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Preface

The aim of this study is the detailed description of the processes occurring during brick

burning upon addition of selected heavy metal compounds to the raw clay material. Brick

manufacturers test the feasibility ofheavy metal contaminated wastes (e.g. sewage sludges,

incineration ashes, etc.) with regard to the properties of a technical product. The

immobilization of heavy metals in general is tested by leaching experiments as described in

DEV 84 (DIN 38414).

We were interested in the crystal-chemical processes concerning the heavy metal

incorporation. The detailed knowledge ofthe reactions in which heavy metals are involved or

which are triggered by heavy metals yields a basis for the judgement ofthe product's stability.

The determination of mineral phases incorporating heavy metal ions concedes the judgement

of the stability of fixation.

The next chapter, the Introduction, ofthis PhD thesis gives an overview ofprevious studies.

The following part, the Experimental and analyses, describes syntheses, experiments, and

analyses performed. In the third chapter, Publications, the manuscripts are presented. At the

moment, two ofthem are published: "Crystallization ofcristobalite and tridymite in the

presence ofvanadium" and "Phase reactions in the brickjiring process ofV doped clay", both

in the European Journal ofMineralogy. "Phase reactions in the brickjiring process 0/clay in

the presence ofCr, Cu, and Pb" and "Incorporation and leaching ofheavy metals in clay

annealed with Pb, Cu, and J!1' are submitted. In part fOUf ofthis study, Conclusion, a survey

and interpretation of the results are given.
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Part I

Part I Introduction

Introduction

The utilization of heavy metal contaminated wastes based on thermal treatment is discussed

by several authors (e.g. Rosenwinkel, 1998). The products are mainly used as construction

materials like clay pipes, bricks, or granules. In this study, we focussed on bricks and

especially on the crystal-chemical processes occurring during brick burning. In comparison

with experiments perfOlmed with natural clay, the mineral reactions and formations yield

informations on the influence ofheavy metals on the brick buming process.

Natural clay consists of clay minerals, quartz, feldspars, and accessory minerals. The

individual compositions of clays, especially the type of clay minerals and their concentrations,

vary significantly. Obviously, the brick buming process and its products depend on the

composition of the raw material.

Salmang and Scholze (1983) describe the mineralizations ofnatural clay upon thermal

treatment. Generally, clay minerals are decomposed in rather low temperature regions. The

clay investigated in this study contained kaolinite and illite. Kaolinite at room temperature is a

layer clay mineral with the chemical composition AhSi20S(OHk Two sheets, a tetrahedral

sheet consisting of Si04 groups and an octahedral (Al02(OH)4) sheet are linked together. The

symmetry is triclinie with space group C 1 and unit cell parameters a = 5.1554 A,

b = 8.9448 A, c = 7.4048 A, a = 91.7°, ß= 104.862°, y= 89.822° (Bish & Von Dreele, 1989).

No structure model is available so far for illite. Zöller (1994) investigated illite using electron

diffraction and described a close relationship of the illite structure and the muscovite

structure. In this study, illite is described in the symmetry ofmuscovite in the monoclinie

space group C 2/c and cell parameters a = 5.1988 A, b = 9.0266 A, c = 20.1058 A, ß=

95.782° as given by Richardson & Richardson (1982).
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Part I Introduction

At temperatures up to 6000 C water is separated from the clay minerals, especially kaolinite.

Kaolinite transforms to mullite upon further heating. Mullite (AI4+2xSi2-2xOlO-x, 0.25 ~ x ~ 004)

is an important component of ceramics. The transformation occurs in several steps: firstly,

dehydroxylation between 5000 and 6000 C yields metakaolinite. The nature of metakaolinite

has been uncertain over a long time as it gives no distinct X-ray pattern. Brindley & Nakahira

(1959) postulated that the Si-O network ofkaolinite is retained essentially unchanged in

metakaolinite. Gualtieri & Bellotto (1998) also describe a relatively uncollapsed framework

with strong relations to the parent kaolinite. During the dehydroxylation process they

observed a change in the coordination of Al cations from 6 (in kaolinite) to 4. One out of 8

OH is preserved in the metakaolinite structure. The remaining -OH groups are removed in the

temperature range up to 9500 C. After complete dehydroxylation, a new phase is observed: its

symmetry is cubic and it is often described as a spinel-type (Brindley & Nakahira, 1959). It

serves as precursor of mullitization: further heating forms mullite in the range between 11000

and 1400° C (Brindley & Nakahira, 1959). According to the reaction scheme:

3 Ab(Si20s)(OH)4 ~ 3 Ab03 . 2Si02 + 4 Si02 + 6 H20.

silica is released simultaneously. In this temperature range silica crystallizes as cristobalite.

The presence of cristobalite in ceramics and bricks is not desirable. During the cooling

process, cristobalite undergoes a phase transition between 1800 and 270° C from the high-

temperature modification (ß) in space group Fd3m with unit cell parameter a = 7.12 A

(Wyckoff, 1925) to the metastable low-temperature modification (a.) in space group P4j2 j2

with a = 4.9709 A and c = 6.9278 A (Pluth et ai., 1985). This transformation is accompanied

by a significant decrease in the cell volume which causes cracks in the final product

(Schmahl, 1993).

The behavior of illite during brick buming processes depends on its variety in

chemical composition. Generally, decomposition of illite starts at about 8500 C, but illitic
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Part I lntroduction

compounds are detectable up to 10000 C (Kromer & SchülIer, 1974). Due to its complex

chemical composition, a wide variety of mineralizations based on illite is possible e.g.

hematite, corundum, feldspar, leucite, spineI etc. (Jasmund & Lagaly, 1993). The presence of

illite in raw clay material supports the formation of liquid phase during the annealing process

(Salmang & Scholze, 1983). It is important for further reactions and improves properties and

quality of the technical product.

Participation of quartz in reaction processes is expected at temperatures above 10000 C

(Salmang & Scholze, 1983).

Generally, the high temperature reactions are considered for immobilization ofheavy

metal ions upon thermal treatment. Both mullite and cristobalite are supposed to incorporate

foreign cations. Schneider (1990) describes the incorporation of transition metal ions in

mullite. It occurs as substitution either of Ae+ in AI06-octahedra or AI04-tetrahedra, or Si4+ in

Si04-tetrahedra. Additionally, incorporation is possible in structural channels and in structural

voids (Schneider, 1990). Mullites incorporating metal ions are characterized by significant

changes in their lattice constants. Cristobalite, on the other hand, does not only incorporate

foreign cations: its formation is influenced by the presence of cationic impurities (Flörke,

1955). The incorporation ofthese impurities is based on the substitution ofSi4+by ions of

lower valence, e.g. AI3+. For charge compensation, the incorporation of additional cations e.g.

Na+is necessary. These derivatives of silica structures are so-called "stuffed" derivatives of

silica (Buerger 1948, 1954). Stuffed cristobalite shows no phase transition upon cooling: the

cubic structure ofthe high-ß-form is stable even at room temperature (Perrotta et al., 1989).

The incorporation of foreign cations in the structure inhibits the phase transition and, in

consequence, the contraction of the structure (Saltzberg et al., 1992). Therefore, the presence

of stuffed cristobalite in ceramies may prevent fragmentation ofthe product during the

cooling process.
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Part I Introduction

Previous studies showed that heavy metal contaminated wastes like sewage sludge in

Japan can substitute clay as raw material for brick manufacturing (Rosenwinkel, 1998). The

final products satisfy the industrial standards and the physical properties of these bricks

permit the utilization as construction material. Beside sewage sludge other heavy metal

contaminated materials are suitable as additives in clay as wen. Some manufacturers use

incineration ashes, slags, contaminated soils (e.g. offormer foundry sites), or muds from

galvanizing, chemieal, and metal industries. The more constituents occur in these waste

mixtures, the more variations in the mineralizations during annealing processes are possible.

The determination ofheavy metal fixation is difficult in a multi-phase system with small

concentrations ofthe single phases. Margane (1992) described the thermal treatment of

contaminated soils up to 10000 C. He limited the determination ofthe mineral phases to the

main components. Enrichment of accessory components would have been required for

detailed investigation but it was not possible: due to the high density of the final products a

separation of several constituents is not practicable. In this study, we reduced the investigated

parameters by replacing the complex waste system by selected heavy metal compounds, like

oxides or chrornates which were added to the clay or the silica system. This way, the

enrichment of one component is independent of accompanying phases and less difficult to

monitor.
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Part 11 Experimental and analyses

Experimental and analyses

All brick burning experiments were performed with one kind of raw clay material which was

provided by Ziegelwerk Grehl, Humlangen. Several clays were analyzed and one was selected

which represented a common composition for brick manufacturing.

The day was ground by hand in an agate mortar. Great care was bestowed on this process as

clay minerals, e. g. kaolinite, are very sensitive to grinding. Krist6f et al. (1993) described

altered behavior of mechanically treated kaolinite during annealing processes.

The raw clay material was mixed with several heavy metal compounds (for detailed

description see Publications). First studies showed that a special oven and equipment is

necessary for the annealing experiments. In a usuallaboratory kiln the corundum furnishing is

contaminated by volatile heavy metal compounds. In this study, a tube furnace was used

instead. The corundum furnishing was protected by a silica glass tube. Silica glass boats

containing the reactants were positioned in the glass tube (see Part IIr: Publications: Phase

reactions in the brickfiring process ofV-doped clay, Fig. 2). The detailed reaction conditions

are discussed in the "Experimental" sections ofthe publications (Part IrI).

X-ray powder diffraction patterns were recorded of all sampies. The analysis ofpowder

diffraction patterns yields detailed information on the phase composition of a sampie.

Furthermore, quantitative analyses in multi-phase systems are possible. In this study, the

Rietveld method was used for refinement and quantification. For this purpose, XRD patterns

are simulated based on crystal structure data. These calculated patterns are refined and fitted

to measured data. However, determination and simulation of clay minerals remains difficult.

Disordered structures, mixed layers and a small particle size cause anisotropie peak

broadening in XRD patterns. These are difficult to fit even with excellent structure data. But,

7



Part Ir Experimental and analyses

furthermore, chemieal and crystal structure models of clay minerals are often insufficient.

Due to the great variety in chemical composition a standardized structure model cannot fit the

varying appearance of a clay mineral, e.g. illite, in powder diffraction patterns. However, the

refinements are sufficient for a semiquantitative description ofthe mineral composition in the

raw material, and, following the aim of these studies, for the interpretation of the reaction

sequences during heating.

Further data were obtained by chemical analyses using X-ray fluorescence spectroscopy

(XRF). Infrared (IR) and Nuclear Magnetic Resonance (NMR) spectroscopy yielded

informations on the incorporation of foreign cations in cristobalite. Analytical Transmission

Electron Microscopy (ATEM) was performed to investigate the incorporation of foreign

cations in mullite.

In completion of the experiments concerning the reaction sequence, leaching tests of the final

products were performed. Deviating from the DEV S4 norm we tested leaching behavior

under acidic, neutral, and alkaline pH conditions.
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Crystallization of cristobalite and tridymite in the presence of vanadium

Petra Brohns and Reinhard X. Fischer

Fachbereich Geowissenschaften der Universität, Klagenfurter Straße,

D-28359 Bremen, Germany

Abstract

The formation of cristobalite and tridymite compounds is described in the system Si02-V20S

M2C03 (M=Na,K). A number of syntheses was performed with various vanadium

concentrations at annealing temperatures between room temperature and 10000 C. The

crystallization of cristobalite occurs at much lower temperatures (about 8000 C) in the

presence ofvanadium than observed in the pure silica system which stays amorphous in this

temperature range. With increasing amounts ofvanadium, the crystallization of sodium or

potassium vanadates is observed along with the formation of cristobalite and tridymite. XRD,

IR, and NMR results indicate that cristobalite is formed by catalytic processes in presence of

vanadium without V-substitutions in its structure. Variations in the thermal behavior of

cristobalite are attributed to different states of crystallinity.
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Introduction

Preliminary investigations (Bruhns & Fischer, 1998) of brick stone buming processes from V

doped c1ay showed that the reaction paths differ significantly from the phase formations in

undoped c1ays. Crystallization of cristobalite and mullite is observed at 8000 C, far below

their ususal formation in brick stones. Under normal conditions cristobalite, the high form of

Si02, is stable between 14700 C and the melting point. It undergoes a phase transition in the

range between 1800 and 2700 C from the high-ß-form in space group Fd3m with unit cell

parameter a = 7.12 A (Wyckoff, 1925) to the metastable low-ex-form in space group P4 j 2j 2

with a = 4.9709 Aand c = 6.9278 Aat room temperature (Pluth et al., 1985). This ß~ex phase

transition is reversible and the exact temperature depends on the crystallinity ofthe sample

(Perrotta et al. 1989). Well crystallized cristobalites show higher transition temperatures than

poorly crystallized samples. Roy & Roy (1964) showed that additives in the synthesis of

cristobalite, as e.g. NaAlSi04, lower the cristobalite inversion temperature and minimize the

hysteresis effect between heating and cooling.

As described by Flörke (1955), cristobalite formation and its phase transition

temperature are dependent on cationic impurities, especially alkali ions. Buerger (1948, 1954)

defined the so-called "stuffed" derivatives of silica structures: a certain amount of Si4
+ is

replaced by atoms oflower valence, e. g. Al3
+. Charge compensation is achieved by

incorporation of additional cations, e. g. Na+.

11



Part III Cristobalite and tridymite formation in the presence of V Publications

Perrotta et ai. (1989a, 1989b) synthesized ß-cristobalite by stabilizing the structure with Na+

and Ca2+at temperatures between 8500 C and 14000 C from sol-gel or zeolite precursors.

Saltzberg et ai. (1992) describe the synthesis of chemically stabilized ß-cristobalite

(CSC) from a dried and calcined sol with chemical compositions Si1-xAlx M~;'l 02 with M =

Ca2+(x < 0.02) form mixtures of quartz and a-cristobalite, x between about 0.02 and 0.04

yields pure CSC, and with higher amounts anorthite reflections are determined in the

diffraction patterns. Experiments with other dopants show the relation between ionic radii and

the formation ofCSC: on1y in the systems containing Na+, Ca2+, and Sr2+with ionic radii

between 1.00 Aand 1.18 ACSC is stabilized in significant amounts.

Thomas et ai. (1994) used a gel-synthetic route according to Perrotta et ai. (1989a)

. h d h + 2+ S 2+ d C 2+heatmg t e sampies between 9000 C an 12000 C for 18 to 24 ours. Na ,Ca , r ,an u

are used as dopants. From 27Al MAS NMR and 29Si MAS NMR spectra of the Ca2+-stabilized

sampies a random substitution of A13+for Si4+with Ca2+ occupying adjacent cavities is

considered.

Momos et ai. (1990b) investigated the system Si02-V20S. All their sampies were

prepared by colloidal gel and ceramic methods. For the ceramic synthesis NH4V03 and

industrial-quality quartz were milled and fired in alumina crucibles at temperatures between

6500 C and 13000 C. The first appearance of a cristobalite phase, identified as low-

cristobalite, is determined at a temperature of 9000 C after 3 days, completely crystallized at

about 11000 C after 12 h. In sampies prepared by gel synthesis the first appearance of

cristobalite can be observed at 8000 C and 12 h heating time. Infrared spectra showed no

evidence of Si-O-V bonds, though semi-quantitative analyses (EDXA) detected cristobalite

crystals containing vanadium, possibly as a solid solution.

Cristobalite is known to contain tridymitic stacking faults. In powder diffraction

12
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patterns a broad "hump" is observed at about 20.7° 28. The formation oftridymite depends on

incorporation of impurities (Flärke, 1955) and it exhibits several phase transitions (Wennemer

& Thompson, 1984; Pryde & Dove, 1998). Three phases are stable at room temperature: A

monoclinic form, space group Ce (Dollase & Baur, 1976), a second monoclinic, so-called

MX-1 with incommensurate superstructure (Graetsch & Topalovic-Dierdorf, 1996), and a

triclinic one, space group F1, described by Konnert & Appleman (1978).

The aim ofthis work is the description of cristobalite and tridymite formation upon addition

ofY20 s. In order to reduce the parameters influencing the complex phase formations in the

clay system, we have performed experiments with synthetic precursor materials.

Experimental

(1) Syntheses:

In order to check whether vanadium is directly incorporated into the structure of

cristobalite, various syntheses are performed. Precursor phases are selected based on the

assumption that Y either replaces Si in the framework charge compensated by alkaline ions or

it provides charge compensation for At3+ substituting Si4+.

The first batch (I) contains Si02 (Aerosil, Degussa), Y205 (Merck), and Al(OH)3

(Fluka). According to the composition Si1_xAlxY:/: O2based on the hypothesis that silicon

may be replaced by aluminum with vanadium cations for charge compensation. Another

system (Il) containing Si02, V20 S, and K2C03 (Riedel-de Haen) is synthesized following the

stoichiometry Sil-xYxKx02. It is based on the assumption that silicon is replaced by vanadium

with potassium cations for charge compensation. Yanadium needs to change its valence

during the reaction process from Vs+to y 3+. A third system (IIl) with a composition

13
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according to Sh-xYxNax02 was studied as weIl.

Syntheses were perforrned with various fractions in the interval 0.01 ~ x ~ 0.05. Additional

samples were prepared with vanadium excess according to the composition

SiO.8SYo.1sNao.lS02.

The starting materials were mixed and homogenized in an agate mortar. The mixtures

were pressed to pellets of 13 mm diameter for the annealing experiments. The pellets were

heated between 200° and 1000° C with a heating rate of 200° C/h in a tube furnace. The

corundum material of the fumace is protected by a quartz glass tube from contamination with

vanadium.

(2) X-ray powder diffraction (XRD)

XRD patterns were recorded with a Philips PW 3050 powder diffractometer with

CuKal radiation from a primary monochromator. Data were collected at roorn temperature

with fixed slit configuration in the range between 5° and 120° 28 with steps of 0.02° 28. All

refinements and quantitative analyses were perforrned with the Philips PC-Rietveld plus

program package (Fischer et al., 1993).

(3) X-ray fluorescence spectroscopy (XRF)

Chernical analyses were perforrned using a Philips 1404 X-ray fluorescence

spectrorneter at the institute ofrnineralogy, university ofMainz. It was calibrated with Si02

(quartz), Y20S, Ah03, and Na2C03 standards.

(4) Magic angle spinning nuclear rnagnetic resonance spectrometry (MAS NMR)

23Na and Sly MAS NMR spectra were carried out on a Bruker spectrorneter CXP-300

upgraded with a TECMAG pulse programmer and data acquisition system at the university of

14
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Münster. The resonance frequencies for 51y and 23Na were 78.9 and 79.4 MHz, respectively.

Spectra were recorded at a spinning speed of 15 KHz with pulse length 0.5 ).lS and relaxation

delay of 0.2 s for 51 y MAS NMR. Acquisition parameters for 23Na MAS NMR were pulse

length 1 ).ls and relaxation delay 0.2 s.

(5) Infrared spectroscopy (IR)

IR spectra were recorded with a Biorad STS 60 A spectrometer at the institute of

physical chemistry, university ofBremen. An amount of 1 mg ofthe sampIe was

homogeneously mixed with 200 mg KBr and pressed to a pellet. A pure KBr pellet was

prepared as standard. Spectra were compared with pure cristobalites synthesized and provided

by W. Schmahl, university of Tübingen.

(6) Differential thermal analysis (DTA) and thermogravimetry (TG)

Differential thermal analyses were performed using a Netzsch Simultan Thermo

Analyse Modell 429. SampIes were heated with 10 C/min and cooled with the same rate.

Ab03 was used as reference material.

Results

SampIes admixed with the alkalis react to form cristobalite, weIl crystallized at 8000 C

(Fig. 1). Upon increasing amounts of vanadium, the formation of additional phases is

observed.
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Fig. 1: Powder diffraction patterns ofthe sampie SiO.99VO.OINaoOIOZ in the temperature range between 8000 and
10000 C

The first series of samples (1) with varying amounts of potassium in the compositional range

Si l -xVxKx02 (0.01 :::::; x:::::; 0.05) was annealed at 1000° C. The phase formations are shown in

Fig. 2. Cristobalite is observed as the main component. The shoulder at the low 28 side ofthe

main cristobalite peak is assigned to a tridymite phase. At higher potassium concentrations,

additional tridymite peaks are observed at 23.7° and 27.20 28. The assignment was confirmed

by Rietveld simulations based on the triclinie structure in space group F1 (Konnert &

Appleman, 1978). Additional peaks in the powder diagrams of samples with higher amounts

of potassium are assigned to K3V5014 (Bystroem & Evans, 1959).
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Fig.2: Powder diffraction patterns ofthe sampie Sil_xVxKxOz with 0.01:::; x:::; 0.05 annea1ed at 10000 C

Similar experiments were performed with the sodium containing sampies (Il)

corresponding to the bulk chemical composition of Si1-xYxNax02 with 0.01 s x s 0.05. Fig. 3

shows the powder diagrams with varying amounts of sodium annealed at 10000 C. The main

component consists of cristobalite. Towards higher Na concentrations, additional peaks are

observed assigned to tridymite and NaY03. All phases exhibit higher crystallinities than the

corresponding potassium sampies as expressed by the relatively sharp peaks even for

tridymite. Recalling that the aim of this study is to provide data for the interpretation of the

complex reactions ofY-doped clay, it is a cmcial point to characterize the crystal chemical

behavior ofvanadium. Especially the occurrence ofNaY03 which is soluble in water

indicates that vanadium would not be immobilized under normal environmental conditions for

brick stones. The question remains whether cristobalite is chemically stabilized by Y

incorporation or if its crystallization is just catalytically supported.
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Fig.3: Powder diffraction patterns ofthe sampIe SiI_xVxNaxOz with 0.01 ~ x ~ 0.05 annealed at 10000 C

DTA, IR, and NMR experiments were performed to yield some clues to this point. The

results were compared with reference sampIes of cristobalite obtained from W. Schmahl

(Tübingen) and NaV03 synthesized in the present work.

Lattice constant refinements for cristobalite did not show significant deviations from

expected values. However, the quality ofthe X-ray diffraction data might not be sufficient to

imply that vanadium has not entered the cristobalite structure. IR spectroscopy is less affected

by crystallinity effects. In Fig. 4, the IR spectrum of the vanadium doped sampIe with bulk

chemical composition SiO.99VO.OINao.Ol02 is compared with the spectrum ofthe reference

cristobalite. Both spectra agree with values given by Farmer (1974) for pure cristobalite. The

characteristic bands at 490,515,623, 795, 1095, 1160, and 1202 cm-1 are observed without

significant shifts.
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Fig.4: Infrared spectrum ofthe sample SiO.99VO.01Nao0102 annealed at 10000 C in comparison with the
spectrum ofpure cristobalite

In addition to these eharaeteristie bands the speetra of samples eontaining vanadium and

sodium show additional bands at 693,839,912,937, and 962 ern-I. These bands ean be

assigned to NaY03 as derived from Fig. 5 which shows the two spectra ofthe vanadium

doped sample and the synthetic NaY03.

The 23Na and 5Iy MAS NMR results indicate that the crystallization ofNaY03 starts

already at low vanadium coneentrations not observable in the X-ray diagrams. The NMR

analysis yields signals whieh are characteristic for the sodium vanadate without any indication

for Si_y5
+ interactions. ESR studies showed that vanadium in its y 4

+ valence is not present.

However, y 3+ is not aetive in NMR and, consequently, a y 3+ incorporation in cristoba1ite

could not be analyzed.
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DTA is an additional method for material characterization. Analysis of the reference

cristobalite yielded the transition point at 2500 C upon heating and 2320 C upon cooling as

commonly observed (Schmahl, 1993; Schmahl et al., 1992). In contrast to that, a transition

temperature of 2070 C without hysteresis between heating and cooling can be inferred from

the DTA studies of the V-doped sample (Tab. 1). The exact temperature ofthe a-ß transition

of cristobalite depends on the crystallinity ofthe sample. Well-ordered material transforms at

higher temperatures than less-ordered specimens (Flörke, 1956; Leadbetter & Wright, 1976).
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Tab. 1: TransItIon temperatures of cnstobahte syntheses

Transition temperature [0 c]

Heating Cooling

Cristobalite 250 232

(provided by W. Schmahl)

SiO.8SVO.lSNao.lS02 (white) 246 230

Si08SVO.lSNao.lS02 (brown) 245 232

SiO.99Vo.oINao.Ol O2 207 207

..

Flörke (1955) and Roy & Roy (1964) point out that impurities in cristobalite lower the

cx-ß transition temperatures and reduce the hysteresis effects. We observe that the thermal

effects change upon increasing vanadium concentration until they adapt more or less the

thermal parameters observed for pure cristobalites. However, since there is no indication for a

chemical stabilization of cristobalite from the XRD, IR, and NMR results, we assume that the

changes in the thermal behavior are caused by crystallinity effects and not by the formation of

a V-doped cristobalite.

Samples (Irr) with high amounts of vanadium corresponding to bulk chemical

composition SiO.8SVO.lSNao.lS02 conform to this observation. The cx-ß transition is detected at

about 246° C upon heating and the reverse transformation at about 231 ° C upon cooling (Tab.

1). We assume that vanadium is not incorporated in the structure, but acts as a catalyst to

yield a cristobalite phase ofbetter crystallinity. However, the annealed sampie consists oftwo

clearly separated parts distinguished by their white and brown colors.
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Fig.6: Powder diffraction patterns ofthe brown and white parts ofthe samp1e SiO,8SVo,lSNao,lsOZ annea1ed at
1000° C

The white and brown bodies were investigated separately. X-ray diffraction analyses reveal

two main peaks at d = 4.076 A and d = 4.046 A which correspond to values observed by

Butler & Dyson (1997) for two different forms of cristobalites in devitrified aluminosilicate

ceramic fibres. They assurne that the peak at the higher angle belongs to the pure (X-

cristobalite and the low angle peak to an (X'-form representing adefeet form or a eation

substituted form of eristobalite. Similar effeets are deseribed by Madsen et al. (1991) who

observed the simultaneous formation ofthree eristobalite forms in briek stones. They propose

that one phase is formed from quartz and the other one erystallizes from kaolin, presumably

with cation substitutions. Since we do not observe further peaks in the X-ray patterns (Fig. 6)

at d = 2.506 A, d = 2.494 A, and d = 2.038 Aas found by Butler & Dyson, the formation of an

(X'-eristobalite in our samples is rather unlikely. Furthermore, the IR-speetra (Fig. 7) ofthe

differently colored parts of our sample do not deviate from typieal speetra of pure Si02

cristobalites.
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Fig.7: Infrared spectrum ofthe brown and white bodies in sampie SiO.8SVO.lSNao.IS02 annealed at 10000 C in
comparison with the spectrum ofpure cristobalite

As Butler & Dyson (1997) observe just one transition point upon heating at 2200 C and no

effect upon cooling, this cristobalite phase differs significantly from the one synthesized in

OUf sampies.

Powder diffraction patterns (Fig. 6) of the V-doped sampies studied here show

additional strong peaks at d = 4.30 A and 3.81 A which could be assigned to tridymite

although the intensity of the strongest reflection is calculated too low in the Rietveld

refinement. However a tridymite formation is still the best interpretation of the powder

diffraction patterns most pronounced in the white part of the sampie. All remaining peaks can

be assigned to NaV0 3.
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Conclusion

Publications

The crucial point in this study is the interpretation ofthe cristobalite formation which could

be attributed to vanadium incorporation in its structure forming a substituted or stuffed

derivative of Si02, or it could be described by a catalytically supported reaction in the

presence of vanadium. The lattice constants determined in the XRD analyses do not differ

from values ofpure Si02, the IR spectra are nearly identical with the spectra ofpure

cristobalite, and NMR spectra do not give any indication for V substitutions in cristobalite.

lust the thermal behavior of cristobalite in some ofthe sampies deviates from the thermal

properties ofwell crystallized and pure cristobalites. We infer from these results that

cristobalite crystallizes in various states of crystallinity without direct participation of

vanadium as a substituent. However, tridymite could be chemically stabilized by vanadium or

alkaline cations. Its occurrence is directly related to the amount of vanadium and sodium with

highest fractions in the sampie with the high V/Na concentration. Vanadium, added as V205,

reacts to NaV03 and K3VSOI4. Small amounts ofthe sodium vanadate are already detected by

NMR analyses in sampies which do not show corresponding peaks in their XRD patterns. We

propose that the formation of alkali vanadates is favored over a silicatic immobilization in the

Si02phases.
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Phase reactions in the brick firing process of V doped clay
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Abstract

The phase reactions of V-doped clays in brick buming processes are studied to evaluate the

utilization of V-containing wastes in brickworks. V205 was admixed to day and annealed at

temperatures between 2000 and 10000 C. The formation of mullite, cristobalite, and a

pseudobrookite compound is observed between 7000 and 8000 C. These phases do not occur

in pure day annealed in the corresponding temperature range. The sampies were investigated

with X-ray powder diffraction methods, quantitative analyses were performed with the

Rietveld method and chemical analyses with X-ray fluorescence spectroscopy. Analytical

transmission electron microscopy showed incorporation of vanadium and iron in mullite.
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Introduction

Deposition of heavy metal contaminated wastes (e.g. sewage sludge, waste incinerator

ashes etc.) could be avoided by immobilization ofthe heavy metals as constituents in mineral

phases. The immobilization can be achieved by thermal treatment as described by Förstner

(1995) and discussed by Margane (1992). A possible procedure would be the utilization of

clay - waste mixtures in brick buming processes typically at temperatures around 10000 e .

Meanwhile, the process of manufacturing bricks doped with heavy metals is already

established, e.g. at Grehl brickworks in Humlangen, southem Germany. However, the

formation of phases and the details of heavy metal incorporation are not known. Some

indication of the brick's solubility behavior is achieved by leaching tests according to DEV S4

DIN 38414 (1984). But these tests do not explain the long term properties ofthe material,

especially under non standard conditions in acidic or basic environments. Dondi et al. (1997)

describe the mobilization of vanadates and chromates during firing processes. The vanadates

migrate to the surface of ceramic materials in the presence of water resulting in efflorescences

which affect the long term properties of the ceramic product. The solubility of vanadium

increases with increasing annealing temperature.

A comprehensive crystal chemical description ofthe phase formations and reactions during
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brick buming in the presence of heavy metals is needed for an extensive and more reliable

interpretation of the complex processes. It is compared with the corresponding processes

during annealing of natural clay without additives. Salmang & Scholze (1983) describe the

processes of brick buming using pure clays consisting of clay minerals, fe1dspar and quartz.

At temperatures between 5000 and 7000 C the dehydroxylation ofthe clay minerals, especially

kaolinite, is observed (Bellotto et ai., 1995). Kaolinite transforms to metakaolinite. Last traces

of -OR groups are removed and the sheet structure collapses between 8000 and 9500 C.

Cristobalite and mullite are formed upon further heating between 11000 and 14000 (Brindley

& Nakahira, 1959; Gualtieri et ai., 1995), according to the transformation:

3 Ah(ShOs)(OB)4 ~ 3 Ah03 . 2Si02+ 4 Si02+ 6 B20.

The formation of cristobalite upon addition ofV20 Sis described by Bruhns & Fischer (2000).

In the system Si02-V20S-M2C03 (M = Na, K), the crystallization of a cristobalite like phase

starts at about 8000 C. With increasing amounts ofvanadium, the formation of alkali

vanadates is observed. Phase diagrams ofthe systems Si02-V20 Sindicate partial melting at

temperatures above 661 0 C and for Ah03-V20s above 6580 C (Gravette et ai., 1966; Barham,

1965). In the presence of a liquid phase, a higher reactivity of the system is expected and

formation of cristobalite occurs in lower temperature regions.

Decomposition of illite starts at about 8500 C but traces of illite are still observed up to

10000 C (Kromer & Schülier, 1974). Depending on the chemical composition ofillite, a wide

variety of resulting phases is possible in clay systems, e. g. hematite, corundum, feldspar,

leucite, spine1 etc (Jasmund & Lagaly, 1993). Mazzucato et ai. (1999) describe the high

temperature dehydroxylation ofmuscovite which is the K-rich mica structurally closely

related to illite. A dehydroxylated phase is observed between 7000 and 10000 C transforming

to mullite at higher temperatures. In brick buming processes, illite acts as a flux (Salmang &
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Scholze, 1983). The presence of liquid phase is important for further reactions and influences

properties and quality of the burned brick. Quartz is expected to participate only in the

reactions at temperatures above 10000 C.

The aim ofthis work is to determine the influence ofvanadium on the phase reactions

in brick burning processes of V-doped clay.

Experimental

(1) Sampie treatment and calcination

The raw clay material used for the syntheses was provided by Ziegelwerk Grehl,

Humlangen, Germany. It consists of quartz, kaolinite, illite, minor amounts of rutile and

hematite, and about 17 wt.-% of amorphous phases (Figure 1) as determined by Rietveld

analyses using an internal standard.
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Fig. 1: Reaction sequence of pure clay; quantitative data obtained from Rietveld refmements
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It was homogenized in an agate mortar and pressed to pellets of 13 mm diameter for the

annealing experiments. Kaolinite is very sensitive to mechanical treatment. A destruction of

the crystal structure could be caused by grinding or pressing. Krist6f et ai. (1993) showed the

influence ofthe amorphization ofkaolinite on its thermal behavior and the formation of

mullite. In this work great care was bestowed to avoid these effects as far as possible. Hand

grinding up to 15 min. did not show any significant effect in powder diffraction patterns of

either the raw or the annealed material.

In addition to the pure clay sampIes, further batches were mixed with 1,2, and 5 wt.-% V20 5

and treated similarly. The experiments with addition of 5 wt.-% V205 showed the most

evident mineralization effects so they are compared in the following with the pure clay

sampIes.

For the thermal treatment of sampies containing volatile vanadium compounds, special care

was taken to avoid contamination ofthe furnace environment. Since corundum tubes and

crucibles are permeable to vanadium, they are not suitable as containers for the calcination

experiments. A silica glass tube (Figure 2) was used to protect the fumace from

contamination. The tapering ends of the synthesis pipe allow a definite gas flow and the

reaction pipe (silica glass)

I
ground joint

gas outlet

;;::=====!::==:::;;~~

inner pipe (silica glass)

silica glass boat

Fig. 2: Reaction tube for the syntheses. The sampie is placed in a silica glass boat, within an inner glass tube.
The assemblage is protected by an outer reaction pipe with gas in- and outlets. All parts are made of
silica glass due its impermeability for vanadium.
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adjustment of different reaction atmospheres. The following syntheses were performed under

oxidizing conditions with air. The samples were prepared in silica glass boats. All samples

were annealed in the range between 200° C to 1000° C for 17 h with a heating rate of 200°

C/h. In the temperature range around 500° C (decomposition ofkaolinite) syntheses were

performed in steps of 50° C. Additionally, the specimens containing vanadium were annealed

in steps of 50° Cup to 800° C to describe the reaction sequence.

(2) X-ray fluorescence spectroscopy (XRF)

Chemical analyses were performed using a Philips 1404 X-ray fluorescence

spectrometer at the Institute ofMineralogy, University ofMainz. The XRF analysis ofthe

pure clay yielded weight fractions of 67.48% Si02, 18.84% Ah03, 3.17% Fe203, 1.37% Ti02,

0.16% CaO, 0.4 % MgO, 0.15% Na20, 1.72% K20, and 0.03% P20S. The deviation to 100%

was determined as weight loss due to dehydroxylation and water desorption.

(3) X-ray powder diffraction (XRD)

XRD patterns were recorded using a Philips PW 1050 powder diffractometer with

secondary monochromator and a Philips PW 3050 powder diffractometer with primary

monochromator. Data were collected using CuKal radiation at room temperature in the range

between 5° and 120° 28 and steps of 0.02° 28. All refinements were performed with the

Philips PC-Rietveld plus program package (Fischer et al., 1993), background values were set

by hand. Quantitative analyses were performed using the scale factors from the Rietveld

refinements. Amorphous fractions were determined with ZnO as internal standard. The

following structure models were used for the simulation of the powder patterns: quartz by
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Will et aI. (1988), cristobalite by Pluth et aI. (1985), kaolinite by Bish & von Dreele (1989),

mullite by Ban & Okada (1992), hematite by Blake et aI. (1966), rutile by Abrahams &

Bernstein (1971), ZnO by Kisi & Elcombe (1989), V20 S by Ketelaar (1936), pseudobrookite

by Hamelin (1958). Input parameters for the simulation ofthe illite structure were taken from

muscovite data determined by Richardson & Richardson (1982) which showed the best fit

with the illite among aH available data on muscovites. ZöHer (1994) demonstrated that the

structural parameters of muscovite, adapted to the illite cation distribution and optimized by

distance least squares refinements, closely resembles the illite structure as analysed by

electron diffraction.

Reliable structural data do not exist for illite due to its bad crystallinity and variable chemical

composition in natural clay. Using data for illite based on the muscovite model recently

published by Gualtieri (2000) did not improve the refinements in this work.

(4) Analytical Transmission Electron Microscopy (ATEM)

Analytical Transmission Electron Microscopy was performed at the Deutsches

Zentrum für Luft- und Raumfahrt (DLR) in Köln using a Philips EM 430 analytical

microscope (300 kV accelerating voltage, LaB6 filament) equipped with a Tracor system for

energy-dispersive X-ray spectroscopy.

Further studies of thin seetions using a petrographie microscope failed as weH as

additional analyses with an electron beam microprobe. The crystallites formed in the

annealing process were too small and could not be resolved by these microscopic methods.
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Results

Publications

The XRD pattern ofthe raw clay material (Figure 3) shows a eomposition of quartz, rutile,

hematite, kaolinite, and, illite. Illite was identified as 2M! polytype by its eharaeteristie

refleetions at 25.3° and 27.9° 28 whieh mateh the (114) and (114) peaks ofthe 2M!

modifieation (Moore and Reynolds, 1989). Weight fraetions of the erystalline phases and the

amorphous compound are plotted in Figure 1.
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Fig.3: Observed (crossed) and calculated (lines) powder diffraction patterns from Rietveld refmements ofraw
clay. Q: quartz, Z: ZnO, H: hematite, R: rutile, I: illite, K: kaolinite.

Quantification is a erueial point in multi phase analyses, espeeially when clay minerals are

present. Possible sourees of errors in quantitative Rietveld analyses are anisotropie peak

broadening eaused by disordered struetures, ineorreetly determined ehemieal compositions,

and insuffieient erystal strueture models. It is expeeted that the effeet is most pronouneed for
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illite and kaolinite which undergo continuous changes in the annealing process. In order to get

a rough estimate ofthe elTors, the chemical composition ofmuscovite, used to simulate the

powder diffraction pattern of illite, has been varied between typical illite and muscovite

compositions. The resulting weight fractions differed by less than 2 wt.-%, which indicates

that the quantitative analyses are not much affected by using muscovite data for the simulation

in lack of reliable structure models of illite. The phase fonnations in the pure c1ay material

between 2000 and 10000 C are shown in Figure 4 and the cOlTesponding weight fractions of

the single phases are plotted in Figure 1.
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Fig.4: Observed (crosses) and calculated (lines) powder diffraction patterns from Rietveld refmements ofpure
clay annealed between 200° and 1000° C. Q: quartz, Z: ZnO, H: hematite, R: rutile, I: illite, K: kaolinite.
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Samples ofclay mixed with V2Üs (5 wt-%) and heated in the range 200° C to 1000° C show

different phase compositions (Figure 5).
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Fig. 5: Observed (crosses) and calculated (lines) powder diffraction patterns from Rietveld refmements of clay
admixed with 5 wt.-% V20S annealed between 2000 and 10000 C. Q: quartz, Z: ZnO, R: rutile, I: illite,
K: kaolinite, V: V20 S, M: mullite, C: cristobalite, P: pseudobrookite.

Weight fractions of the crystalline phases and amorphous compounds as derived from the

Rietveld analyses are given in Figure 6. XRF analyses proved that there is no loss of

vanadium content during buming processes.

The reaction sequence up to about 700° Cis similar in pure clay and in vanadium containing

sampies: kaolinite decomposes and then disappears above 650° C. Syntheses performed at

higher temperatures reveal remarkable differences. While the mineral content in the pure clay

sampies remains qualitatively and quantitatively more or less stable except the decomposition
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of kaolinite, it changes significantly in the V-doped samples. First traces of mullite are

detected at 7500 C with increasing content towards higher annealing temperatures. At 10000

C, an amount of about 26 wt.-% is determined (Figure 6).
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Fig. 6: Reaction sequence of clay admixed with 5 wt.-% V20 S; quantitative data obtained from Rietveld
refmements.

The refined lattice constants ofthis mullite phase, derived by Rietveld refinement, show

remarkable deviations from the starting parameters given by Ban & Okada (1992) (Table 1).

Fischer et ai. (1996) plotted several mullite lattice constants and showed the relationship

between the cell parameters and the molar content of Ah03. These curves are plotted in

Figure 7. The shaded areas indicate the range oflattice constants determined from the four

mullites from our studies annealed at different temperatures (Table 1). Usually, the chemical

composition of mullite is determined by its a cell constant which is linearly related to the
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molar Ah03 content of mullite. The lattice constants determined here clearly deviate from this

relationship since the band c parameters do not match with the curves at the positions of any

ofthe observed a constants.

Table 1: Lattlce constants ofpure and transItIOn metal doped mullItes

a [A] b[A] c[A]
Ban & Okada (1992) Pure mullite 7.5459(2) 7.6937(2) 2.88346(7)

(3:2)
Schneider (1990) Mullite (8.7 7.555(2) 7.711(3) 2.8995(9)

wt.-% V203)
Mullite (10.3 7.574(1) 7.726(1) 2.9004(5)
wt.-% Fe203)

Schneider & Rager Mullite (3.64 7.5507(5) 7.7000(6) 2.8883(2)
(1986) wt.-% Fe203)

Mullite (11.1 7.571(1) 7.725(1) 2.9001(5)
wt.-% Fe203)

8000 C 7.604(2) 7.741(2) 2.8987(5)
This study 9000 C 7.5953(6) 7.7037(6) 2.8986(2)

9500 C 7.589(1) 7.723(1) 2.8957(3)
10000 C 7.582(1) 7.723(1) 2.8958(4)

..

Further investigations of 50 X 20 nrn crystals ofmullite with Analytical Transmission Electron

Microscopy (ATEM) yielded an amount of3.2 mo1e-% vanadium and 3.8 mole-% iron in

mullite ofthe sampIe synthesized at 10000 C which explains the observed deviations. Further

cell parameters of vanadium and iron doped mullite described by Schneider & Rager (1986)

and Schneider (1990) (Table 1) are plotted in Figure 7. The b and c lattice constants,

especially of the iran doped sarnples, correlate with the shaded zones. The syntheses

temperatures are significantly higher (> 13000 C) than the temperature range used in our

study. We observe an expansion ofthe cell parameters ofmullite already at 8000 C.

Obviously, the addition of vanadium oxide prornotes the formation of mullite in a clay system.

Transformation of kaolinite to metakaolinite yields the precursor and vanadium is

incorporated in the structure.
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Fig. 7: Lattice constants vs. Alz0 3 content ofpure and transition metal doped mullite sampies: • pure mullite
(3:2), Ban & Okada (1992);. mullite with 8.7 wt.-% VZ0 3, Schneider (1990); ... mullite with 10.3
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with 11.1 wt.-% FeZ03' Schneider & Rager (1986). Continuous Iines show cell parameters in mullite
compositions without heavy metal addition (Fischer et al., 1996), shaded areas mark the region of cell
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Furtheron, the crystallization of a-cristobalite starts at 8000 C as well. lust as mullite,

cristobalite is not formed in the pure clay sampies in the temperature range up to 10000 C. The

reaction influenced by vanadium was determined by Bruhns and Fischer (2000): we observed

cristobalite formation in the system Si02-V2üs-M2C03 (M = Na, K) in the same temperature

range. The reduction of the complex clay system to a composition of only three components

allowed the syntheses and detailed determination of cristobalite. Experiments with XRD, IR,

DTA, and MAS NMR were performed. We did not find any indication for V-incorporation in

the cristobalite structure. Clay syntheses containing vanadium yield an additional mineral

phase which is not detected in pure clays. At 8000 C, a pseudobrookite compound (Fe2TiOs)

crystallizes. Its content increases with increasing annealing temperature while rutile and

hematite decrease simultaneously. Above 9000 C, neither rutile nor hematite are detected in

X-ray patterns. Formation ofpseudobrookite influenced by V20 S was simulated in a system

containing Ti02, Fe203, and V20s. The oxides were admixed according to the stoichiometric
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composition of pseudobrookite. These batches were annealed under the same conditions

(1000 0 C, oxidic atmosphere) as the clay sampies. The amount of Fe2Ti05 increases

significantly with the addition ofvanadium. Additionally, an iron-vanadate compound

(FeV04) occurs which incorporates vanadium. The powder patterns ofthis pseudobrookite did

not provide any indication for a chemically modified phase. However, it cannot be ruled out

that some V has entered the structure which does not show in the X-ray pattern. Chemical

analysis was not possible due to the extremely small crystals.

As mentioned above, syntheses in pure clay systems did not show any formation of

new mineral phases in the temperature range between 8000 and 10000 C. After decomposition

of kaolinite, an increase in the amorphous amount up to about 45 wt.-% at 10000 C is

observed (Figure 1). The contents of rutile and hematite are approximately constant.

In pure clay sarnples, illite is not completely decomposed during heating . It is detected

up to 10000 C, although in very poor crystallinity. The beginning destruction ofthe structure

is evident in the Rietveld refinement. At temperatures above 6000 C a peak broadening is

observed and the intensities decrease. Only the intensity ofthe peak at 19.70 28 remains more

or less constant. While transformation processes and high-temperature phases are described

for muscovites, a corresponding model for illite is not available so far. The formation of a

second high-temperature phase, similar to muscovite described by Mazzucato et ai. (1999) or

Gualtieri et ai. (1994), is not observed in our sampies. The situation in vanadium doped clay is

different: we observe a decrease ofthe illite content with complete decomposition below 8000

C (Figure 6).

If we assume that quartz does not participate in the reactions, and consequently should

not change its quantities, the variations in the weight fractions shown in Figures 1 and 6

reflect the possible range of errors in these determinations. The deviation from mean values is
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about ± 3 wt.-% in both determinations. It is not clear whether the continuous reduction of

kaolinite in the pure clay system (Figure 1) between room temperature and 4000 C is caused

by a systematic error in the determination. The decomposition and transition to metakaolinite

is expected to occur above 4000 C. This is also expressed by the decrease and subsequent

increase in the amount of kaolinite in the V-doped clay below 400 0 C which is reversed for

the amorphous quantities.

However, absolute errors of about 3 to 5 wt.-% on the high quantities of quartz,

kaolinite, mullite, and the amorphous compound, and errors between 0.2 and 3 wt.-% on the

smaller fractions of the other compounds do not affect the general interpretation of the

reaction paths determined here: A (V, Fe)-doped mullite is formed above 6000 C along with

cristobalite and pseudobrookite ifvanadium is admixed with c1ay in brick buming processes.

Conclusion

The reaction sequence shows the evident influence of addition of vanadium on the phase

formation in clay systems. Several compounds as illite, hematite, and rutile decompose or

react to form new phases not observed in the pure clay systems. The formation of mullite and

cristobalite is observed in a temperature range much below their expected fields of stability.

With the increasing amount of mullite and cristobalite the amorphous content, mainly

metakaolinite, decreases. V205 supports the reaction and some of the vanadium together with

iron from Fe203 participates in the crystallization ofmullite.

We assume that vanadium is not incorporated, or only in very small traces, into the

structure of cristobalite as discussed by Bruhns & Fischer (2000). Similar reasoning applies to

pseudobrookite which crystallizes in the presence ofvanadium without a distinct indication of
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V incorporation. The vanadium, added as V205 to the sampie, is not completely exhausted by

the V-mullite which incorporates only a small fraction ofthe initial amount ofvanadium. The

remaining quantity cannot be assigned to an identified mineral phase. We assume that

additional vanadate compounds crystallize as well, in quantities below the detection limits of

our analytical methods. Former investigations (Bruhns & Fischer, 2000) showed the formation

of alkali-vanadates during cristobalite syntheses in the presence of vanadium and alkali

metals. The syntheses ofpseudobrookite, separately performed in this work, yielded an iron

vanadate phase.

These results show that the concept of cation immobilization in the brick buming

process is very limited for V-containing materials. It is assumed that only part ofthe

vanadium is bound in silicates (here: mullite) and the rest is expected to form vanadates

mainly with alkalis and iron. Since some ofthese vanadates are soluble in water, its utilization

in building materials should be carefully evaluated.
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Abstract

The phase reactions of clays in brick buming processes upon addition of heavy metal

compounds are studied to evaluate the utilization of contaminated wastes in brickworks. The

oxides (PbO, CuO, and Cr203) and chromates (Na2Cr03 and K2Cr207) were admixed to clay

and annealed at temperatures between 2000 and 10000 C. The reaction sequences differ from

those in pure clay annealed in the corresponding temperature range. The addition of PbO

yields a lead feldspar and in CuO-doped clays mullite is formed. Cr203 remains inert during

annealing processes whereas the addition of chromates yields kalsilite, nosean, and nepheline

like phases. The sampies were investigated by X-ray powder diffraction methods.

Quantitative analyses were performed with the Rietveld method and chemical analyses with

X-ray fluorescence spectroscopy.
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Introduction

Publications

The deposition ofheavy metal contaminated wastes like incineration ashes or sewage sludges

could be avoided by proper utilization ofthese materials ensuring that the metal ions are not

released to the environment. A possible method to immobilize the heavy metals is athermal

treatment as described by Förstner (1995) and Margane (1992). The brick burning process

with a mixture of raw clay and heavy metal contaminated material is a promising approach

expecting an incorporation ofmetal ions in the brick mineral phases. However, there is only

scarce knowledge on the phase formations in clay annealed with metal compounds. Since the

phase formations are very important for the materials' properties it is desirable to analyze the

complete reaction path. The strength ofthe incorporation ofheavy metals is normally

determined by leaching tests. Previous studies show the mineralization processes dependant

on the thermal treatment of natural clay upon addition of vanadium oxide (Bruhns and

Fischer, 2001). A significant influence on the phase reactions was observed, e.g. the

formation of mullite and cristobalite at rather low temperatures (800° C). In this paper, the

reaction sequences during annealing processes ofnatural clay upon addition of copper,

chromium, and lead bearing compounds are described. The mineralizations are compared with

the processes in natural clay annealed without additives.

Natural clay is a composition ofvarious mineral phases. Our investigations are based

on a clay containing kaolinite, illite, quartz, rutile, and hematite as crystalline components.

The dehydroxylation of kaolinite occurs in a temperature range between 500° and 700° C

(Bellotto et al. 1995) yielding metakaolinite. Brindley and Nakahira (1959) describe the

formation ofmullite and cristobalite at temperatures above 1050° to 1100° C.

The high temperature reactions of illite depend on its chemical composition;

decomposition may start at 850° C but some sampies show illite up to 1000° C, as described

by Kromer and Schüller (1974). The crystal structure and the chemical composition ofillite
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are closely related to muscovite. During annealing processes of muscovite a dehydroxylated

phase is observed between 700° and 1000° C transforming to mullite at higher temperatures

(Mazzucato et al. 1999). Quartz is not expected to participate in reactions below 1000° C.

During brick buming the formation of a liquid phase is important for the

mineralizations and, in consequence, the stability ofthe final product. For systems consisting

of Si02 and metal oxides like CuO and PbO, phase diagrams indicate partial melting at

temperatures of about 1050° C (CuO) and 730° C (PbO) which may influence the reactions in

the natural clay system (Levin et al. 1969). As the natural clay system is very complex, the

influence of a single compound is not predictable in detail.

The aim of this work is to describe the reaction sequences in clay during annealing

processes upon addition of heavy metal compounds.

Experimental

(1) Sampie treatment and calcination

For the syntheses the same raw clay material was used as in the former investigations

ofvanadium clay reactions by Bruhns and Fischer (2001). It was provided by Ziegelwerk

Grehl (Humlangen, Germany).

Mixtures ofthe raw clay material and heavy metal compounds were homogenized in

an agate mortar and pressed to pellets of 13 mm in diameter. The sampies were annealed in a

tube fumace. To protect the fumace from contamination caused by volatile heavy metal

compounds, the experiments were performed in a silica glass tube which was placed in the

fumace tube. All specimens were annealed for 17 h up to 1000° C, representing the

temperature range typical for brick buming. The heating rate was 200° C/h as was the cooling

rate. The syntheses containing heavy metal compounds were compared with a pure clay
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sampIe annealed in the same temperature range.

(1.1) Syntheses with lead

The sampIes were prepared by mixing pure clay with 5 wt.-% PbO. The reaction

sequence was deterrnined between 400° and 1000° C in steps of 100° C.

(1.2) Syntheses with copper

The mixtures consisted ofpure clay and 5 wt.-% CuO annealed between 400° and

1000° C.

(1.3) Syntheses with chromium

As chromium oxide is a rather unreactive compound, further chromium compounds

were admixed to pure clay. Three batches were prepared. The first one contained clay with 5

wt.-% Cr203, The second was a mixture of clay and Na2Cr04 with the sodium-chromate

content varying from 5 wt.-% to 10 wt.-% and 20 wt.-%. To deterrnine the influence of

sodium on the system, a third batch containing clay and K2Cr207 (10 and 20 wt.-%) was

tempered.

(2) Analytical

All sampIes were analysed by X-ray powder diffraction to identify and quantify the

phases. A Philips PW 3050 powder diffractometer with primary monochromator was used,

Data were collected using CuKa1 radiation at room temperature in the range between 5° (or

10°) and 120° 28 with steps of 0.0228. All refinements and quantifications were perforrned

with the Philips PC-Rietveld plus program package by Fischer et al. (1993). The simulations

are based on the structure models of quartz (Will et al. 1988), kaolinite (Bish and von Dreele

1989), hematite (Blake et al. 1966), rutile (Abrahams and Bernstein 1971), PbO (HillI985),
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PbAhShos (Benna et al. 1996), CuO (Brese et al. 1990), mullite (Ban and Okada 1992),

Cr203 (Newnham and de Haan 1962), nepheline (Dollase 1970), nosean (Schu1z 1970),

KA1Si04 (Perrotta et al. 1965), and ZnO (Kisi and Elcombe 1989). There is no structure

model for illite available so far. Since the structure and composition of illite are close1y

related to muscovite the structure model determined by Richardson and Richardson (1982) is

used for refinements in this work

Chemical analysis ofpure clay was performed using a Philips 1404 X-ray fluorescence

spectrometer at the Institute of Mineralogy, University of Mainz.

Results

Pure clay

The XRF analysis ofthe raw clay yielded weight fractions of 67.48% Si02, 18.84%

Ah03, 3.17% Fe203, 1.37% Ti02, 0.16% CaO, 0.4 % MgO, 0.15% Na20, 1.72% K20, and

0.03% P20 S. The deviation to 100% was determined as weight loss due to dehydroxylation

and water desorption.

The powder diffraction pattern in Figure 1 shows the reaction sequence of pure clay samples

from room temperature up to 10000 C. Raw clay material consists of quartz, kaolinite, illite,

and minor amounts of rutile and hematite. After dehydroxylation, kaolinite is decomposed

between 5000 and 6000 C. No formation ofhigh temperature phases (e.g. mullite or

cristobalite) is observed during the annealing process up to 10000 C. The Rietveld refinement

ofillite is aggravated by the poor quality ofthe diffraction data upon increasing temperature.

The characteristic peaks at 10.01 0 and 4.990 28 disappear whereas the intensity ofthe peak at

4.470 28 remains as the structure decomposes. Although illite is closely related to muscovite,
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Fig. 1: Observed (crosses) and calculated (lines) powder diffraction patterns from Rietveld refinements of
pure clay between room temperature and 10000 C. Q: quartz, Z: ZnO, H: hematite, R: rutile, I: illite,
K: kaolinite.

no transformation to a high temperature phase corresponding to muscovite, as described by

Mazzucato et al. (1999), is observed.

Mineral Raw clay Clay annealed at [0C]
phase material
[wt%] 200 400 500 550 600 650 700 800 900 950 1000
Quartz 40.1 39.5 41.3 41.9 45.9 45.3 44.6 48.4 46.6 47.1 45.4 43.4

Kaolinite 24.9 17.9 13.3 14.3 12.8 0.6 5.9

Illitic 15.9 16.1 13.6 12.8 13.4 11.3 8.2 10.9 12.8 12.1 11.9 8.4
components
Rutile 1.8 1.4 1.8 1.5 1.6 1.5 1.3 1.1 1.6 1.4 1.9 1.4

Hematite 0.4 0.6 0.6 0.6 1.0 1.4 0.6 1.0 1.3 1.0 1.2 1.4

Amorphous 16.8 24.5 29.5 28.9 25.3 40.0 39.4 38.5 37.8 38.5 39.7 45.3

Tab. 1: Weight fractions of pure clay annealed in the range between room temperature and 10000 C

56



Part Irr Phase reactions in the brick firing process of clay doped with Cr. Cu. Pb Publications

The results ofthe quantitative analysis ofthe mineral phases are given in Table 1. The data

are based on Rietveld refinements with ZnO as internal standard.

Syntheses with lead

The reaction sequence of clay mixed and annealed with 5 wt.-% PbO is shown in

Figure 2. Similar to pure clay, kaolinite is decomposed at temperatures above 5000 C. The
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Fig.2: Observed (crosses) and calculated (lines) powder diffraction patterns from Rietveld refinements
of clay admixed with 5 wt.-% PbO annealed between 4000 and 10000 C. Q: quartz, I: illite,
K: kaolinite, R: rutile, PbO: PbO, Pb-F: lead feldspar.
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amount ofPbO deereases above SOO°C and a lead bearing feldspar is observed. Its eontent

inereases with higher temperatures. Ordered and disordered modifieations of lead feldspar are

deseribed by Benna et al. (1996, 1999). Powder diffraetion patterns ofthe sampies studied

here agree with the disordered strueture model in spaee group C 21m. A detailed quantitative

deseription of the sampies is problematie as the refinement of c1ay minerals suffers from

anisotropie peak broadening eaused by disordered struetures, ineorreetly determined ehemieal

eompositions, and insuffieient erystal strueture models. Espeeially quantitative analysis is

problematie when strong absorbers like PbO are mixed with weekly absorbing materials

(Brindley 1945) due to mieroabsorption effeets. Resulting weight fraetions deviate

signifieantly from the true eontents even ifthese effeets are eorreeted. Any error in the

determination of the partic1e size has an influenee on the results. Sinee we are mainly

interested in the qualitative deseription ofthe reaetion sequenees we abstained from listing the

weight fraetions as determined in the Rietveld analysis. However, reaetions and relative

ehanges in the phase eontent as a funetion ofthe annealing temperature is deseribed properly.

Syntheses with eopper

Powder diffraetion patterns of the sampies admixed and annealed with CuO are shown

in Figure 3. Quantitative data from Rietveld refinements are given in Table 2.

Clay + 5% CuO, Quartz Hematite Rutile Illite Kaolinite CuO Mullite
annealed at [0C] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%]

400 56.0 1.3 1.8 16.8 18.2 5.9
600 71.1 1.5 1.8 19.1 6.5
800 74.1 1.9 1.6 18.2 4.3
900 70.5 2.5 1.9 15.8 3.0 6.3
950 75.6 2.5 1.9 1.3 18.6
1000 78.3 2.2 2.2 1.2 16.1

Tab. 2: Weight fractions of clay with 5 wt.-% CuO annealed in the range between 400° and 1000° C

In the temperature range below 900° C the mixture shows a reaetion sequenee similar to pure

c1ay. Above 9000 C different reaetions oceur. The eontent ofillite deereases and the formation
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of mullite is observed. Since quartz is considered to remain stable in the annealing process, it

was used as an internal standard for the quantitative determinations. An amount of 44 wt.-%

Q

Q Q
Cj C,Q Q Q

.JV-- "'--"j.A.~i--Ju.-J~ 1OOO°C

1 I .
1""'- "-'.,,~w.J~u-J~ 950°C

! I ., ...."""-__.f,.J__MJ'---'L--J, 900°C

I

1

1 1

111111 11 11 1I1
I 11 1 11 I

111 1II 11 11 1
11

1

I'·""" 'I' ",',' "I""""""""'" I"" '" "I"""'" I""'" "I"""" 'I'" ,"" 'I

5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00

Fig. 3: Observed (crosses) and calculated (lines) powder diffraction patterns from Rietveld refinements of
clay admixed with 5 wt.-% CuO annealed between 4000 and 10000 C. Q: quartz, I: illite, K: kaolinite,
R: rutile, M: mullite, C: CuO.

was determined as a mean value. Figure 4 shows the quantification ofthe phases based on the

standardization of quartz to 44 wt.-%. At temperatures above 9000 C illite is decomposed
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completely whereas the amount of mullite increases. A similar reaction sequence was

observed upon addition of vanadium oxide to clay during former studies by Bruhns and
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Fig.4: Reaction sequence of clay admixed with 5 wt.-% CuO; quantitative data obtained from
Rietveld refinements and standardized to a fix quartz content.

Fischer (2001). In contrast to the syntheses containing copper, the mullite formation in the

presence ofvanadium starts at lower temperatures (700° C) and, additionally, cristobalite is

observed. Upon addition of copper, no cristobalite is observed during the annealing process

up to 1000° C. Furthermore, the crystallization of mullite is rather poor and a refinement of

the lattice constants is questionable. Consequently, the analysis does not yield direct clues on
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the incorporation of Cu in mullite. However, the formation of mullite at rather low

temperatures could be explained by a stabilization with Cu analogously to the V-doped

mullite described by Bruhns and Fischer (2001).

Syntheses with chromium

X-ray powder diffraction patterns of sampIes containing Cr203 are shown in Figure 5.

The phase composition ofthe annealed sampIe is not influenced by Cr203. Similar to pure
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Fig. 5: Observed (crosses) and calculated (lines) powder diffraction patterns from Rietveld refinements of
clay admixed with 5 wt.-% CrZo3 at room temperature and annealed at 10000 C. Q: quartz, I: illite,
K: kaolinite, R: rutile, C: CrZ03'
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clay at 10000 C, quartz, hematite, rutile, and illite are observed. Quantification with Rietveld

refinements yields equivalent ratios ofthe phase contents in the raw sample as weIl as in the

annealed sample showing that Cr2ü3 did not react with any of the compounds.

Different reactions are observed for the other batches synthesized with Na2Crü4 and

K2Cr2ü7. Powder diffraction patterns in Figure 6 show the phase composition for clay with

varying sodium chromate contents annealed at 10000 C.
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Fig, 6: Observed (crosses) and calculated (!ines) powder diffraction patterns from Rietveld refinements of clay
admixed with 5, 10, and 20 wt.-% Na2Cr04 at 10000 C, Q: quartz, No: nosean, Ne: nepheline, C: Cr203.

In sampies containing 5 wt.-% Na2Crü4, Cr2ü3 is formed during the annealing process. Illite

is observed up to 10000 C. With increasing sodium chromate content, further mineralizations
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occur: the addition of 10 wt.-% Na2Cr04 yields a nepheline and a nosean compound.

Simultaneously, the illite content decreases whereas Cr203 increases. In sampIes synthesized

with 20 wt.-% Na2Cr04, the amount of illite is further reduced while the contents of nepheline

and Cr203 increase. Syntheses with K2Cr2Ü7 were performed under similar conditions. Upon

annealing to 10000 C, sampies containing 10 wt.-% K2Cr207 yield a phase composition of

quartz, Cr203, rutile, hematite, and illite. With increasing amount ofK2Cr207 (20 wt.-%) the

formation of a potassium-alumino-silicate phase is observed (Figure 7), as described by a

kalsilite model (Penotta et al. 1965). Since the refinement of the kalsilite like phase yields

rather poor results, the quantification of the sampIes is not very reliable.
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Fig.7: übserved (crosses) and calcu1ated (lines) powder diffraction patterns from Rietve1d refinements of
clay admixed with 10 and 20 wt.-% KZCrZü7 at 10000 C. Q: quartz, I: illite, K: ka1silite, C: CrZü3.
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Discussion

Publications

The results presented here show that the addition ofheavy metal compounds influences the

reaction sequences of clay during the annealing process.

Upon addition ofPbO a lead feldspar phase is formed. According to the phase diagram

of Si02 and PbO, a partial melting at about 7300 C is observed (Levin et al. 1969). This

temperature coincides with the range where the decomposition of PbO and formation of

PbAbShOg occur in our sampies. The phase diagram ofPbO and Ab03 shows partial melting

at about 10000 C, Due to the decomposition of clay minerals, Si02 and Ab03 are

quantitatively the main components which participate in the reaction sequence and therefore

these systems are considered. The presence of a liquid phase triggers mineralization

processes, but simultaneously the liquid phase is consumed to form lead feldspar. Obviously,

the phase diagrams ofthe oxides represent a limitation ofthe actual composition ofthe clay

and can only give a hint for the interpretation.

Sampies synthesized upon addition of CuO yield a mullite phase at about 9000 C. As

no specific Cu-phase is observed, we assurne that Cu is present in the liquid phase supporting

mullite formation in this temperature range. Upon addition of CuO mullite occurs at

significantly higher temperatures than in syntheses of V-doped clay where it is observed at

about 7500 C (Bruhns and Fischer, 2001). In the system V20s-Si02 the formation ofliquid

phase is expected at about 661 0 C whereas the phase diagram CuO-Si02 shows partitial

melting at about 10500 C (Levin et al. 1969). As mentioned above, the clay used here contains

additional compounds like Fe203 or Ti02which probably influence the thermodynamic

behavior. It is remarkable that either mullite (clay with V20 S or CuO), or a specific mineral

phase (like Pb-feldspar) which incorporates and immobilizes the metal ions, is formed. We

assurne that in the former compositions the heavy metal oxides participate in partial melting

which triggers mullite formation. When the metal ions are incorporated in other phases, liquid
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phase is consumed and mullite formation in rather low temperature ranges is not possible any

more. Reactions in natural clay are very complex and the discussion of binary phase diagrams

is insufficient to explain all processes. However, it gives some indication for possible

reactions.

In contrast to the syntheses containing PbO and Cuü, sampies annealed with Cr203

show no deviations from the reaction path of pure clay. Cr203 remains admixed and no further

mineralization is observed. Considering the phase diagrams of Cr203 and Si02, and Cr203 and

Ah03, mineralizations are not expected in a temperature range below 1723° and 2045° C,

respectively (Levin et al. 1969). Syntheses with chromates as more reactive compounds yield

different results which depend significantly on the cation Na+ or K+. However, all syntheses

containing chromium yield Cr203 during annealing processes.
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Abstract

The leaching characteristics of annealed clay enriched with heavy metals (5 wt.-% PbO, CuO,

V20S) were compared with the mineral phase composition. X-ray powder diffraction analyses

of the products at different annealing temperatures (up to 10000 C) revealed that Pb is

incorporated in a lead feldspar whereas Cu and V are mainly incorporated in the amorphous

component. The phases incorporating Pb, Cu, or V were investigated by thermodynamic

calculations to confirm consistency to the observed solubility behaviour in pH-static

experiments at pH 4, 7 and 11. Mobilization data indicate that Pb and Cu are sufficiently

immobilized during annealing processes whereas the high mobility of V strongly depends on

the annealing temperature.
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Introduction

The utilization of heavy metal contaminated wastes as additives in brick manufacturing gets

more and more established. Waste materials like dredged harbour sediments, steel dust,

sewage-sludge incinerator ash, coal fly-ash and slag are used as substitutes for natural clay in

the brick industry (Karius and others 1999, Dominguez & Ullmann 1996, Wiebusch &

Seyfried 1997, Güler and others 1995, Freidin & Erell1995). Even natural clays contain

quantities ofvanadium and chromium which form vanadates and chromates during brick

buming processes. Apart from the environmental risks ofheavy metalleaching the durability

of the products may be reduced as well due to the efflorescence of these compounds on the

surfaces of ceramic products (Dondi and others 1997).

In addition to economic aspects thermal treatment is employed to destroy organic

contaminants and to immobilize heavy metals as constituents in newly built mineral phases or

in the glass matrix of the bricks. The incorporation of heavy metals in mineral phases like

mullite or spinell is assumed (Margane 1992). However, the details ofheavy metal

incorporation in a brick's matrix are not known.

Several methods are suitable to yield information about these processes. Leaching tests are

commonly used to characterize the leaching behaviour of a material in order to conform to

environmental standards (e.g. van der Sloot 1998). In this study the observed leaching

properties of an annealed clay doped with Pb, Cu and V are correlated with the known

solubility behaviour of possible host minerals based on thermodynamic calculations. Mineral

phase formations during annealing processes are characterized by X-ray powder diffraction
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methods. These data yield initial information on the complex phase compositions in clay

systems. Former studies were performed on mixtures of clay and various heavy metal

compounds like V205, PbO, CuO, Cr203 and sodium and potassium chromates. Detailed

descriptions of the mineralizations during annealing processes up to 1000° C in these systems

are given (Bruhns & Fischer 2001, Bruhns & Fischer submitted).

Materials and Methods

(1) Phase analyses

The raw clay material used for the annealing experiments was kindly provided by the

brickwork Grehl, Humlangen, Germany. Chemical analyses were performed using a Philips

1404 X-ray fluorescence (XRF) spectrometer at the Institute ofMineralogy, University of

Mainz. Phase analyses and quantification are performed with Rietveld refinements based on

X-ray powder diffraction (XRD) data. Data were collected using a Philips PW 3050 powder

diffractometer with CuKa1 radiation and primary monochromator in the range between 5° and

120° 28 and steps of 0.02° 28. All refinements were performed using the Philips PC-Rietveld

plus program package (Fischer and others 1993). Quantitative analyses and determination of

the amorphous content of the sampIes were performed using ZnO as internal standard.

Three batches of clay were mixed with 5 wt.-% ofPbO, CuO, and V205, respectively. The

mixtures were homogenized in an agate mortar and pressed to pellets of 13 mm diameter for

the annealing experiments in a tube furnace. To protect the fumace from contamination

caused by volatile heavy metal compounds, the experiments were performed in a silica glass

tube inside the furnace ceramic tube. Maximum temperature was 1000° C, held for 17 h,

representing the temperature range typical for brick burning. The heating rate was 200° C/h,

just as the cooling rate. The annealed sampIes were crushed and finally ground in an agate

mortar.
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(2) Leaching tests

The pH-static experiments at pH 4, 7, and 11 were performed to examine the leachability of

Pb, Cu, V and the major elements after annealing the three finely ground batches at 10000 C.

In order to investigate the leachability as a fimction of the annealing temperature the batch

containing vanadium was annealed in a temperature range between 7000 and 10000 C. For

leaching experiments at pH 4 finely ground sampies were used, too.

The pH-static experiments were performed on the basis ofthe method developed by

Obermann & Cremer (1991). Each sampie was leached for 24 h in three parallel experiments.

As the available sampie amounts were rather small only 0.1 - 0.5 g were used in the pH-static

experiment. A liquid-to-solid ratio (L/S) of 1000 [ml/g] was chosen in order to ensure proper

stirring and titrating conditions and to get sufficient amounts of leachants. De-ionized water

with an electric conductivity of <0.0055 mS/m was used in the leaching experiments. The

pH-value was held constant on apre-set value using a pH-static controller and an autoburette

titrating HN03 or NaOH, respectively. The sampies were suspended with a PTFE-propeller

inserted from above into a glassbeaker. The leachates were 0,45 Ilm filtered and acidified with

HN03. The residue was analyzed by XRD.

All materials in contact with the leachant were precleaned with 0.3 N HN03 for 24 h and

subsequently rinsed with de-ionized water. The reagents used were all suprapur® grade.

Allleachates were analyzed with a Finnigan Mat Sola ICP-MS (Cu, Pb, V) and aPerkin

EImer Optima 3300 RL ICP-AES (Al, Ca, Fe, K, Mg, Na, S as S04, Si). The elements Na and

Kare strongly influenced by the leaching method. For pH 7 and 11 pH-static experiments

were performed using NaOH as titrant. The pH-probe used during leaching tests had a double

junction and contained KN03 as outer electrolyte which is emiched in allieachants by

diffusion.
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(3) Thermodynamic calculations

Thermodynamic calculations are used to explain the results of leaching experiments. The

dissolution of minerals dependent on the pH-conditions are investigated and compared with

the observed results of leaching experiments. Für this purpose the saturation indices of several

mineral phases were calculated in the leachants.

Thermodynamic calculations were performed with the program PHREEQC (Version 2) using

the dataset Minteq (Parkhurst & Appelo 1999). PHREEQC is a geochemical model capable to

calculate saturation indices (SI) and the distribution of aqueous species as weH as batch-

reaction calculation and surface-complexation reactions. The definition of the SI is given in

Appelo & Postma (1993):

SI = log (IAP/K)

with

IAP : Ion activity product [-]

K : Solubility product [-]

Two types of calculations were performed. First the saturation indices were calculated of

compounds incorporating the heavy metals Pb, Cu, or V upon the different conditions of pH

4, 7, and 11. Input concentrations for main components and trace elements were taken as

measured in the leaching experiments presented in the results section. In the second

calculation, constant concentrations for the constituents of the particular phases were taken

and the SI was calculated at pH 4, 7, and 11. The first method yields information on the actual

state of saturation in the leaching solutions. The second provides qualitative information on

the relative solubility of a mineral as a function of pR. With a higher degree of subsaturation

the amount of leachable constituents gets larger at a specific pH-value. Both calculations yield

similar results if the investigated elements are related to a single phase and a single process

(e.g. dissolution). They will differ if more than one phase is involved or if more than one
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process (e.g. dissolution and sorption) occurs.

Results

(1) Chemical and phase analyses

The XRF analysis ofthe raw clay yie1ded weight fractions of67.5% Si02, 18.8% Ah03, 3.2%

deviation from 100% was determined as weight 10ss due to dehydroxy1ation and water

desorption.
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Fig. 1: Observed (crosses) and calculated (lines) powder diffraction patterns from Rietveld refinements of raw
clay. Q: quartz, K: kaolinite, I: illite, R: rutile, Z: ZnO.

Figure 1 shows the powder diffraction pattern of pure clay with ZnO admixed as internal

standard for quantification. Multi-phase Rietve1d analysis yie1ded the composition shown in

Table 1. Additionally, the composition ofpure clay annealed at 10000 C is listed. Weight

fractions are given with the first digit after the decimal point to include fractions <1 wt.-%.
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Quartz Kaolinite Illite Rutile Hematite Amorphous

Clay at room 40.1 24.9 15.9 1.8 0.4 16.8
tem erature
Clay at 10000 C 43.4 8.4 1.4 1.4 45.3

Tab. 1: Phase composition of pure clay at room temperature and annealed at 10000 C, weight fractions in [%]

However, the relative error is about 5-10% (~3% absolute) for high contents and 20-50% (~

0.3% absolute) for low contents. For pure day we observed a typical composition of quartz,

kaolinite, illite, hematite, rutile and an amorphous component. The annealing process up to

10000 C yields a composition of quartz, rutile, hematite, traces of illite, and an amorphous

phase. The amorphous content increases significantly during annealing processes due to

transformation of kaolinite to metakaolinite. Further increase of the annealing temperature

leads to the formation ofmullite (Brindley & Nakahira 1959).

Q

30000

24000

.$
c 18000::J
0u

12000

6000

0

5 10

P

15 20 25 30 35 40 45

Quartz
Hematite
Rutile
lIIite
PbAI2Si20 8

50

Fig. 2: Observed (crosses) and calculated (lines) powder diffraction patterns from Rietveld refinements of clay
admixed with 5 wt.-% PbO annealed at 10000 C. Q: quartz, I: Hlite, R: rutile, P: PbAlzSiz0 8•
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The powder diffraction pattern of clay with 5 wt.-% PbO annealed at 10000 C is shown in

Figure 2.

The phase composition differs from pure clay as the formation of a lead feldspar occurs. PbO

is not observed anymore in this temperature region. Apart from that, no mineralizations

deviating from pure clay are observed.

In syntheses performed with clay and 5 wt.-% CuO at 10000 C newly built copper-bearing

phases do not occur. A reduced amount of CuO remains in the sampie. The formation of

mullite in this temperature region is remarkable (Figure 3). It was not observed either in pure

clay sampies or in syntheses containing PbO.
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Fig. 3: Observed (crosses) and calculated (lines) powder diffraction patterns from Rietveld refinements of clay
admixed with 5 wt.-% CuO annealed at 10000 C. Q: quartz, M: mullite, R: rutile, C: CuO.

The third batch containing 5 wt.-% V20 5 shows a significantly altered phase composition. The

formation ofmullite occurs at 7500 C and, additionally, cristobalite is observed above 8000 C.

V205 is decomposed in the temperature range between 7000 and 8000 C. Powder diffraction

patterns ofthe significant steps are shown in Figure 4.
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Fig. 4: Observed (crosses) and calculated (lines) powder diffraction patterns from Rietveld refinements of
clay admixed with 5 wt.-% V20 S annealed between 2000 and 10000 C. Q: quartz, K: kaolinite, I: illite,
V: V20 S, R: rutile, M: mullite, C: cristobalite, Z: ZnO.

The results ofthe quantitative analysis are given in Table 2. At 10000 C, 26.3 wt.-% mullite

are detected in the sampie. Further investigation of the mullite phase yielded lattice

parameters which show remarkable deviations from data given by Ban & Okada (1992).

Analyses with Analytical Transmission Electron Microscopy (ATEM) yielded 5.66 wt.-%

vanadium incorporated in the mullite phase (Bruhns & Fischer 2001). The cristobalite

structure is not supposed to incorporate vanadium (Bruhns & Fischer 2000).
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Clay with 5 wt.-% V20 S annealed at [0C]

room
200 400 500 550 600 650 700 750 800 900 950 1000

tempo

Quartz 42.0 42.3 43.4 43.9 45.2 41.4 44.8 47.2 46.3 42.8 44.4 46.0 42.3

Kaolinite 22.5 14.1 18.6 25.5 17.6 6.9 12.5

IlIitic
12.0 12.5 12.9 11.9 13.0 9.1 6.5 13.4 10.8components

Mullite 3.5 20.1 22.2 24.0 26.3

Cristobalite 2.0 6.9 9.0 8.8

Rutile 1.5 1.6 1.9 1.4 1.3 1.4 1.1 1.9 1.0 0.9 0.7

Hematite 0.6 0.8 0.6 0.6 0.4 0.5 0.3 1.0 1.5 0.9

Pseudo-
0.8 1.6 1.9 1.8

brookite

V20 S 5.6 4.1 4.4 5.2 5.0 3.6 4.9 5.0 2.1

Amorphous 15.8 24.6 18.3 11.6 17.5 37.1 30.0 31.6 34.7 32.6 24.1 19.1 21.0

Tab. 2: Phase composition ofannealed clay admixed with 5 wt.-% V20 S, weight fractions in [%]

(2) Leaching tests

The leachability ofmajor elements in the three batches is shown in Table 3. Obviously, the

leachability ofmost elements differs significantly between the batches. As described by X-ray

analyses the phase compositions ofthe batches differ dependent on the admixed heavy metal

compound.

Clay + V20 S

pR

4

7

11

Al

985

105

1456

Ca

568

663

443

Fe

29

<5

7

K

16338

15013

16141

Mg

345

378

28

Na

269

4516

74339

<500

<500

<500

Si

524

728

2471

v
8772

11623

13260

Clay+ CuO

pR Al Ca Fe K Mg Na S04 Si Cu

4 787 76 10 11006 56 139 <500 516 1198

7 <100 <50 <5 8739 <10 2646 <500 302 21

11 605 <50 6 11040 <10 157400 <500 2934 49
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Clay + PbO

pH AI Ca Fe K Mg Na S04 Si Pb

4 738 84 105 10076 36 329 <500 2018 446

7 <100 <50 <5 10760 <10 2481 <500 270 1.3

11 2000 <50 37 7848 <10 124788 <500 4615 60

Tab. 3: Leachability in [mg/kg] of elements in clay admixed with 5 wt.-% PbO, CuO, V205 annea1ed at 1000°C

The mobility of Ca, K, and Mg in the batch containing vanadium oxide is significantly higher

than in the batches containing lead or copper compounds. Additionally, the mobility ofK is

influenced by the electrolyte ofthe pH-probe.

Figure 5 shows the dependence ofthe pH-values on the investigated heavy metals. Cu and Pb

show a similar behaviour.
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Fig. 5: Leachabi1ity ofPb, Cu, and V in clay admixed with 5 wt.-% PbO, CuO, V20S
annea1ed at 1000°C
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V meas.
Vcalc.

Righest leachability is observed at pR 4 whereas leachability remains low at neutral pR and

increases slightly at pR 11. In contrast, V shows increasing leachability at increasing pR-

values. The behaviour of Cu and Pb is in good agreement with investigations on a brick

manufactured from dredged harbour sediments while pR-dependence ofV is reverse (Karius

and others 1999).

The pR-static tests ofthe V enriched batch annealed at different temperatures revealed that

the leachability of V is influenced significantly by the annealing temperature (Figure 6).
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Fig. 6: Leachability (pH 4) ofV in Clay admixed with 5 wt.-% V20 S at different annealing temperatures

Leachability is high at 700 °C and decreases towards higher temperatures with a minimum at

800°C. Further increasing oftemperature yields an increasing leachability, too. A maximum

is reached at 900 °C, the sampIe at 1000 oe shows a slightly lower leachability.

Mobilization ofthe examined elements by leaching in regard to the total content is given in

Table 4 for the different batches at pR 4.
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Batch Clay + 5% Clay + 5% Clay + 5%
V20 S CuO PbO

Na 24 12 29

Mg 14 2.3 1.5

Al 0.97 0.78 0.73

Si 0.16 0.16 0.63

K 113 76 70

Ca 49 6.6 7.2

Fe 0.13 0.047 0.47

V 29

Cu 2.8

Pb 0.90
Tab. 4: Mobilization in [%] of elements by leaching at pR 4

with regard to the total content

The powder diffraction pattern ofthe residues ofthe leached sampies were compared with

those recorded before the leaching tests. No alteration ofthe mineral composition was

observed during leaching processes.

(3) Thermodynamic calculations

Related to the investigated heavy metals Figures 7-9 show the saturation indices ofthe

minerals which were detected by XRD analyses or which showed a similar relative solubility

with regard to Pb, Cu, and V as it was examined in the leaching tests. Two different

calculations are given for each mineral. The open symbols represent the actual saturation

index in the leachate (Calc.l). The closed symbols indicate the relative solubility of the

mineral as a function ofthe pH-value qualitatively (Calc.2).

In XRD patterns ofthe batch containing Pb, lead feldspar is observed. Due to the lack of

thermodynamic data of lead feldspar anorthite was investigated instead. Subsaturated

conditions for anorthite were found at an investigated pH-values. Anorthite showed an

increasing SI towards higher pH-values (Calc.1). Solubility of anorthite showed a minimum at

pH 7 increasing towards acidic as wen as alkaline pH-conditions (Calc.2) (Figure 7).
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Fig. 7: Saturation indices of anorthite in the leachants of clay admixed with 5 wt.-% PbO annealed at
lOOO°C. Calc.l shows the actual SI-value in the leachant, Calc.2 shows the relative solubility
dependent on the pH-value.

Copper oxide (CuO) was subsaturated at pH 4 and 7 but in equilibrium at pH 11. The

solubility of CuO decreases towards alkaline pH-values (Figure 8).
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Fig. 8: Saturation indices of CuO in the leachants of clay admixed with 5 wt.-% CuO annealed at lOOO°C.
Calc.l shows the actual SI-value in the leachant, Calc.2 shows the relative solubility dependent on
the pH-value.
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In the vanadium batch no phases containing V were detected by XRD. Vanadium oxides

proved to match the observed pB characteristics qualitatively. Subsaturated conditions were

found over the investigated pB-range. The solubility ofvanadium oxides increases towards

alkaline conditions (Figure 9).
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Fig. 9: Saturation indices ofvanadium oxides in the leachants ofclay admixed with 5 wt.-% V20 S

annealed at lOOO°C. Calc.l shows the actual SI-value in the leachant, Calc.2 shows the relative
solubility dependent on the pH-value.

Discussion

Whereas XRD analyses yield the phase composition ofthe sampIes, the thermodynamic

calculations explain the leaching characteristics ofPb, Cu and V with regard to the pB-

conditions. The aim ofthis study is to combine these methods and to discuss which mineral

phases are detected by XRD, and to show the solubility behaviour observed during the

leaching tests.

The leaching behaviour of lead is determined by lead feldspar. Thermodynamic data of

anorthite were used far qualitative simulation of the leachability of lead dependent on the pB-
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value. This simulation describes the measured data quite sufficient (Figures 5 and 7). The

state of subsaturation at pH 7 seems to be condratictory to the fact that only a very small

amount oflead is leached at pH 7. Possible reasons are the slow dissolution kinetics of

feldspar or sorption of Pb on the sampie material or on a freshly precipitated phase. The

qualitative difference between the two calculations for anorthite may be caused by the

simultaneous dissolution of other aluminosilicates. It explains the high SI for anorthite at pH

11 in comparison to pH 7.

Calculations with the thermodynamic data of CuO suggest a decrease in solubility of copper

with increasing pH-values (Figure 8). The observed minimum of leachability at pH 7 can be

explained either with sorption on the sampie material or with sorption on a freshly

precipitated phase.

The V-containing sampies show completely different leaching characteristics (Figure 9). In

general, the calculated dissolution behaviour of vanadium oxides matches the observed

leaching data. However, powder diffraction patterns revealed no vanadium oxides in this

temperature region. But we have to consider that powder diffraction methods are limited by

the poor crystallinity of the specimen. Thus, the determination of vanadium oxides which are

almost amorphous is impossible.

Furthermore, the solubility characteristics of sampies containing vanadium depend on the

annealing temperature ofthe bricks. In general, the leachability above 800°C observed in this

study is in good agreement with data from Dondi and others (1997) who exarnined clays with

natural arnounts of V (87-124 mg/kg) in a temperature range between 800°C and 11000 C.

The maximum mobilization was 20-32 % compared to 29 % in this study. Another study

reporting results from leaching tests carried out on ten different bricks revealed a significantly

lower mobilization ofV «2 %) (Karius & Harner 2001). Further comparison ofthese three

studies is problematic because the conditions ofthe leaching experiments (L/S ratio, leachant,

duration ofleaching and pH-values) differ significantly.
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The following model describes the behaviour of vanadium during leaching processes in our

study. Assuming that the leachable vanadium amount of sampies synthesized at 700° e is

either part ofthe amorphous phase or ofvanadium oxides and that vanadium incorporated in

the structure of mullite is not available for leaching anymore, a theoretical leachability can be

calculated far the sampies ofthe annealing temperature region between 700° and 1000° C.

The fraction of leachable vanadium from the amorphous phase respectively vanadium oxides

is assumed to be more or less constant and independent of the annealing temperature. The

theoreticalleachability is calculated based on the leached amount ofvanadium at 700° e, the

amount of mullite at a specific temperature and the amount of fixed vanadium in the mullite.

The model describes the leachability above 900 oe very weIl (Figure 6). However, there is a

significant lower leachability at 750-800 oe than predicted. In this temperature range the

mullite formation starts but obviously the incorporation of vanadium occurs in another phase

with low solubility.
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Fig. 10: Leachability (pR 4) ofMg and Ca in clay admixed with 5 wt.-% V2Üs at different annealing
temperatures
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The leaching experiments of sampies enriched with vanadium show a significant higher

mobilization ofMg and Ca compared with the sampies containing lead or copper (Table 3).

We assume that this increase in mobilization ofMg and Ca is due to the complete

decomposition ofthe illite phase starting at rather low annealing temperatures. Whereas clay

annealed with PbO even at 1000° C shows characteristic illite reflections (Figure 2), no illite

is detected in sampies containing vanadium (Figure 4). The decomposition occurs between

750° and 800° C and corresponds to the solubility behaviour ofMg and Ca in this temperature

region (Figure 10). The powder diffraction pattern of the sampie containing CuO still shows

residues ofintensity at 19.7° 28 but no further illite reflections are detected (Figure 3). The

structure is supposed to decompose in this temperature region but, obviously, Mg and Ca are

still incorporated.

Conclusion

Mineralogical and geochemical methods were applied in order to investigate the behaviour of

several heavy metals during annealing processes of doped clay. The heavy metal contents

used were sufficient for quantitative X-ray powder diffraction analysis and yielded detailed

information on the behaviour of Pb, Cu and V during thermal treatment. It could be shown

that Pb is incorporated in a lead feldspar. Apart from a minor part ofremaining CuO, Copper

is mostly incorporated in the amorphous phase. Mullite formation is probably catalyzed by V

and a minor part of the V is incorporated in mullite. To a greater extent V is incorporated in

the amorphous phase or forms several vanadium oxides.

pH-static experiments yielded information on the mobility ofthe examined heavy metals after

annealing. Pb and Cu were sufficiently immobilized at an annealing temperature of 1000°C.

Only 2.8% of Cu was mobile at pR 4 and 0.9% ofPb, respectively. In contrast, more than

29% ofV was mobile over the whole examined pH-range (4-11). The mobility ofV was
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strongly influenced by the mmealing temperature. At 800°C the mobility of V showed a

minimum. About 11 % ofV were mobile at this point. For brick production these results

implicate that V has to be limited in the raw material in order to avoid high emission rates.

There are no environmental specifications available in Germany for V neither for wastes nor

for building materials (LAGA, 1996).

Thermodynamic ca1culations based on data from leaching tests can give some hints about

phases which incorporate heavy metals. But care must be taken because the composition of

leachants might be influenced by sorption processes or precipitation of secondary minerals.
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Part IV Conclusion

Conclusion

The previous results show the following important points:

- the addition of heavy metal compounds modifies the mineralizations in clay annealed

at brick firing temperatures

- the mineralizations depend on the type and on the concentration of the added

compounds

- the incorporation of heavy metal ions can be silicatic, oxidic, or may occur in the

amorphous compound

Even for small amounts, results can be obtained and interpreted based on the employment of a

variety of analytical methods not restricted to just X-ray diffraction. The combination of

XRD, XRF, MAS NMR, DTA, IR, ATEM, and leaching experiments yielded a

comprehensive knowledge of the reaction sequences during annealing as weH as of the phases

which incorporate heavy metals and ofthe leaching behavior ofthe final products.

Conceming vanadium, complete immobilization has not been achieved. As shown by

phase analysis, vanadium is mainly incorporated in the amorphous matrix ofthe bricks.

Leaching experiments yield a rather high solubility of vanadium and showed that the fixation

in amorphous compounds is less stable than in crystalline phases. On the other hand, high

solubility was not found for copper, which is mainly incorporated in the amorphous

compound, too. Obviously, one universal model cannot describe the behavior of different

heavy metals.

The detailed determination of the heavy metal ion fixation needs more analytical effort

than practical for brick manufacturers. The complex and varying composition ofmost ofthe
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heavy metal contaminated materials and the rather low concentration of the single

components, complicates the analyses.

This study was focussed on the processes occuring in mixtures of clay with just one

heavy metal compound. The results cannot be directly transferred to a clay-waste system

because the reactions may be influenced by the additional reactants in the system. Therefore,

this study only provides the basic facts on the topic. Further research is necessary to

determine the behavior of other toxic heavy metals like arsenic, cadmium etc. and the

mineralizations in a complex waste mixture.
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