samples were calcined, since at 1200°C ! 6h the sa mp les x>O.9 exhibited
unreacted ch romiu m oxide in XRD; at 1300°C all the sam ples exhibited trevorite as single
phase, ind icating full solid solu tion NiFe,o,-N iCr,O,. The va lues of L* in all the sa mples
are arou nd 28.

Figure 2 shows that the va lues of a* an d b* approa ch th e ze ro value of the absc issa
starting at x=1. Moreover th is abscissa x= l is the minimum observe d for the cell ed ge.
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In acco rdance with the stabilisa tion energies of the cry sta lline field (157.6 KJ1mol fo r
Cr' -(d 1

) , 86.2 KJ I mol for N i' -(d 1
) and 0 fo r Fe" (d 5)), Cr w ill s itua te itse lf in the oc ta hedral

pos ition, first d isplacin g Fe, so tha t solid sol u tion x« l hils the form Fe(N iFe,.,Cr)O,.
However, w he n a ll the iron has been d isp laced by chrom iu m, nickel will be replaced,
which w ill take up the tet rahedra l posi tions in the lattice, that is, if x>1 the so lu tion is Fe,.
,N i,) N i,.,C r) O,. In the first case, the smal le r chro mium causes sh rinka ge of the net work
show n in Figu re 2.b, bu t on exceed ing x=1 the en try of nickel in tetrahedra l positions is
acc om panied by ex pansion of the ne twork.

At levels x> I the va lue L*a*b*=28 / 0,8 / -2 d iffe rs from th at o f com mercia l b lack
33 / 1,0 /0,0 by "'=("' L*'-'- "'il*'+"'b*2 ) J! '~ 5.3, which means tha t it is a s im ila r bl ack, slightly
blu ish a nd il litt le more intense.

X3 4
X.JJ
X3 2

a*

b*

1.0
n.x
O.h

-3
--I
-5

O.X 1.2 1.4 1.8

x

FigH rc 2. f~ e~ lI lt~ of t ile chnractevisation of Sl1l/1pll'~ Si(Fc
J

_\Cr,>O~ at 13() (J"C/6h (~f -+.1: vrolution of

cctI para meter awl eroiution (~f cotorililt'! ric paralIl t' lt 'r~ /1* /lilt! h' .

4.2. O PTl1vllSATION OF THE MAXIMUM Q UANTITY OF IN ERT MAGN ESIUM THAT CAN
SUBSTITUTE N ICKEL

In the previous s tu dy the stoichiometric proportio n Fe.Cr ap pea red to be the mini m um
ch rom ium to achieve black coloratio ns simila r to the mu lti-component commercia l blacks.
In view of the litt le chromophoric significance of the tetrahedral position, N i was formally
replaced by inert Mg; in fact, given the stabilisa tion in the crys ta lline field of N i2-, n icke l
w ill rema in in an oc tahe d ra l position and it w ill be iron th a t moves to octahed ral positions
replacin g nickel, acco rd ing to the scheme Fe"MgJ Ni,)'e,Cr)O,.

Table II se ts o ut characterisation data of these samples ca lcined at 1200°C /6h, un like
those of sectio n 4.1, wh ich were calcined at 1300 to prod uce a sing le phase in th e en tire
se ries. It ca n be observed that a t 1200°C sam ple x=O im p roves s ligh tly com pared w ith its
cou n terpa rt ca lcined 1300 in 4.1. Moreover, the samples x=0.2 (L*il*b*=28,5 / 2,3/l ,9 ) and
0.4 ex hibit gbze colo ra tions w ith d iffe rences A w ith xe f) of jus t 0.9 and 1.3 respective ly;
i.e ., the co lo ur is held wi th substitu tions of x=O.4 and certa in lv in x=O.2 if it is co nsidered
that "'= 1 wo u ld be the co lou r tolerance lim it, though the v~ l u e of il* is relative ly high
com pared wi th the co lour optimised at l300nC in 4.2 (L*il *b*=28/ 0,8 / -2).
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The measurements of the lattice parameters indicate a gradual increase in unit cell
as is to be expected of a clear substitu tion of a small ion such as nickel (lI) by m agnesium.

x XRD CIEL*a*b* CIEL*a*b* A(A)
l2()()OC/6h Powder Glazed

0.0 T(480 ) 37.3/0. 1/-02 28.2 /1.7/1.3 8.309 + 0.005
0.2 T( 450) 37.5/0 ,7/0,4 28.5 /2.}/1,9 8.316 ± 0.003
0,4 T(380 ) 38.5/1 ,5/ 1.1 29.0/2.6/1 .7 8.327 + 0.002
0.6 T(410 ) 38.6/3,1/2,4 29.0 /3.5/2,4 8.333 ± 0.002
0.8 T(450) 39.2/3,2/1 .7 29.8/4.312.7 8.347 + 0.002
1.0 T(400 ) 40 .6/6,1/3 .7 31.4/7.0/4,4 8.350 + 0.004

Tttrevorire NIFe10J. In brack ets peak mtensuy, In cps. of the greatest relative mtensity
observed of the phase.

4.3 O PT IM ISATIOi\J OF THE MAXIMUM QUANTITY OF MAGNESIUM AND Z INC THAT C AN

SUBSTITUTE i\JIC KEL W ITHOUT REDUCI N G COLOURIi\JG STRENGTH

In view of the substitu tion of 20% nickel by magnesium, to re inforce the absorp­
tion of long wavelengths it was attemp ted to substit u te nickel by sto ichiometric p ro­
portions of magnesiu m and zinc to d ecrease th e brownin g of the sam p les (a"). Given the
size of Zn( II) (0.89 A radius of Shannon an d Prewit) [9], its foreseeabl e ent rv in the octa­
hedral position (Zn' -(d lO

) does not provide a stabilis ation of th e crys talli ne field), it
expands its co-ordinatio n sphe re causing the network to shrink, and th erefore sh rinking
th at of its adversarv nickel (II), whose crvsta l field stabilisa tion will d ecrease and th ere­
fore, w ill ab sorb larger wavelengths, rein forcing the absorp tion of red and avoid ing the
browning of the sa m ples [lU I .

For th is, ceramic compositions (Fel_"Mg,Zn) (Fe" Nil_"Cr)O, were prepared. The
samp les presented a single phase at 1200°C / 6 h except for cer tai n peaks of neglig ible
in tensity that are assigne d w ith di fficulty to a so lid solu tion of iron-ch romium hematite,
also used as a black colo urant for in-mass colouring of porcela in tile. Table III detail s the
results of its characterisation: the entry of the relati vely large zinc(II) and magnesium(lI)
replacing carcinogen ic nicke l is observed to increase cell size and the di fference in colo ur
is less than unity for x=O.l (0.4) and for x=0.15 (0.7). It is therefore possible to p rod uce
similar black colours by subs tituting 30% of th e nickel in the formu lation (15% magne­
sium and 15% zinc).

x XRD CIEL*a*b* CIEL*a*b*
a(A)

1200°C/6h Powder Glazed
0.0 T(275)C(20) 39.9/0.3/0 ,6 28.7/1.6/ 1.1 8.310 ± 0.004
0.1 T(220)C(1 5) 39.6/0 ,9/0,9 28,9 /1.9/1 .0 8.3 13 + 0.004

0.15 T (22 )C OO) 39. /1,2/1.0 29.2/2 .111 ,1 8.319 ± 0.003
0.2 T(225) 39.2/1 .8/ 1.4 29.2/2.8/1 .7 8.322 ± 0.003

T(trevon te NiFe20J . In brackets peak mtensity, In cps. of the greatest relative mten sity
observed of the phase.

Table III. Characterisation of sall/plt>s (Fel .j \1g,Z Il) (Fc: "'\_!yCr)O~ of4 .3.
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H IN TRO DUCI NG ALUM IN IUM TO REPLAC E IRO N IN THE FOREGOIN G O PTI:VIISED
CO MPOSITIO N

ln order to try and impro ve component a* of the co lou r (around 2 in the previous
optim ised fo rm ula tions com pa red w ith 1 in the com me rcial p igment), samples were pre­
pa red by d opi ng the composition optimi sed in 4.3 acco rd ing to the scheme (Feo"!,,lgo.

1Z
nu,)

(Fell.,N i(l",C r",AI)O,.

Tab le IV details the resu lts fou nd w ith these sa m p les. Colour is not observed to
im p rove, res id ual hemat ite a lw ays ap pears d oped w ith chrom iu m in the samples and the
ce ll parame ter does not alt er with x. Thi s ind icat es that the so lid so lu tion has not been p ro­
duced an d alum iniu m has not en tered into the ne tw ork.

-y- ' XRD CIEL*a*b* CIEL*a*b*
alA)

1200°C/6h Powder Glazed
0,0 T(2101050 1 39.9/0.9/07 29.3!1.9!·(U 83 19 + 0 003

0,02 T(260)0 151 40.0/0.8/0.7 29.0/1 .7/·0 . 1 83 22 '" 0.004
0,05 T(20510 101 40.2/0.8/0.8 29.1/2.010.5 83 19 '" 0.(x)3

O.D75 T(235)C(151 39.8/0.9/0.7 29.2/2.1/0.6 83 18 ", 0 003
0.1 T( 195IC(151 39.8/0.8/0.6 28.'i / I.7/0.3 8.317 '" 0.003
0.2 T(190 IC( I01 40, 1/ 1.0/0.8 28.8/ I.WO.5 8.315 '" 0.004

.'I ttrc voritc :'\l Fe~OJ. In brackets peak Intensity. In cps. of the greatest rel ative intensity
observed of the phase.

5. Fe(CoFe)O, COBALT BLACKS

In accordance with the litera tu re, b lack sp ine l pigments ca n be developed w ithou t
nickel in the formulat ion, though thi s appro ach is not adop ted in the curren t com mercia l
pigment s stud ied , pe rha ps owin g to lack of incentives fo r diminish ing the haza rds of
mate ria ls and p rod ucts.

The hea lth-focused o ptim isa tion of the pigment wa s designed w ith a cobalt fe rr ite
base, an inve rse sp ine l given the Co ' -(d ' ) octahed ra l crys ta lline field stabilisa tio n, in the
follow ing s teps. (a ) o p timisa tion of the maxim um quantity of cobalt replaceable by inert
magn esium, (b) o ptimisa tion of the mi nimum qu antity of chrom ium in octahed ra l posi­
tion in the optim um prod uct w ith magnesium, (c) optimisa tion of the maxim um qu antity
of ine rt a lum inium in so lid so lu tion substitu ting iro n in the optim u m product by magne­
siu m, (d ) op tim isa tion of the composition w ith the minimu m chromiu m needed in the
com position o ptimised with ma gn esium and alum inium.

5,1 OPTIM ISATIO N O F TH E :VIAXIlvIUM QUANTITY OF COBALT REPLACEA BLE BY IN ERT
MA GN ESIUM

Com positions were prepared formally subs titu ting cobalt by magnesium, w hich
due to the we ll-known crvsta l field stabilisa tion effect in vo lves a subs titu tion mech an ism
ind ica ted by (Fe ,,)vlg)(Co,J e ,.J O,. The calcina tion s tud ies ind ica te th at a t i ooo-c / sr , the
samples x<O.5 ex hibit sp inel as single phase, bu t w ith more magnesium, MgO periclase
and Fe,O, hemat ite remain non-reacted; on recalcin ing these a t 1200"C / 6h, all the sam p les
exhibit a fu lly developed spinel phase, ind ica ting a com ple te solid solu tion of magnesium
in the ne twork.
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Table V details the results of the characterisations of the samples. It can be obse rved
that sample x=O.5 (L*a*b* = 29,8 / -0,6 / -0,1) has colour levels that exceed bo th the optimi­
sed commercial composition (33/ 1,0 / 0,0) and x=O (28,1/0,0 / -2,7) with va lues il=3.2: the
sam ple wo uld be a more int en se black tha n the commercial product and less blu ish than
x=Owitho ut ma gnesi u m. The cell shrinks with the substitu tion that obeys a classic Vegard
law of substitu tion by size .

x XRD CIEL*a*b* a(A)
l 2()()OC/6h Glazed

0.0 F(360) 28.1/0 .0/-2.7 8.3820 : 0.0005
0.2 F(380) 28.5/-0.2/- 1.8 8.380 I : 0.0007
0.5 F(370) 29.8/-0.6/-0.1 8.3757 · 0.0004
0.7 F(4 15) 31.2/-0.3/ 1.8 8.3738 : 0.0005
0.9 F(333)H(35) brown 8.3702 : 0.0003
1.0 F(200)H(90) brown 8.375: 0.001

Ftspinel phase x=OCoFe,O, and x= 1 MgFe,o)H(hemallte). In brackets peak Intensity.
in cps. of the greatest relative intensity observed of the phase.

Table v Characterisation of ~alllples (FC'OlMg) (Co:_fe; .)O~ of 5.1.

5.2 OPTIMISATION OF THE MINIMUM QUA NTITY OF CHROMIUM IN OCTAHEDRAL
POSITIO N IN THE OPTIMUM COMPOSITIONS WITH ~IAGNESIUM

With a view to adjusting reac tiv ity samples we re prepared calc ined directly at
1200nC of the se ries (Mg".,Feu) (Cr,Co".,Fel.")O,. Table VI lists th e cha rac terisations of the
series, showing that sample x=O presents non-reacted periclase as was to be expected, on
no t having been precalcined at 1000nC as in the se ries d iscussed in 5.1. The en try of chro­
mium in the composition raises the reactivi ty of the system an d ad d itions exceeding x=O.1
do no t improve the colour developed .

x XRD CIEL*a*b* alA)
12()()OC/6h Glazed

0.0 F(345)MgO(20) 38.5/-0.1/0.0 8.3792 : 0.0004
0.1 F(380) 32,0/1,010,9 8.3755 ± 0.llIH12
0.2 F(370) 32.1/ l.l /0.9 8.3377 : 0.0003
0.5 F(4 15) 32.6/1.1 /-0 1 8.3745 e 0.0008

Ftspincl phase MgFe,o). In brackets peak mtensrty, m cps. of the greatest relative
intensity observed of the phase.

Table VI. Cuomctcrisotion of ~amplt'S UI..fg".le,.)(Cr.Co,;..feL5)O~ of 5.2.

Figu re 3 shows the microstructure of the sa mple with chromium and with x=0.2. In
the sam ple without chromium, par ticulate appears of 1-2 urn mean size with irregular sha­
pes, as well as agglomerates and some times sintered particles. The EDX stu dy by mapping
indicates that cation distribution is non-uniform in the sample: some particles are richer in
coba lt and othe rs in magnesium. On introducing chromium into the composition, the
microstructure exhibits smaller size par ticles (I urn), with a smaller degree of agglomeration
and wi tho ut forming sintered materials (Fig. 3 x=0.2); moreover particles appear homoge­
neous without cation deaggregation when stu died by ma pping. Ch romiu m the refo re appe­
ars to have an important effect on reactivity and microstructure. However, add itions excee­
d ing x=O, l fail to enhance the coloration and the microstructural appeara nce is similar. On
comparing sample x=O.1 (32/ 1,0 /0,9) with the comme rcial compositions (33/1,0 / 0,0) it
exhibits il=l ,4 being slightly more intense thou gh with slight yellowing.
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Figu re 3. ,\1icrogmpll (~f ~l1 l11pJ(' x=0 .2 l1 /ld x=().

3.3 O I'T ll'vIlSATIO :-J OF THE MAXIMUM QUA NTITY O F I:-J ERT A LUMI:-J IU:VI IN SO LID
SO LUTIO :-J 10: THE O PTIM ISED CO M POSITI0 0: WITH :VIAG NESI UM

In order to stud y the effect of the en try in the octahed ra l po sit ion of al uminium, the
se ries (Mg""Fe,,)(AI,CoO.5FeuJO, was stu d ied , whic h en ta ils a clea r substitu tion of iron by
the sma ll AI' -. The network relaxi ng effe ct ca used by the en try of a lu mi niu m means a bet ­
ter interact ion of the ligand field w ith regard to its ad versaries Co" and Fe" , w ith the
ens ui ng rise in stabilisa tion en ergy of the crys ta lline field and d ecrease in the absorp tio n
wavelengths , with a shi ft toward blu e (b* negat ive cance lling the previous ye llow ing).

Tab le VII g ives the cha rac terisation dat a of these samples. In th is case, on ca lcin ing
at l200"C the sa mples show the presence of residual pe riclase in x=O; sam p les x=O. l and
0.2 have a sing le phase and x=O.5 con tains the iron alu mina te spinel together w ith the
soli d so lut ion spinel phase. The colorimetr ic resu lts ind icate an important drop in co lou r
intens ity co mpared w ith the sam ples with ch rom ium in the fo regoing sec tion, but in co n­
trast present the so ugh t sh ift to blue (b*=-1).

x XRD CIEL*a*b*
1200°C/6h Glazed

0.0 F(345)l\l oOC O) 38.5/-0 .1/0 .0
0. 1 F(280 ) 33.5/-0 . 1/-0.5
0.2 F(275) 34,9/-0,4/- 1,0
0.5 F(210 )FeA I:,O I(-l.O) 34.91-0.4/- 1.3

Fisp incl phase Mgf e.O}. In bra ckets peak mtcnsuy, In cps. 01the greates t relative
intensity observed of the phase.

3 .4 O I'T IM ISAT IO:-J O F THE CO:VIPOS ITJO N WIT I I TH E M IN I:vI U;-" I C H RO M IUM REQ UI RED
IN THE CO M POSITIO N O PTIlvIJSED W ITH t\IAGNESIU:VI AN D A LUM IN IUM

Though the en try of a lu miniu m avo ids a ce rta in ye llow ing of the co lour, strength
d ecrea ses. To combine bo th effects com pos ition x=O. 2 w ith a lu miniu m in sec tion 5 .3 was
sel ected , a nd sam p les were p repared in troducin g ch ro m iu m in th e series
(Mg".,fe",)(AI".,Co".,Fe u _,Cr,l O" effec tively subs titu ting iron by chro miu m in the octahe­
d ra l pos ition.
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Table VIII se ts out the characterisation data of the samples. Calcination at 1200"C / 6h
repeats the previous resu lts and in all the samples onl y the sp inel phase is detected . From
a colorimetric viewpoin t, sample x=0.06 increases in 3 points the int ensity of the sam ple
witho u t ch romium and now the value b' is on ly 0.1. Comparing this sample
(Va' b' =30,0 /0,7 /0,I) with the optimised comme rcial composition (33,0 /1 ,0 /0,0) clearly
dem onstra tes obtainment of a very similar, stronger colour with a difference of £\=3
owing to the increase in intensity.

x XRD CIEL*a*b*
l200°C/6h Glazed

0.0 F(200l 33.0/-{).S/-1.9
0.06 F(270) 30 .0/0,7/0.1
0 .10 FO SOl 29.5/0.9/0 .3
0 .14 F(2 1Ol 30 .0/1.0/0 .2

F(spinel phase :-O-l gFe,Dl. In brackets peak mtensuy, in cps . of the greatest re lative
intensity observed of the phase.

Table VIII. Chamctcrieation of sampks (A·1gi...;Fco.5)(Alu.2Co~"Jeu_ .Cr)04 of 5.4.

6. CONCLUSIONS

The resu lts of the study allow drawing the following conclusions:

(a) In the commercial black pigments with a sp inel structu re, it is common to find a
broad ranging formulation with the presence of Ni" ,Co' ·,Cr' -,Fe3-,Mn' -. In this list, Ni is
considered a heavy metal according to European regulations (Commission Decision
2000 / 532/ CE of 16-1-2001), confirmed carcinogen in human beings in its insolub le
compo nents (level A1 on the ACGlH scale with TWA of 0.2 mg / Nm3 as Ni in labour
env ironments), in its inorganic form s cobalt is carcinogenic in an imals though this is not
p robable in human beings (level A3 on the ACGIH scale with n VA of 0.02 mg / Nm3 as Co
in labour env ironments). Chromium is a confirmed carcinogen in human beings as a
chroma te or Cr(VI) (level A1 on the ACGIH scale with nVA of 0. mg /Nm' in labo ur
environments), but this form is unusual in ceramics where it is fou nd and hand led as
Cr( III) (classified as A4, which ind icates that data have not shown carcinogeneity in
human be ings or anima ls, and with TWA of 0.5 mg / 1m3 as Cr in labour environments
wit h inorganic forms). Manganese (TWA of 0.2 mg / Nm3 as Mn in labour environments
wit h inorganic forms) and iron (TWA of 1 mg / Nm3 as Fe in labour environments with
so luble forms) present few eco-toxicological p roblems [~3] .

(b) The black commercial pigments ana lysed exhibit a simila r p igm enting strength
with 5r" addi tions to a conventiona l monoporosa frit and CIEVa'b' va lues aro und
33,0/ 1,0 / 0,0.

(c) The lack of incen tives for decreasing cations with greater occupa tiona l and
environmenta l hazards leads ceramic colour producers to avoid add ress ing the issue of
red ucing these agen ts in their formulations in a deci sive fashion . The new regulat ions on
occupa tiona l hea th (Law 35/ 1995 or labour risks), and on waste prevention (RD 952 / 1997
on hazardous wastes), sho uld introduce this type of practices for reducing hazardous
age nts in pigmen t factori es.

(d ) This red uction is possible and has been dem onstrated in the case of black colouring
spinels.
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(e) It is possible to produce a base spinel Fe(NiFe)O, decreasing 30% of the nickel,
substitut ing this by inert magnesium and zinc (Fen,;-,vlgo,,,Zno,) (Fe",Ni",Cr)O" However,
it is necessary to keep high p roportions of ch romium in the formulati on. The CIEL*a*b*
colorimetric values lie around 29,2/2,1/ L l with improved intensity compared with the
commerci al products stu di ed, thou gh exh ibiting more browned hues .

(0 It is possible to produce a sp inel free of nickel in the system Fe(CoFe)O" and
d ecrease the quantity of cobalt in the formulati on by 50% on replacing th is by inert
magnesiu m. Furthermore, chromiu m only needs to be introd uced in 0,06 mol/formula by
weight accord ing to the com position (Ylg""Fe",)(AI",Co".,Fe L" Cr",nJO,. With a 57rJad d ition,
th is pigment prod uces a CIEL*a*b*colour in the glassy monoporosa matrix of 30 / 0,7 / 0,1,
wh ich improves on the inten sity of the commercial colouran ts analysed .

Ack no wled geme nts: the authors exp ress their grateiu lness to the CICYT for fu nd ing
the work (project MAT98-0392)
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