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CAN THE RIETVELD METHOD BE SUCCESSFULLY APPLIED TO THE SEVERELY
SUPERIMPOSED DIFFRACTION PATTERNS OF TECHNICAL PRODUCTS

CONTAINING SEVEN SOLID SOLUTIONS AND A STOICHIOMETRIC PHASE?
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Many coun tries re quire the re moval of phos pho rus from
wastewater be fore dis charge to the am bi ent en vi ron ment
and the de vel op ment of tech nol o gies for the re use of the re -
cov ered phos pho rus [1]. By do ing this, lo cal rivers and
lakes are pro tected from eutrophication (phos pho rus pol lu -
tion), and the world’s lim ited re sources of min eral phos -
pho rus, which are es ti mated to be ex hausted in about 250
years, can be used more eco nom i cally. Al though phos pho -
rus re cov ery from sew age sludge is al ready prac tised on a
larger scale, the economi-cal and eco log i cally sen si ble re -
use of mil lions of tons p.a. of re cov ered phos phates is still
be ing de bated. The prin ci pal ob sta cle for the re use of ashes
from sew age sludge in cin er a tion as phos phate fer til izer in
ag ri cul ture is their high con tent of eco log i cally harm ful
heavy met als, such as Zn, Cu, Cd, Hg, which ex ceeds the

le gal lim its con sid er ably. A new techno-logy [2] is be ing
de vel oped at the BAM that re duces the con tent of eco log i -
cally harm ful heavy met als in ashes from sew age sludge in -
cin er a tion to a value, or ders of mag ni tude be low to day’s
le gal lim its. Ashes from sew age sludge in cin er a tion treated 
with this tech nol ogy can be used as eco log i cally de sir able,
high-qual ity fer til iz ers. In ad di tion, this treat ment in creases 
the bioavailability of the phos pho rus con tent from a low
orig i nal value of 50 to 100%, thus re sult ing in cost ef fec -
tive ness, an es sen tial ad van tage of the tech nol ogy. The
new tech nol ogy has been de vel oped on chem i cal in tu ition
and de cades of ex pe ri ence. A de tailed ex pla na tion of the
phase trans for ma tion pro cesses ac com pa ny ing this
thermochemical treat ment of ashes from sew age sludge in -
cin er a tion is the aim of this paper. 
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Fig. 1. Ob served (dot ted line) and cal cu lated (solid line) dif frac tion pat tern, dif fer ence curve and agree ment in di ces
(small box) for one type of ashes from sew age sludge incinera-tion af ter be ing pro cessed by the thermochemical treat -
ment de vel oped at the BAM (phase com po si tion:  seven solid so lu tions and a stoichiometric phase)



Ó Krystalografická spoleènost

A3 - Phase Analysis       41

Ashes from sew age sludge in cin er a tion are non -
equilibrium mix tures of a large num ber of interdispersed
crys tal lo graphic phases. This com pli cates the ap pli ca bil ity
and the signifi-cance of re sults of many mi cro scop i cal,
spec tro scopic, thermoanalytical and the o ret i cal meth ods.
There fore, X-ray pow der dif frac tion (XRPD) is the method 
of choice for study ing i) the phase com po si tion of ashes
from sew age sludge in cin er a tion and ii) the solid-state re -
ac tions oc cur ring dur ing thermochemical treat ment. Of
course, the pres ence of a large num ber of solid so lu tion
phases in these ma te ri als also pres ents an ex cep tional chal -
lenge to the XRPD method, and qual i ta tive (and
semi-quan ti ta tive) phase anal y ses are not straight-for ward.
In stead, any so lu tion found with the help of crys tal lo -
graphic data banks and search/match rou tines has to be re -
garded as a pro posal only and must be val i dated. As there
is no in de pend ent an a lyt i cal method for the con fir ma tion of 
the phase anal y sis of ashes from sew age sludge in cin er a -
tion and for the struc ture re fine ment of some of their con -
stit u ents, pro ce dures that can test the in ter nal con sis tency
of the XRPD re sults gain spe cial sig nif i cance here. The
pro ce dure serv ing this pur pose best is the Rietveld method, 
es pe cially if the pro files of the dif frac tion lines are de -
scribed by the fun da men tal pa ram e ter ap proach. This
method en ables the fit ting of the dif frac tion pat tern cal cu -
lated from the ap prox i mately de ter mined phase com po si -
tion of the sam ple to the ex per i men tally ob served

dif frac tion pat tern within a large 2q range. Thus, the re li -
abil ity of the phase anal y sis re sults can be checked for in -
ter nal con sis tency and the best al ter na tive pro posal
se lected. In do ing so, the Rietveld method should by no
means be used as a black-box method. In stead it is man da -
tory to con sider the of ten ig nored me thod i cal prob lems of
the Rietveld method, see for in stance [3] and ref er ences
therein, as well as the chem i cal and min er al og i cal spe cif ics
of the sam ples un der investiga-tion. Mak ing use of min er -
al og i cally well-founded re straints for the lat tice pa ram e ters 
and the site oc cu pancy fac tors of the multi-di men sional

solid-so lu tion se ries is of ten help ful, and some times even
nec es sary. Be sides this, in the pres ent work, wher ever pos -
si ble, par tial re sults of the Rietveld anal y ses were checked
by the ad di tional anal y ses of tai lor-made model sam ples
with simpli-fied chem i cal and phase com po si tions. A close
col lab o ra tion be tween the spe cial ist for the Rietveld
method and the chem ist syn the sis ing the model sam ples
was one of the key-fac tors for the successful completion of
this challenging analytical task.

The sub ject of this in ves ti ga tion was ashes from sew age 
sludge in cin er a tion from sev eral mu nic i pal wastewater
treat ment plants, each of which used a dif fer ent pre cip i ta -
tion pro cess. These ashes were char ac ter ized both in their
orig i nal state and af ter thermochemical treat ment ac cord -
ing to the tech nol ogy de vel oped at the BAM [2]. The dif -
frac tion pat terns of these ashes were col lected and ana lysed 
by the Rietveld method. Ex cel lent agree ment be tween the
cal cu lated and the ob served dif frac tion pat terns was
achieved for all in ves ti gated sam ples, see Fig. 1. The re -
sults pro duced in this phase-an a lyt i cal in ves ti ga tion pro -
vide an ex pla na tion for the re peat edly re ported ob ser va tion 
[4] that the bioavailability of phos pho rus de te ri o rates with
the pres ence of iron ions. At the same time, the so lu tion to
this rel e vant prob lem be came ob vi ous.

In sum mary, the ti tle ques tion of this pa per can be an -
swered with ‘Yes’. 

1.   http://www.nhm.ac.nk/min er al ogy/phos/   (Nat u ral His tory
Mu seum, Lon don).

2.   Köcher, P., Kley, G., Brenneis, R. ‘Method for the sep a ra -
tion of eco log i cally harm ful heavy met als from ashes from
sew age sludge in cin er a tion’, Ger man pat ent 102 43 840.4; 
ac cepted 30.01.2004.

3.   Peplinski, B., Kleeberg, R., Bergmann, J. (2004) Ma te ri als
Sci ence Fo rum 443-444, 45-50.

4.   Römer, W., Samir I.S. (2002) J. Plant Nutr. Soil Sci. 165, 
83-91.
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With mod ern ro botic sys tems and data col lec tion meth ods,
it is quite pos si ble to mea sure 1000 pow der dif frac tion pat -
terns in a few days, and such vol umes of data are be com ing
com mon place in phar ma ceu ti cal lab o ra to ries where the
search for poly morphs and salts is of great im por tance. The
prob lem arises as to what to do with such vol umes of data;
in par tic u lar how it can be mean ing fully ana lysed, and how
it can be grouped into classes when there is no ref er ence
da ta base of pure phases? We have de vel oped two com puter 
pro grams to ad dress these is sues [1, 2] that use sta tis ti cal

tech niques of multivariate anal y sis and clas si fi ca tion to
solve these prob lems. The for mal ism works as fol lows:

1.Full pro file data are op tion ally pre-pro cessed with
back ground re moval, smooth ing via wave lets, and peak
search ing.

2.Each of the n pat terns is cor re lated with ev ery other
pat tern us ing the Pearson and Spearman co ef fi cients to

gen er ate an (n´ n) cor re la tion ma trix.
3.This is used to gen er ate a dis tance ma trix which acts

as a source of clas si fi ca tion to gen er ate dendrograms, mul -

mailto:gbarr@chem.gla.ac.uk
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ti di men sional met ric scal ing, sil hou ettes, fuzzy clus ters
and min i mum span ning trees; these are tools that can par ti -
tion the data into clus ters of re lated pat terns. A typ i cal
dendrogram is show in Fig ure 1.

Here we have par ti tioned 21 pat terns into 6 clus ters
con tain ing be tween 1 and 4 pat terns. You can also rep re -
sent the data in three di men sions us ing mul ti di men sional
met ric scal ing (Fig ure 2). Ev ery sphere rep re sents a pow -
der pat tern.

Sev eral other visu ali sa tion tools can also be uti lised.
Ad di tion ally, in the pres ence of a da ta base of pure phases

quan ti ta tive anal y sis of mix ture pat terns may be car ried out 
us ing the full dif frac tion pat tern and sin gu lar value de com -
po si tion-based anal y sis tech niques.

[1] Gilmore, C.J., Barr, G. & Pais ley, J. (2004). J. Appl. Cryst.
37, 231-242.

[2] Barr, G. Dong, W. & Gilmore, C.J., (2004). J. Appl. Cryst.
37, 243-252.
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There is a great in ter est in the Quan ti ta tive Phase Anal y sis
(QPA) of Or di nary Port land Ce ments (OPC) as their fi nal
per for mances de pend on the min er al og i cal com po si tion.
Rietveld anal y sis of Lab o ra tory X-ray Pow der Dif frac tion
(LXRPD) is the most pow er ful tech nique for ob tain ing
QPA. How ever, LXRPD data con tain sys tem atic er rors
such as strong pre ferred ori en ta tion, op ti cal ab er ra tions

which change with 2Q, microabsorption and strong peak
over lap ping of the dif fer ent phases. Fur ther more, the small

mean pen e tra tion depth (~ 25 mm for Cu Ka) may lead to
poor par ti cle sta tis tic.

High-Res o lu tion Syn chro tron X-ray Pow der Dif frac -
tion (HRSXRPD) over comes these draw backs. Ro tat ing
cap il lary ge om e try (trans mis sion) avoids pre ferred ori en ta -
tion. High en ergy X-rays mini mise microabsorption and a
large amount of sam ple is tested lead ing to good par ti cle
sta tis tic. High res o lu tion data min i mize the over lap ping
and par al lel syn chro tron X-rays ge om e try, with an analyser 
crys tal, do not show op ti cal ab er ra tions. Hence, we have
used HRSXRPD to get good QPA of com mer cial OPC [1]
and to show that ac cu rate Rietveld QPA for ce ments can be
ob tained [2].

Fig ure 1

Fig ure 2

Fig ure 1. Se lected re gion of HRSXRPD pat terns (l = 0.400 C)
with peaks la belled in ce ment jar gon. Bot tom: a se lected com mer -
cial white OPC; in ter me di ate: NIST-8848; top: a se lected com -
mer cial grey OPC clinker



Here, we will re port sev eral QPA of OPC by us ing
HRSXRPD. We will re port data for white Port land clink -
ers, grey Port land clink ers and ref er ence NIST 8488
clinker. The di rect ev i dence of the co-ex is tence of two alite
phases in some pat terns is high lighted. The alite phase(s)
crys tal lise in the monoclinic MIII su per struc ture. The Fig -
ure shows a se lected white OPC with a sin gle alite (bot tom) 
and a se lected grey OPC clinker with two alites (top). The
ref er ence NIST 8488 clinker (in ter me di ate) has also been
ana lysed and it has two dif fer ent alites. Fur ther more,

a-Al2O3 has been added to de ter mine the non-dif fract ing
con tents of the stud ied sam ples. Full QPA of several OPC
and the rel e vance of these re sults for the LXRPD anal y ses
will be dis cussed. We will show the dif fer ences in the QPA

of some ce ments with two alites by us ing me dium res o lu -

tion CuKa1,2 lab o ra tory data and high-res o lu tion strictly

mono chro matic CuKa1 lab o ra tory X-ray pow der dif frac -
tion data.

[1] A.G. de la Torre, A. Cabeza, A. Calvente, S. Bruque,
M.A.G. Aran da “Full Phase Anal y sis of Port land Clinker
by Pen e trat ing Syn chro tron X-rays” An a lyt i cal Chem is try
73, 151 (2001).

[2] A.G. de la Torre and M.A.G. Aran da “Ac cu racy in
Rietveld Quan ti ta tive Phase Anal y sis of Port land Ce ments”
Jour nal of Ap plied Crys tal log ra phy 36, 1169 (2003).
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Anal y sis of sam ples smaller than 1 mm has al ways been a
prob lem for pow der diffractometry. X-ray pow der
microdiffraction is a new lab o ra tory tech nique, ex tremely
quickly de vel op ing in last three years, and be com ing avail -
able mainly due to hard ware de vel op ment of con ven tional
pow der diffractometers. Com mon X-ray tube and
monocapillary pro duc ing a quasiparallel beam com bined
with a sen si tive/fast solid-state de tec tor en able di rect phase 
anal y sis from 0.1 mm spots us ing a tra di tional
diffractometer in less than 1 day. It is pos si ble to ana lyse a
se lected place on a solid sam ple with ir reg u lar shape.

The microdiffraction was ap plied to anal y ses of col our
lay ers of art works, e.g. can vas and wall paint ing and
polychromy on wood. Ma te ri als re search of col our lay ers
helps to date artworks and iden tify re paints, to study paint -
ing tech niques of dif fer ent au thors and his tor i cal pe ri ods.
Pow der dif frac tion is ex tremely well suited to dis tin guish
in or ganic pig ments of dif fer ent nat u ral prov e nance and to
re veal sec ond ary min er al iza tion de te ri o rat ing artworks. 

The frag ments with char ac ter is tic di men sions 1x1x0.2
mm were ex am ined by a com bi na tion of SEM/EDX and
op ti cal mi cros copy (fig. 1). Microdiffraction was used to
con firm the pres ence of min eral pig ments as sumed in di -
rectly on the base of their el e men tal com po si tion, to iden -
tify the min er als in earthy pig ments and, in the case of wall
paint ings, to de scribe the phase com po si tion of sec ond ary
salt efflorescences. 

In the case of polychrome fu neral in sig nias from the
Prague cas tle tombs, the microdiffraction was able to di -
rectly iden tify the struc tural forms and a method of
mediaeval prep a ra tion of two dif fer ent lead-tin yel lows
used to paint the royal crown of Charles IV. (Fig. 2). In the
first frag ment, the lead-tin yel low of type I (Pb2SnO4) was
iden ti fied. In the sec ond frag ment, SEM/EDX in di cated an

ex cess of tin and the pres ence of sil i con, which is typ i cal
for the lead-tin yel low of type II, i.e. type I recrystallized in
the flux with SiO2. How ever, type II was not con firmed by
pow der X-ray microdiffraction, the ex cess Sn was found as 
cas sit er ite and Si as quartz.

In the case of Re nais sance wall paint ings from Malta,
the microdiffraction was able to dis tin guish among dif fer -
ent crys tal line salts built by com mon el e ments (Ca, Mg, K,
S, O, N, H) and to in di cate those formed as a re sult of pre vi -
ous res to ra tion of the paint ing. (Fig. 3). 

Based on microdiffraction mea sure ments, bole grounds 
of Ba roque paint ings were dis tin guished ac cord ing to their

min er al ogy: kaolinite, illite, smectites, he ma tite (a-Fe2O3), 

goethite (a-FeOOH), and jarosite (ba sic fer ric sul phate)
were found as a re sult of dif fer ent nat u ral gen e sis and fur -
ther treat ment of earthy pig ments used. 
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Fig ure 1: Op ti cal mi cro pho to graph of frag ment of Fu neral
Crown of Charles IV.
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Fig ure 2: Diffractogram of frag ment of Fu neral Crown of Charles IV.

Fig ure 3: Diffractogram of frag ment of Re nais sance wall paint ing from Malta. 


