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A general mathematical model of firing a ceramic body in the
dehydrozylation region allows the time development of concentration and
temperature fields in the body to be calculated. The model is based on the
assumption that kaolinite 18 a binary mizture of incompressible components,
t.e. water bound in the form of OH- groups in the structure of kaolinite
and anhydrous kaolinite, that dehydroxylation is a first-order chemical
reaction, and that firing the body in the dehydroxylation region is a combined
process of mass and heat transfer. Mass transfer is regarded as diffusion
tnvolving a chemical reaction, and heat transfer as conduction of heat
with a source. Using the general model, a solution for firing a body in the
form of an infinite cylinder in the dehydroxylation region is suggested.

INTRODUCTION

Quantitative description of firing a ceramic body in the region up to melt
formation requires knowledge of the processes characteristic of the ceramic mix in
question over this interval.

Classical ceramic mixes contain certain proportions of a plastic component, mostly
of kaolinitic type. Dried bodies then contain, apart from residues of technologi-
cally necessary water, also water bound in the form of OH- groups in the structure
of kaolinite. Molecular water is formed from the OH- groups in the crystals of
kaolinite on firing. This reaction is known under the term dehydroxylation. If one
considers that the residual technological water is removed in the beginning of thermal
exposure and that no changes due to temperature arise in the other mix components,
then the changes in body weight during its firing over the interval up to melt
formation are associated with dehydroxylation of the plastic components and
transport of water vapour through the decomposition product. Dehydroxylation
of kaolinite was the subject of numerous studies [1 through 30). The lack of
agreement with respect to the controlling process of.dehydroxylation can be
attributed above all to the evaluation of measuring results obtained from
experiments using different arrangements, i.e. different layer thicknesses of the
powdered sample or of bodies, different vapour pressures in the ambient atmosphere,
use of different methods of study, etc.

If dehydroxylation is described as a chemical reaction yielding molecular water
from OH- groups in the structure of kaolinite, study of the reaction would be
bound to a specimen having the size of the two-layer which constitutes the basic
structural unit of kaolinite. As such an experiment is unviable, dehydroxylation
of kaolinite is studied on thin layers of kaolinite. The results of such an approach
must necessarily include the effect of the subsequent process, i.e. transport of water
vapour through the decomposition product.

The resistance to vapour transport decreases with decreasing layer thickness
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and the diffusion path also decreases. At a certain layer thickness, the chemical
reaction will become the prevailing controlling process. Under isothermal conditions,
the controlling process will also be determined by water vapour pressure in the
ambient atmosphere and in the decomposition product. The situations that can
occur are the following (cf. Fig. 1):

I i
Pl Ay

P(x)

Fig. 1. Concept of the effect of water vapour in the ambient atmosphere on the process
controlling dehydroxylation of kaolinite: I — kaolinite, II — decomposition product, II1I1 —

ambient environment; Py — equilibrium water vapour pressure at the given temperature,
Psy,2 — water vapour pressure in the ambient atmosphere, Pr(x) — pressure profile in the
decomposition product.

1. If the vapour pressure in the ambient atmosphere, Py, is much lower than
the equilibrium pressure Py at the given temperature, or Py, = 0 in the case at
vaccum, i.e. Py, € Py and water vapour pressure P, in the decomposition product
will increase in the direction from the layer surface towards the reaction zone
(i.e. Py = P, (x), where z is the ordinate in the direction of the thickness of the
decomposition product), while Py(x) > Py,, then diffusion of vapour, driven by
the pressure gradient, will be the controlling process.

2. If the water vapour pressure in the ambient atmosphere, Py, conforms to the
relations Py, > Py, and Py, < Py, the reaction will be the controlling process
until P, = Py, holds in the reaction product having the thickness x = x;. On
attainment of pressure P, according to the relation Py, < P, = Py, diffusion
of water vapour will then be the controlling process.

3. No chemical reaction takes places if the vapour pressure in the ambient
atmosphere is Py, = Py.

4. The chemical reaction as the only controlling mechanism can be determined in
the system where no pressure gradient occurs in the decomposition products
(i.e. Py(z) = const.) and in the ambient atmosphere, Py < Py.

On using the situations indicated above to analyze existing knowledge of
dehydroxylation, one finds that in studies [3, 4, 5, 6, 10] where the specimen
thickness and the vapour pressure in the atmosphere corresponded to these situa-
tions, chemical reaction was established as the controlling mechanism of
dehydroxylation. In the case of larger specimen thickness and vapour pressure
corresponding to the given situations, diffusion of water vapour was determined as
the decisive mechanism [5, 6, 7, 8, 28, 29]. In studies [7, 12] it was also found
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that an outer vapour pressure of 0.006 MPa slowed down the reaction distinctly.

On the basis of the above findings it can be said that diffusion of vapour through
the reaction product is the decisive mechanism in the firing of bodies of larger
dimensions in the dehydroxylation region at a low vapour pressure in the ambient
atmosphere, and that the process can be regarded as diffusion involving a chemical

reaction. It should also be borne in mind that in the given casse, diffusion
of vapour through the body consists of diffusion of vapour through the particle
of kaolinite and diffusion through the decomposition product surrounding the
particle.

Firing further involves transfer of heat. As dehydroxylation is an endothermal
reaction and heat transfer occurs in a solid body, conduction of heat through the
body is the decisive mechanism and the heat conduction balance must also respect
the heat consumed by the chemical reaction.

From this point of view, the firing of a body in the dehydroxylation region
therefore represents a combined process of heat and mass transfer.

The present study had the object to work out a general mathematical model of

the firing of a ceramic body in the dehydroxylation region on the basis of the concept
described above.

MATHEMATICAL MODEL

If the initial kaolinite is regarded as a binary mixture consisting of component 4
(i.e. water bound in the form of OH- ions in the structure of kaolinite) and
component B (i.e. anhydrous kaolinite), then g4 is the concentration by weight
specifying the weight of component A contained in unit volume of the mixture, and
the density of the mixture is then [31, 32]

0 =04+ 08, (1)

where pg is the concentration by wt. of component B.
On defining the mass fraction of component 4 by the equation

x4 = 04/0 2
then for mass fractions in the binary mixture it holds that

x4 +axp= 1. (3)

’

The balance of weight of component A for the binary mixture has then the form
(34)

DQA . . . ’
Dy = 04 divv—div jq + 7, @

where the substantial differential Dg4/D7 is defined to the mean mass rate v of the
mixture, and j4 is the diffusion flux of component 4 defined by the equation
ja=oalva—y), (5)

and 7, is the specific rate of formation of component 4 in the mixture.
On considering an incompressible mixture, i.e. g = const., it holds that

divv =0 (6)
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and the mass balance (4) acquires the form

D@A
Dz

= —div jq 4 7. (7
In the case of purely concentration diffusion in a binary mixture, the following
relation holds between mass flux and the driving force:
ja = —oDapgrad z4, (8)
which for o = const. can be written in the form
ja=—Dapgrad g4, 9)

w here D g is the diffusion coefficient of component 4 in component B.
Joining of equations (7) and (9) yields the following form for the mass balance:

DQA

Dy = div (Dap grad p4) + 7; (10)

on considering an isobaric process, D4p in the case of an isotropic mixture is
a function of temperature and concentration.
Adjustment of substantial derivative (10) yields the form

%9:— + vrad p4 = div (Dap grad 04) + 7. (11)

With a system free of convective flow, i.e. v =0, equation (11) acquires the
form

0 .
73914 = div (Dap grad 04) + 74, (12)

or, on introduction of mass fractions, the form

8;: = div (Dap grad x4) + 74, (13)

while it holds that 74 = 7/,/p.

The term r4 takes into account the rate of formation of component A in
unit volume of the mixture. In the resolving of concentration fields this term is
a function of position and time in the most general case. On considering
a homogeneous reaction usually taking place throughout the volume of the
mixture of reacting components, the volume rate of formation of component A
will appear in term r4. For example, for a n-th order reaction, the term r4 can
be expressed by the equation

T4 — —]C;,,,IA”, (14)

where n is the dimensionless order of the reaction, %, is the rate constant of
n-th order reaction. The k, constant depends on pressure and in most instances
distinctly on temperature according to the equation

kn = kno exp (—By/T), (15)
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where B, is the characteristic temperature of the process and ko is a constant.
On considering a 1-st order reaction with the kinetic equation

T4 = —kiCA, (16)
its resolving yields the following relationship for the time dependence of the
concentration of component A4:

T4 = 240 6 K7, (17)
where z 49 is the initial concentration of component A.

Substitution of (16) into (13) yields mass balance for a binary incompressible
mixture involving a 1-st order chemical reaction without any convective flux
(low) being present:

axA

B = div (D4p grad 24) — k(T) 24, (18)

where Dag = Dag(T, z4).

The temperature dependence of the diffusion coefficient can be expressed by
the equation
D g = Dapo exp (—B2/T), (19)

where B; is the characteristic temperature and D4po is a constant.

If a chemical reaction takes place in the body, the energy balance has the
form (33)

eCp %g_ =divAgrad T + 4’, (20)

where A is the thermal conductivity, cp is the specific heat under constant pressure,
T is temperature and A’ is the specific heat source given by the chemical reaction.

If 4, o and cp are constant, it holds that

o= (21)

0Cp

where a is thermal diffusivity. Substitution of (21) into (20) yields the following
form of the energy balance:

%%— =adivgrad 7 + 4, (22)
while it holds that
4= (23).
0Cp

To resolve equation (22) one has to know the source A describing the consumption
of heat for the endothermal reaction. Expressing of the source term 4 may be based
on the assumption that partial dehydroxylation has taken place in kaolinite with
initial concentration of chemically bound water x40 so that in time 7 its weight
is m(7) and it contains an already decomposed proportion free of chemically bound
water and weighing mp, and a non-decomposed proportion containing the original
concentration of chemically bound water x4 and weighing my(7). It then obviously
holds that

lim m(t) -> mpg. (24)

T ~» 00
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The heat consumed by the endothermal reaction of kaolinite dehydroxylation,
the weight of kaolinite being Amx(z) can be expressed by the equation

@ = AH Ampy(7), (25)

where AH is the reaction enthalpy per unit weight of the mixture, Amy(7) is the
change in weight of the non-reacted proportion of kaolinite in time 7.

The weight of water my,o released in time 7 by dehydroxylation from kaolinite
weighing m(t) can be expressed by the equation

mu,0 = Az am(t), (26)
where Az4 = 40 — T4,

and at the same time by equation
mH,0 = Z40 Amy(T). (27)

In view of the validity of equations (26) and (27) it can be written
A
Amy(t) = —2 m(7). (28)
Z A0

Substituting equation (28) into equation (25) yields an expression for the amount of
heat consumed by the endothermal reaction in kaolinite weighing m(7), in the
form

0 = AH 2% . (29)
T 40
At the same time, endothermal dehydroxylation will bring about a temperature
decrease by 7' in the kaolinite weighing m(7). It is therefore possible to write the
equation
Q = ¢p ATm(7). (30)

From the equation of the right-hand sides of equations (29) and (30) it follows
that
o AH AZA

Cp Z 40

AT (31)

On expressing the change in temperature as a time interval and the time change in
concentration by means of equation (17), one obtains the following expression for
heat source 4:

1
- = . 32
A oy a0 k(T)za (32)

Joining of equations (22) and (32) yields an energy balance in the form

a—T :adivgra.dT—A—H !
ot Cp Zdo

k(T)z4. (33)

DISCUSSION AND CONCLUSION

A general mathematical model of the firing of a ceramic body over the
dehydroxylation region, considering dehydroxylation as a 1-st order chemical
reaction, is expressed by a mass balance having the form
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%””r‘i = div (D4s(T, z.4) grad z.4) — k(T) x4 (34)
and by an energy balance having the form
ET— = a div grad T—Ai 1 KT) za. (35)
aT Cp T Ao

The time development of concentration and temperature fields in the body can be
determined by resolving equations (34) and (35). However, the calculation requires
the material quantities or their temperature and concentration dependence to be
known, i.e.

: AH, a, cp, Dap = Dap(T, x4), k = k(T). (36)

If the quantities cannot be found in the literature, they have to be determined
experimentally.

Knowledge of initial and boundary conditions is required for the solving of
balance equations (34) and (35).

On considering, for example, firing of an infinite cylindrical body in the dehydro-
xylation range, introduction of cylider ordinates gives equation (34) the form (32)

0 1 0
Fa 12 (D,.B(T, )7 g‘;‘) — K(T) 24 (37)

while balance (35) acquires the form (33)

oT 02T 10T AH 1
2 —al == 4 —k(T) 4.
ot a( or? + 7 or Cp Zd, () a (38)

The example of firing a cylindrical body of infinite length in the dehydroxylation
region can then be formulated by the following conditions:
— initial conditions

ZA(T, 0) = Z 4o, (39)
T(r, 0) = To, (40)
— boundary conditions

24(R, T) = 240 exp (—k(T)7), (41)
T(R, ©) = f(z), (42)
0z 4(0, T) .
e (43)
oT(0, 7). —0 (44)

or

where R is the radius of the cylinder.

Equations (36) through (44) then represent the complete set of equations for
resolving the firing of a body, having the form of a cylinder of infinite length, over
the dehydroxylation region.
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MODEL NEIZOTERMNfHO VYPALU KERAMICKEHO TELESA
V OBLASTI DEHYDROXYLACE

Jiti Havrda, Yvona Mazacova, FrantiSek Oujifi, Vladimir Hanykyr
Vysokd Skola chemicko-technologickd, Katedra technologie silikdtd, 166 28 Praha

Vychozim predpokladem modelu neizotermniho vypalu keramického télesa s obsahem
kaolinitu v oblasti dehydroxylace je, Ze v télese dochézi ke spoletnému sdileni vody
difuzi a tepla vedenim. Sdileni hmotnosti je povazovéano za difuzi s chemickou reakci a sdileni
tepla za vedeni se zdrojem. Dehydroxylace kaolinitu je povazovana za chemickou reakei
1. f4du. Za t&chto ptedpokladiu byly ziskany zdkladni bilanéni a konstitutivni rovnice obou
procesi. Je naznacéeno jejich Feseni pro pocateéni a okrajové podminky definujici neizotermni
vypal nekone¢éného vélce v oblasti dehydroxylace. Jsou vymezeny nezbytné materidlové
velid¢iny a jejich odpovidajici zdvislosti pro Fedeni modelu.
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Obr. 1. Pfedstava o vlivu tlaku vodni pdry v okolni atmosféfe na Fidici proces dehydroxylace
kaolinitu: I — kaolinit, TI — produkt rozkladu, III — okolni prostfedi; Py —
rovnovdiny tlak vodni pdry za dané teploty, Py , — tlak vodni pdry v okolnim prostFe-
dé, Pr(z) — tlakovy profil 3 produktu rozkladu.

MOJEJDb HEM3OTEPMUUYECKOIO OB UTA
KEPAMHNYECKOTIO TEJA
B OBJIACTH OETUIPOKCUJIHNPOBAHNA

Wpxn I'aspaa, Bona Maa;aqona, OpanTumexk Oynp:xu, Baajumup I'aBsikupix

kagedpa mexHoaoeUU CUAUKAMOE X UMUKO-METHOI02UNECKO20 UHCIMUMYMA
4 166 28 I paza

HcxomHEIM mpeanoiIo’KeHeM MOJesIM HeH30TePMUUECKOI0 O®IKHUra KepaMH4ecKOor'o Telsa
C coflep;KaHHMeM KAaoJHHHTA B 06JlacTH JerHApPOKCHJIMPOBAaHMA ABJIAETCA TO, 4TO B Telle
npoucxoaut ofmas nepefada BOK nndjd}yauen M Tellla IPOBOZHOCTHIO. Maccomepenaua
cunraerca Auddysmedr ¢ XuMAUeCKOH peaknued M Temiomepenaada TeIIOIIPOBOJHOCTE 10
¢ HcTo9HMKOM. lermapoxkcuinpoBaHHe KAaOJIMHATA CYATAETCA XMMHYECKOH peakmuei mep-
Boro mopAfaka. IIpm TakuMX mpeamnoio;keENMAX OBUIN IMOJIydeHhl OCHOBHBIe ypaBHeHHA Oa-
JlaHca M KOHCTATYOHH 000HX mpoleccoB. B paGote HameueHO MX pemeHHe NPU HA9aJILHLIX
U TPAaHNYHHIX YCJIOBHAX, ONpeJeIAIOMNX Heu3oTepMudeckuil 0G:kur 6eCKOHEYHOro HUITHH/PA
B obiacTn aerufpoxcuiInpoBaBna. OnpefeisoTcss HeOOXOXHMEble BETUYNHEI BENIeCTBA M UM
OTBevaloIie 3aBUCUMOCTH [[JIA pemeHNd MOJIeJIH.

Puc. 1. ITonamue o eauaruu dasrenus 600AH020 NaApa 6 okpyrcaiowel ammocgepe Ha ynpas-
AKI0WULE npoyecc dezucporcuasupoearnus kaoauruma: 1 — raoaunum, 11 — npodyxm
paanoxcerus, 111 — oxpyncaiowyasn cpeda; Pn — pasroeecnoe dasaenue 600a1noz0 napa
npu aadannoii memnepamype, Pr, ,— Oasaenue 600anoeo napa e okpyxcaioweli cpede,
Pr(z) — npogurv dasaerusa ¢ npodykme pazRoHceHUR.

HYDROTALKIT, horeénato-hlinity hydroxokarbonidthydrat MgsAlL[(OH),s | CO3] .
. 4 H,0, resp. [MgssAly;4(OH)2] {(CO3)1/s(H20):/2] vznikd popri véapenato-horeénatych alumi-
néathydratoch, resp. hydrogranatoch v hydrataénych produktoch troskovych cementov.
V zmesnej troskovej malte vystavenej pésobeniu 0,3 moldrneho roztoku MgSO, dokézali
D. M. Royova, E. Sonnenthal a R. Prave (Cement and Concrete Research, vol. 15,
914—916 (1985)) vznik hydrotalkitu, v ktorého Strukture uz pred éasom zistili mozZnost
néhrady aniénov CO3}- aniénmi NOj. Rastrovacim elektrénovym mikroskopom dosiahli autori
élanku vyrazné rozlisenie hydrata¢nych produktov (dosticky hydrotalkitu, prizmy sédrovca,

romboédre kalcitu) v porovnani s rtg. difraktografom. L. Stevula

Dva zdvody patiici podniku United Glass Containers v Anglii se umistily jako druhy
a tieti v soutézi o usporu energie a ziskaly odménu. Oba zidvody docilily aspory tim, Ze
presly z plynového vytédpéni ddvkovacu skla na vytdpéni elektrické.

Firm& Corning se podaiilo v létech 1983 az 1985 zlepSenim tvari varného nédobi ze
skla Pyrex a zlepsenim servisu zvysit jeho prodej o 80 %.

Zijem o nové materidly z keramiky a skla potvrzuje také to, ze od 1. 1. 1986 zacinaji
vychézet dva ¢Gasopisy vénované vyzkumu a pouziti téchto novych materidla. Jeden
z Gasopisu se nazyvd Advanced Ceramic Materials a vydava jej Americkd keramické spoleé-
nost a bude vychdzet c¢tvrtletné. Bude pfindset ¢ldnky o biokeramice, katalyzatorech,
keramice pro obtizné prostiedi, feznych nastrojich, elektrickych izolatorech, vodiéich s rych-
lymi ionty, feritech, keramice pro tepelné stroje, sklech pro infrafervenou ¢ést spektra,
optickych vldknech, zitavovych sklech, sklech pro vakuovou techniku, piezoelektrickych
materidlech, senzorech a pruhledné keramice. Druhy c¢asopis vydava Elsevier a nazyvé se
Ceramics International a bude rovnéz vychdzet ¢tvrtletné. Bude se zabyvat zejména
metodami k pripravé surovin, vyrobnimi procesy (lisovéni, tazeni, vstfikovéni, vélcovéni,
liti, tazeni, lisovani za tepla a vysokeho tlaku, plasmové sintrovani) i vlastnostmi
vyrobku a inZenyrskymi problémy pii jejich vyrobs. Clenem redakéni rady tohoto éasopisu
je prof. V. S8atava, DrSc., z katedry technologie silikdta VSCHT v Praze. Standk
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