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Abstract

A binary mixture of 14-dichlorobenzene and 1,4-dibromobenzene, as a representative of a system that forms a solid solution, was measure
an adiabatic calorimeter. Several mixtures of different compositions were heated to 380 K, kept in the liquid phase at this temperature overni
and then cooled slowly down to 250 K. The enthalpy path of the mixture measured during cooling carries the information that enables us
describe the crystallization process. In the first stage, crystallization develops rapidly and clearly deviates from equilibrium, while indhe seco
stage it proceeds significantly slower, whereby we assume that the surface of the solid is in equilibrium with the existing liquid phase at t
given temperature during cooling. Such an approach opposes the omasshates equilibrium between thguid and solid bulks, known as the
equilibrium model. We show that by employing the kinetic model, the experimental enthalpy path of the mixture during cooling in the adiabati
calorimeter can be very successfully reproducedlenthe equilibrium modeldils in this aspect. Ftiniermore, we propose a procedure where the
kinetic model is used to obtain the excess thaslgmamic properties of the solid phase. These tjties enable the calculation of the liquid—solid
phase diagram using the excess parameters obtained from the approach that does not assume the overall equilibrium between the phases
the crystallization process.

(© 2005 Elsevier Ltd. All rights reserved.

1. Introduction liquid phase. Therefore, the result of crystallization will be an
. inhomogeneous state of solid thatntains composition gradi-

Multi-component systems of substances that have about thets in its bulk. As an example, previous analysis of the mixture
same size and sha of molecules and do not differ too muchin ¢ 1,4-dichlorobenzene and 1,4-dibromobenzene by Raman
chemical nature tend to form mixed crystals or solid solutionsgpectroscopy illustrates the distribution of the given compo-
Prediction of the phse béavior of such a mixture and char- pents along the length and the diameter of the single cryital [
acterization of the solid stateqeire the knowledge of the rele- In this work, we focus on thergstdlization of the issued
vantphase diagram. Several studies on the binary mixture Ofo%ixture in an adiabatic calorimeter, whereby we develop
interest, 1,4-dicldrobenzene and 1,4-dibromobenzene, demon; ’

rat thods for determinatiaf th ibri h di a kinetic model describing quantitatively the crystallization
state methods for determinand € equilibrium phase dia- process. The basic assumption of the kinetic model is that
gram [Ll-4]. Measuring equilibrium solidus and liquidus lines

. . X . at a slow cooling rate equilibrium is established between the
by mdting samples is a laborious work in the sense of prepar-

ing mixtures of a highiegree of homogeneit$£7], while there surface of the growing solid phase and the existing liquid

is always uncertainty about whether the system has reached tﬁgase along.the cooling path. Clearly, thls.'sf pnly valid for low
A . : enough cooling rates and thus for slow solidification processes.
equilibrium during measurements. As for the melting and crys- .
L . .~ Nevertheless, no matter how slow the cooling is, due to the very
tallization of the molecular mixed crystals, the problem arises

due to venjow diffusion rates in the solid phasg]that prevent Slow diffusion r.a'telm the solid ph.asda,etfmal state b.Sd'd wil
overall equilibrium between thergire amounts of solid and not be the equilibrium state within a reasonable time scale, as

we will show here.

* Corresponding author. Tel.: +31 644298363. For thepurpose of modeling the slow crystallization close
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effects of mass and heat transport in the liquid phase on
the segregation can be excluded, as was demonstrated in
Ref. [10. Furthermore, it is shown how the applicability of @‘
the proposed kinetic model can be extended to determine the L_HEATER [7
excess properties of the solid phase. In previous wdrj, [

a prdiminary description of this kinetic approach was given.

Here, an improved model, thajives both excess enthalpy VESSEL ¢

N OUTER
7| ADIABATIC SHIELD

\T » INNER
and excess entropy of the solphase is presented in detalil. : VIADIABATIC SHIELD
Typically, a mixture with highmiscibility of components ] _
exhibits lower excess energynd will form a lid solution, s ; &=

while for an eutectic mixture miscibility in the solid phase is

limited corresponding to higher excess energy. As discussed in Fig. 1. The sketch of the sample container in the adiabatic calorimeter.
Ref. [12], the kinetics usually favors mixing. The advantage

of proposed kinetic modeling over the traditional equilibrium Wherez = z; is the overall composition of component 2 (1,4-
approach3] for the dermination of excess properties is that it dibromobenzene), whilef,; andcp , are the heat capacities
is not based on the unjustified assumption that the system is i@f the pure components in the phaBe These heat capacities

complete equilibrium. are known from pure components’ measurements. Within the
temperature mage of interest, they are very well approximated
2. Experimental method by Taylor series of the second order in the temperature:

. . . deP.
Several mixtures of ,B-dichlorobenzene and 1,4-dibromo- gg,i (T) = Cg,i,ref n ( p,|> (T = Teet)
Tref

benzene of different compositions were measured in th dT

adiabatic calorimeter (labatory design indication CAL 1 (%P

VII) [ 13]. Each mixture weighed around 5 g and was placed in a ( p,l) (T — Tren)? 3)
Tref

copper gold-plated vessel that was mounted in the calorimeter. 2\ dT?

The mixture was first heated slowly to 380 K in the way

that was preiously described 14], while the change of the Wherec‘F)’,Lref is the pure component heat capacity in phdse
enthalpy of the mixture with temperature is measured during the dep; dcf, .
performed experimental procedure. Afterwards, the melt wadt some reference t_emperatm@f, and-—gr-, 77 are the first
kept overnight aB80 K and then cooled down to 250 K with and the secgnd derivativesBr. . .

a rate of 01 K min—1. Coding in the adiabatic conditions is The coolmg_ power of the calonr_neter as a function of
performed by setting the temperatures of the shields to relevarffMPerature within the onghase regions can be calculated
values vith respect to the vessel temperature (@iee 1). Here ~ Staghtforwardly from:

by adiabatic conditions we med#mat the applied cooling is the ¢y, p ar

only heat exchange between the system, i.e. vessel and mixturleqol = (Cp.ves+ Cp,mix)a' )

and its surroundings, i.e. shlelds_and W|_re-heater. '_rh_us, th“Fhe heat is withdrawn from the system by radiation to the
enthalpy change of the system during coolinbiggktenm within

o . diabatic shields and by conduction through the wire heater.
atime interval d as a consequence of the cooling power or heaﬁ1 accordance with this. thedieally the cooling power can be
flow 1 ool = dQaool/dlt, With Qeool the withdrawn heat, is given ’ Y gp

by: expressed as the sum of a radiation and a conduction term:

[ theor

dHsystem= dHyes+ dHmix = (Cp,ves+ Cp,mix)dT = lcooidt cool = Iradiation+ lconduction

(1) = du(Taystem— (Tsystem— AT)®) + (02 + Gz Tsystem (5)

whereAT is a temperature difference between the system and

where Hyes and dHpmix are the enthalpy changes anglves . . . . . . .
andcp mix are the heat capacities of the vessel and the mixturethe inner adiabatic shield, g set to 10 K during the cooling

respectively eéxperiments.
During the cooliy experiment the change of system'’s " Bi/h flttl?g tlhe exper_lmenItEaI 5coolmg pO\;VEI’ (Edq4)) t%
temperature with time, T/dt, is measured, while the heat e theretical expression (Eq(5)), parametersy, gz an

capacity of the empty vessep vesas a function of temperature gs are obtained for each measured mixture. Basically, these
was neasured independently in a calibration experiment. Fro aramtﬁtelrs ShtOUId Inot c:etpr)]endﬁontthef contTln;l Oft th? ves_sel.
the measured heat capacities of the mixtures in the one-pha gVver e_ess,t ? ru Z't(')u € z ?C S0 zma i uctua |ons£ n
temperature regions, we found only small fluctuating deviationil € &xpenmental condiions we detérmined cooling parameters

from the ideal values, suggesting no significant excess he ' each cooling expeniment.he obtained values are given

capacity. This implies that the heat capacity of the mixture in" Table 1 The resulting cooling pawers as a function of

thephaseP (liquid or solid phase) is given by: te_mperature_are shown Hig. 2 illustrating t_hat, despite the
differences in the parameggrthey are quite close as we
P

Cp.mix = 1- Z)Cg,l + ZCS,Z (2) expected.
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Table 1
Cooling power parameters for each mixture cooled in the adiabatic calorimeter
Mixture X2 o x 101 GKk1s71y g x 108 s gz x 10° JK1s1
| 0.2937 1.3372 —2.1740 2.8007
Il 0.4791 1.3938 —-1.4711 2.4425
I 0.5312 1.3878 —1.9066 2.6865
v 0.5338 1.2658 —3.9556 3.5783
\Y 0.6025 1.3712 —1.7688 2.6282
\ 0.7976 1.3423 —2.0353 2.7332
0.035 0
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Fig. 3. The enthalpy change of mixtures of different compositiOHgix)
with temperaturgT), obtained from heating (dashed line) and cooling (solid
line) the mixtures in the adiabatic calorimeter. Denotations for different
compositions are in line with those ifable 1 Ponts 0 and 1 indicate kinks
on the cooling enthalpy paths (showrrédor only two mixtures for clarity of
the figure).

Onc’e the cooling power is defined as a functlon of thecrystf:lllizationthe composition of the growing solid phase is not
system’s temerature, the enthalpy of the mixture can be

k ; .~ necessarily lying on the solidus line of the equilibrium phase
calculated as a function of temperature for the applied COOl'n%iagram but its determination would require the knowledge

TIK

Fig. 2. The cooling power of the adiabatic calorimetégyo)) as a function
of temperature, calculated for each investigated mixture by (Ep.using
parameters frorfable 1

by: of the so-cHed kinetic phase diagram, that follows from a
H:;’i‘f('r) = H;’i‘f(-rref) + Hyed Tref) — Hyes(T) non-equilibrium approachu.sh as the one given in RefL].
T g7\ L Thus, for the amount of solid phase formed along the path 0-1
+ / I cool (—) dr’ (6) the segregation may deviate from the equilibrium segregation.
Tret dt In contrast, once being &t we assume that equilibrium is

where the integration constaryes Tref), is chosen such that established between the remiaig liquid phase and the surface

the enthalpy of the liquid mixture is equal to zerdTag, which of the solid phase. This assumption is supported by the fact
is chosen to be 365 K. that futher growth of the solid phase frofy downward is

accompanied by gradual temptne decrease, which points
3. Qualitativeinterpretation of the measured enthalpy path to significantly slower growth of the solid phase than in the
initial stage. Accordingly, the solidification front, i.e. the solid
For each composition of the mixture, the enthalpy pathphase that is growing at the surface, is assumed to be in (near)
during the described cooling is calculated by & .and plotted  equilibrium with the remaining liquid phase.

in Fig. 3. Note hat all enthalpy curvesontain two kinks, which Such a description of solidification implies that the solid
are typical for the crystallization process as opposed to thehase grows in layers of different compositions, where each
presented melting enthalpy curves. layer is in equilibrium with the remaining liquid phase at the

Upon continuous cooling of the liquid phase, the first kink given temperature during cooling. This approach considers a
in the enthalpy cunappearstapoint 0 and marks the onset of definite time span at the given temperature as opposed to
crystallization by nucleation. Once the crystallization proces¢he equilibrium, which assumes an infinite time span and
starts, the solid phase evolves rapidly as is evident from th#éhus allows the equilibrium between completely homogeneous
registered temperature irease between points 0 and 1. In phases. This picture of the ctgdiization of a solid solution is
all cases the nucleation temperatigis found to be about knownin the literature as the shell modé#.

8 K lower than the corresponding liquidus temperature of the The above qualitative description and assumptions regarding
mixture of the given compostion z. At Ty the liquid phase the e&perimental cooling enthalpy curves give base to our
is highly supersaturated. This means that during the initiafuaititative modeling of the crystallization process.
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4. Quantitative analysis, kinetic model 365

According to the previous discussion, the impact of s
kinetics is significant so that a successful description of N L
the aystallization process requires both thermodynamic and
kinetic factors to be taken into account. We introduce a kinetic E MsL_ b __
way of modeling the crystéization process by deriving the

expressions for calculating the enthalpy path for a given set ATI x,a(T~AT)
L

xmsof [ T)

of excess parameters. Thesegraeters determine the excess Xp T =AT) |

contribution to the thermodynamic properties of the mixture, :

and quantify the degree of subility of the components in the 15 : L 2

given phase. A given excess quantity for a phdsés comnonly L N2 04 . L 04 '
expressed as a polynomial function of the composition. Here we ’

adopt the Redlich—Kister expansidhi], reading: Fig. 4. The crystallization path for the mixture of overall compositgn

schematicly presented in the liquid—solid phase diagram from Ré&f. Upon

N - A ; - ;
P.exc P.exc n continuous cooling, the nucleatiaf solid phase occurs at point @), from

A =x(1-Xx) Z an 1—-2x) (7) where temperature rises until point;) and then starts decreasing again. For
n=0 a desription of solid fraction evolution belowW; we use Eq(10), whereduring

temperature decreaseT the liquid phase will change composition along the
5quidus line, from xgg(T) to xgg(T — AT), while the composition of the

growing solid moves fronxgg'(T) to xgg'(T — AT).

wherex = Xz is the nole fraction of component 2, which is
usually chosen to be the component with the highest meltin
temperature, and\ stands for the excess enthalpy, entropy or

thefree Gibbs energy obeying: corresponding temperature. FafT — 0, Eg.(10) becomes:

G *= Hiixc = TS ™ ® add/ar

During the phase transition in the adiabatic calorimeter, thds=—1-9 XSO(T7) — X0 (T7) dT (11)
enthalpy change of the system consists of a contribution for _ e
cooling the mixture, 8mix cool, @nd a ontribution for the phase implying:

transfomation, Hirans SO wecan write: S ds T dan/ 4T’
eq 2
_ / dr’,

T x§QT) — xed(T!)

deix = deix,cooI + dHtrans: Cp,mixdT + AHfusds (9) % 1—5s o

(12)

where A Hsys is the composition dependent enthalpy of fusionFinally

of the mixture and & refers to the amount of the solid phase '

that is formed within the time intervat ccorresponding to the

temperatue change dr. _
Let us turn now to the qualitative analysis of the T dx‘!g /dT’ ,

experimental data, where the two parts of the crystallizatiors(T) =1 — (1 —So)exp / st dr ). (19

process were distinguished. In the initial part the growth of T Xgg (T = Xeq(TH

the solid phase is fast and segregation may deviate frorgimilarly, the theoretical engiipy path is found by substitution

the equilibrium segregation, while during the second part thef Eq. (11) into the energy balance E¢), and irtegraing,

crystallization proceeds slowland we assume that the solid which leads to:

phase at the surface is in (near) equilibrium with the existing T

liquid phase. To start, we first derive expressions for theqytheor ) :/ Cp.mix — (1 —S(T))

evolution of solid fraction and the enthalpy as a function mx T ’

of temperature during the second part of the crystallization, dx”q/dT/

i.e. starting fromTy. Here we efer toFig. 4, where tle coding €q -

pah for the melt of overall compositioz is schematically xgg'(T’) - xe'g(T/)

presented in the phase diagram from Rdi. As diffusion

in the solid phase is neglected, the lever rule, which is bas

on complete equilibrium, is not valid, but we can still apply a

differential form of the lever rule. This implies that the amount A Hgs = (1 — xgg')AHfusl + xgg'A Hfus2 + AH exc(xgg').

of solid formed betweed andT — AT is given by: (15)

by analytic integration of E§12)we find tha thesolid
phase fraction as a function of temperature froppdownward
is given by:

A Hfus) dT/ (14)

e\ghereA Hsys is the composition dependent enthalpy of fusion
given by:

Xeq(T) — Xeq (T —AT) (10) HereAHrus1 andAHrs stand for the temperatte dependent
xgg'(T —AT) — xgg(T —AT) enthalpies of melting of the pure components, whilkl €€ is
, the difference between the @ess enthalpy in the liquid and
where x!;g and xgg' are the equilibrium mole fractions (of solid phase. Our calculateentalpy paths fromT; downward
component 2) of the liquid and the solid phase at theare obtained by numerical integration of Efj4), inseting the

As=(1-59)
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temperature dependent solid fraction of E1g). However, in  Table 2
order to perform this integration, the amount of solid beingNucleation and equilibrium temperaturey and T, for each investigated
formed betweerTy and Ty, o, andits average emposition composition of the mixture, and corresponding results from modeling the initial
sol p to be det ,d ’ ' crystallization: |n|t|a| SO|Id fractlon;o equilibrium compositions of liquid and
Xav» Nave 10 be de ermine . . solid phase afl; (xIIq and x,
Although we assume that the surface of the solidiais (@)
of equilibrium composition, the total initial solid phas®, °

Sol) and average composition of the initial solid

. . . . . el e
is in fact inhomogeneous. However, its average compositionz To/K T1/K S0 x|,g Xeon X3
soI sol
Xav = X3 5, Must satisfy the mass balance equation: 02937 325537 330932 0.1826 02262 03529  0.5958
| | 0.4791  332.641 337.808 0.1892 0.4338 0.6498  0.6729
1- so)xeg + Song,’ =2z (16) 0.5312  334.646  339.998 0.1962 0.4613 0.6772  0.8157

) o o ) 0.5338  335.622 339.435 0.1624 0.4472 0.6670  0.9809
As the surface of the solid phase is in equilibrium with theo.so25 332.811 341751 0.3294 05187 0.7322  0.7731

remainng liquid at T4, the fdlowing relation holds for both  0.7976 ~ 344.306  351.329  0.2746  0.7461  0.8898  0.9335
components of the binary mixture:

lig li AHi fus — T1IAS fus 5000 1
R )

1 0 : . ‘ — |
260 280 300 320 340 _,,,»-"‘560 380
fori = 1,2, where AS fys is the temperare deendent 5000 '
melting entropy of the pure componén{The exess property ~10000 |
of the mixture in phaseP = liq, sol is expressed in the terms of

activity coefficient of componeitin that phaseyiiq, which is
related to the excess free Gibbs energy of the pﬁifﬁ € by

Hmix cooling

— Hmix kinetic model
— 15000 -

—20000 | Hmix equilibrium model

H mix J/mol

~25000
P.exc —~30000 1

RT In(yF.) = —mix (18)
|,3q) 8NIP

-35000 4

—40000 -
whereNiF> is the anount of componeritin phaseP. T/K

From the &periment the value of the enthalpy of the mixture

at Ty is known and should be equal to: Fig. 5. The experimental enthalpy cooling path of the mixtuig, cooling,

sdid line) of overall compositiorz = 0.7976, compared to those reproduced
Htheor .y — (1 — H lig H sol 19 from the kinetic Hyix kinetic model, solid bold line) and equilibrium model
mix (T1) = ( %) %0 (19) (Hmix equilibrium model, dashed line). All three enthalpy paths are calculated

whereH lig andH sol are the quuid and solid enthalpies B, by using the excess properties of the mixture as determined in4ef. [

iven by:
g y kinetic enthalpy curves affins the véidity of the kinetic

HIA = (1 — X0y 19 4 i ey pyliaexcylia) (20)  modéing, while the equilibrium approach fails in describing
Hsol— (1 sol) Hy sol | xSO'H ss0l | Solexc(xsm) (21) properly the crystallization process.

with H*P being the pure component enthalpiesTatand 5. Determination of excess parameters

H P-exCthe excessmthalpies in phas® = lig, sol. The liquid

phase is not treated as completely ideal, since we adopted the As has beerdemonstrated, the kinetic model successfully
excess properties of the liquid phase as determined in Bef. [ describes the crystallization process when the excess properties

With the mupled equations of form Eq(17) for  of the phases are known. On the other hand, the kinetic model
both components, the mass balance E@6) and the can be used to determine the excess properties by fitting
enthalpy balance a1 (Egs. (19)—(21), the four unknowns the theoretical enthalpy path (E¢l4)) to the experimental
(S0, xgg, xgg', x3% can be determined. one as measured in the aditibacalorimeterduring cooling.

In Table 2 the experimental temperaturdg and T; are  In principle, the difference between the theoretical and
given for each mixture, together with the calculated initial solid experimental value of the enthalpy at the given temperafure
fractionssy and relevant compositions for the initial part of the starting fromT; downward, is nmimized:
crystallization. 1 &

To illustrate the performance tfie proposed kinetic model, F= Z(Hmolr m'f' 2. (22)
the calculated cooling enthalpy path is compared with therhe result of the proposed procedure is a set of the excess

experimental enthalpy path for the mixture of composition pgameters that define dimensionless excess properties, written
z = 0.7976, assuming the excess properties to be as determingd follows:

by van der Linde 4]. In Fig. 5 we also includehe enhalpy liq.E
path as calculated from the model, which assumes complet& Hsol
equilibrium at any time during the crystallization process. RT
Clearly, much bettergreement between the experimental and (23)

= X(1— x)(h21(1 — X) + h12x) = x(1 — x)h®*®
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Table 3
Excess parameters that determine dimensionless excess functions (excess
enthalpy, excess entropy and excess free Gibbs energy)

X2 h12 ha1 S12 912 921 Pexc  Gexc £
0.2937 0.611 0.741 0.213 0.399 0.529 0.597 0.699 g’
0.4791 0.688 0.604 0.073 0.615 0.531 0.616 0.574 ;
0.5312 0.757 0.755 0.270 0.487 0.485 0.715 0.489 o
0.5338 0.723 0.799 0.264 0.459 0.535 0.574 0.531 !
0.6025 0.753 0.569 0.151 0.602 0.419 0.649 0.531
0.7976 0.753 0.524 0.230 0.523 0.294 0.625 0.488

A iq,E

TOI = X(1 — X)($21(1 — X) + S12X) = X(1L — X)5C (24)

AGqu, E H—
R—ST‘" = X(1 - X)(g21(1 — X) + g12%X) = X(1 — x)§¥C. goxC

(25)

Note that the relevant quantity for the phase behavior is the
difference in the excess free energy for the liquid and solid
phase. During the calculation, we restrict ourselves to fitting
with three parameters, two for the excess enthétgy # ho1)

and one for the excess entra@y» = S1), while the parameters
that descihe the excess Gibbs energy follow from the above
reldion Eg. (8). As we observe no excess heat capacity,
the excess propersearenot dependent on temperature, but
only on the composition of the mixture. For each mixture of
different composition that has been measured in the adiabatic
calorimeter, the set of the exeepaameters is obtained and
given in Table 3 Calculated excess functions of composition
hexc, §2X¢ andg®°are shown irFig. 6. Their vdues can be fitted ;.
by a polynomial of an optional order, which will imply different equil
numbers of the relevant Redlich—Kister excess parameterie).
The proposed procedure provides both excess enthalpy a
entropy as functions of composition. These two quantities giv
the excess free Gibbs energypabling the calulation of the
phase diagram. Accordingly, the excess enthalpy and entrop
curves presented in Fig. 6 are fitted in the linear function
of composition, so thafinally two Redlich—Kister parameters

~

are obtained for these excess properties, bemgﬁg,f =
214664 J mofl, AHIF = —261 3 mol'; ASSS =

114 J(K moh~%, ASST = —0.252 J(K mol)~L. Using

these values the phase diagram is calculated and compar
to the phase diagram as determined in Réf.(keeFig. 7).
Similarity between the presented phase diagrams illustrat
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Fig. 6. Dimensionless excess quantities as functions of overall composition:

excess enthalpii®*C; @ — excess entropgc*; A — excess Gibbs energy
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7. The phase diagrams calcuthteising the ecess properties from
ibrium model in Ref.4] (dashedine) and from the kinetic model (solid

Eﬁje theoretical expression, the parameters that define the excess
enthalpy and entropy of the solid phase as the functions of
erall conposition, are calculatedn this way, the excess
uantities can be obtained by ngia relatively simple method,
which basically requires oplthe knowledge of the cooling
curve of the mixture. Finally, the phase diagram is achieved
having the advantage over traditionally determined phase
diagrams, in the sense that both excess enthalpy and entropy are
derived without adopting the approach of complete equilibrium
ggtween totally homogeneous phases.
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