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Abstract

A calorimetric method for solubility determination is reported. A mathematical model is proposed to describe experimentally observed
dissolution processes. The new technique allows the determination of the solubility curve in a wide temperature range by means of a single
calorimetric run. The objective of the approach is not the high accuracy of the classical methods, but the minimization of experimental efforts.
It is of particular interest for high-priced industrial products, e.g. pharmaceuticals or specialty chemicals. The method provides information
about the dissolution kinetics and the dissolution heat as well. Based on solubility measurements carried out for various organic systems of
fine chemicals, the experimental conditions affecting the solubility results are discussed in detail.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction a solvent—solute mixture of known composition containing
an excess of solid is prepared. Subsequently, the solution
Solubility data are essential for designing chemical pro- is heated at different heating rates to dissolve the solute.
cesses, e.g. crystallization-based separations and chromatoFhe temperature when the last crystals disappear is detected
graphic resolutions. However, there is a significant lack of by visual observation or by monitoring a concentration-
solubility data with regard to new industrial products (e.g. dependent physical or physicochemical property (refractive
pharmaceuticals) and specialty chemicdls In addition, index, conductivity, particle size distribution, etfg]. The
industrial systems frequently form polymorphs or involve solubility temperature is derived by extrapolating the detected
impurities and the actual solubility is of particular impor- temperatures to a heating rate of zero.
tance[2]. Thus, efforts are devoted to obtain the required  Toreduce the experimental time and sample amount, inno-
data with a minimum time and substance consumption. vative calorimetric techniques have been developed where
Solubilities can be obtained by performing either cal- the heat effect caused by dissolution is applied to detect
culations or measurements. The prediction of solubilities the solubility temperature. Castronuovo et[8l. presented
is restricted by availability of thermodynamic data of pure an isothermal approach to derive simultaneously solubility,
components and activity coefficient valy8s6]. Generally, dissolution and dilution enthalpies. Complex ternary phase
solubility measurements are more reliable than calculated diagrams with regard to their phase-transition lines are deter-
data[7]. mined via a quasiisothermal thermometric techniL@.
Two basic techniques are available to measure solid/liquid A theoretical analysis and a mathematical modelling of the
equilibria (SLE)—isothermal and polythermal techniques. method are provided ifi1].
In both cases, different classical methods have been estab- A quite novel application of DSC is the polythermal inves-
lished[8]. For example, to apply the polythermal method, tigation of solubility equilibria. Young and Schdll2] pre-
sented solubility measurements of cycloalkanes in organic
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Mohan et al[14] studied the parameters affecting the solu- ment of the temperature difference between the two vessels

bility determination and tested the technique systematically during the experiment. To correlate the temperature differ-

for several organic systems in different agueous and non-ence to the heat flow, a Joule-effect calibration is applied.

aqueous solvents. Recently, solubility measurements of lessActive stirring insures better heat and mass transfer than in

stable organic polymorphs in water were shddA]. the DSC. A detailed device description and different opera-
In the present article, a calorimetric approach to obtain tion modes of the apparatus are giverjlif,17].

solubility data based on the method proposegili®,14]is

reported. The novelty is that the calorimetric data recorded 2.2. Materials

during the dissolution process are converted into a solubility

curve covering a wide temperature range. Thus, contrary to  The systems and the experimental conditions for solubil-

the methods described before, not only the end of dissolutionity determination are summarized irable 1. Adipic acid,

is taken as an estimate for the solubility temperature, but themandelic acid, glycine anol-threonine were obtained from

whole thermal effect is applied to obtain the solubility curve Aldrich or Merck with purity >99%. The water used as sol-

as a function of temperature. A special focus is devoted to thevent was deionized and acetonitrile was of HPLC grade. The

mathematical description of the calorimetric experiment with solubility of p-xylose (purity >99%) was studied in a solvent

the objective of interpreting the heat-flow signal. A detailed mixture with a composition given ifiable 1. Then-xylose

analysis, both from theoretical point of view and from the and the pharmaceutical intermediate (called further compo-

experimental background, is performed with respect to the nent A) were supplied from Nordzucker AG (Braunschweig)

parameters affecting the solubility determination. and Schering AG (Berlin), respectively.
The approach is applied to a pharmaceutical intermedi-
ate, adipic acid, mandelic acid, glycine;xylose andpr- 2.3. Procedure for solubility measurement

threonine in different solvents.
A sample of known quantities of solvent and solid is
prepared in the calorimetric vessel. The slurry is heated up

2. Experimental primarily until obtaining clear solution and maintained at the
high temperature for at least 1 h. Subsequently, the sample
2.1. Equipment is cooled to the initial temperature and partly recrystallized.

Then the solution is equilibrated until the baseline line is
Calorimetric experiments were performed by a constant, normally 6—7 h. This pretreatment is of particular
SETARAM DSC 111 and a SETARAM Differential importance to provide fine crystals and an equal crystal-size
Reaction Calorimeter (DRC). distribution at the beginning of every heating run. Afterwards,
The DSC 111 is a Calvet-type heat-flux calorimeter, where the sample is subjected to a constant heating rate and the tem-
the sample and the reference crucible are completely sur-perature difference between the two vessels is recorded.
rounded by thermopiles. The main advantage of DSC consists
in the particularly small sample amounts required. An obvi-
ous drawback is the absence of stirring, making solubility 3. Mathematical description of the calorimetric
measurements impossible for systems with severe mass andxperiments
heat-transfer limitations. More detailed calorimeter specifi-
cations with regard to solubility measurements are given in 3.1. Modelling
[13].
The DRC is based on two double-jacketed vessels acting The derived model plays a key role in the development
as a sample and a reference. A fluid circulating in the jackets and understanding of the method proposed here.
provides an equal ambient temperature for both vessels. The Mass and enthalpy balances are formulated for the two
calorimetric principle is based on the continuous measure-vessels (sample and reference). The following assumptions

Table 1

Solid—solvent systems used for solubility determination and experimental conditions

Systems Apparatus Temperature Heating rate Concentration Sample amount (g)
range (C K/min range (wt.%

Solid Solvent ge (©) ( ) ge (Wt.%)

Compound A Acetonitrile DSC 111 10-90 0.25-8 36.8-72.5 0.05-0.11

Adipic acid Water DRC 5-70 0.2-1.5 9-15 80

Mandelic acid Water DRC, DSC 111 5-75 0.2-2.5 10-80 80-160

Glycine Water DRC 5-80 0.35-1 20-30 150-220

D-Xylose Sugar matrif DRC 20-50 0.2-1 45-65 75-120

pL-Threonine Water DRC 10-60 0.5-1.5 20-22 75-90

@ Sugar matrix: 50 wt.% water, 18.8 wt.% arabinose, 15.35wt.% glucose, 10.6 wt.% galactose, 3.5 wt.% mannose, 1.75wt.% rhamnose.
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are made: thermal phenomena (decomposition, polymorphic transition,

. . . solvent evaporation, etc.). Thus, the balance leads to:
1. The vessels behave identically. Thus, only the internal P )

volumes are considered. dHSaMPle  dHcoution  dHsolid

2. The heat-transfer coefficients of the sample and reference dar  ~ _ dr ar
vessels are equal. . )

3. There are no temperature or concentration gradients in the + Huissolution + Hadd effects (5)
solution. B B

4. Linear heating rates,are chosen, i.e.: For the two temperature-dependent enthalpie§yiion and
dT " Hqolig holds:
dr Hsolution(T)

5. The applied heating rates are small enough to approxi- T
mate equilibrium conditions. Thus, at any temperature, = (hgolution+/T C psolutior(T) dT) msolution(T) ~ (6)

0

the solution concentration is equal to the saturation con-
centration. and
6. The solubility increases with rising temperature. T
Hsoid(T) = (hgond + / Cpsolid(T) dT) msolid(T) (7)
3.1.1. Sample vessel To

3.1.1.1. Mass balance. Since the total sample masgamP'®

X ant otal wherehgOI tion andhgolid are enthalpies at the reference tem-
IS constant, peraturel®, Cpsoiuiion @NdCpsolid are heat capacities of solu-
dmtscir;}pe dmsovent . Omsonute  dmsoid tion and so_l|d, respecnve!yis a further simplification, the
a4 0= dr + ar dr (2) heat capacity of the solutiofipgqiion iS taken only as tem-

perature function for a “mean” solution concentration. The
wheremsolvens Msolute @Ndmsolid are the masses of solvent, y3jidity of this assumption will be shown in SectiGre.
solute and undissolved solid, respectively. The solvent mass Considering the temperature dependency of the
does not change during an experiment, so the first term ongnthaipies, relating the dissolution effect to the change
the right hand of Eq(2) is zero. of solid mass and neglecting additional thermal effects, for
T=T75amPleng|ds:

stampIe d Tsamplei
dr ~dr [( golution+/ C psolutionT) AT | msolution 7529
Tsample To
T - dmsolig
+ (hgolid+ / Cpsotid(T) dT) msolid(T5™9| + haissolution g (8)
To T Tsample
The solubility,S, is defined as: In Eqg. (8), the specifichgissolution represents a dissolution
Msolute enthalpy for infinite dilution at the reference temperatifte
§= ®) Thus, possible effects of temperature and composition are

Msolvent
neglected.

Based on assumption 5, the solute in the liquid phase cor- Rearranging Eq(8) leads to:
responds to the equilibrium solubility. Thus, rearranging Eq.
(2) and considering the linear heating rgtéeq. (1)), we get: d Hsample

dS dmsond dr sample
= 0 4 T
msolventa + ar (4) |
Using a linear heating rate (E¢L)) analogously holds: = hgomtion%'
Tsample

dS  dmsoiig

Msolventy + =0 (4a) =
solven dr dr + Cpsolution(TsamplamSolution(Tsampl3
3.1.1.2. Enthalpy balance. Inthe sample vessel, an enthalpy rsample dmsolution
balance for the liquid phase consisting of saturated solution + / C psolution(T) dT ———
To dr Tsample

(solvent plus solute, with enthal@¥soution), the solid phase
(undissolved crystals, with enthalpiso)ig) and the heat flux
due to dissolutionHgissolution) are considered, as well as the + 12y
heat flow Hagg efiects Which could be generated by further

dmsolid

d7T + Cpsolid(Tsampk)msolid(Tsampk)

Tsample




Tsample

d .
Cpsolia(T) dT Msold

+
A i

Tsample

dmsolid

hdissolution— o™ 9
+ Mdissolution dr psample ( )
From the mass balance, E§8) and(4a)can be derived:
dmsoluti dmsolig ds
ZoTutlon = - ds;l = msolventﬁ, (10)

Combining Egs(9) and(10) provides:
stample
dr

0
= (hsolution +

Tsample

6Psolution(T) dr — hgolid
0

7sam ple

_/To

ds _
*ar + CpSOI”tiO”(Tsampls)msolution(TsamplE)
dT Tsample

+ CPsoIid(Tsamplﬁmsolid(Tsamp|3

- |
Cpsolia(T) dT — hdissolution) mziwgnet

(11)

3.1.2. Reference vessel
3.1.2.1. Mass balance. The reference vessel is filled only
with pure solvent. Thus, the mass change is given by:

f f
dm{gtal — dmé%lvent -0 (12)
dar dar

3.1.2.2. Enthalpy balance. The enthalpy change in the ref-
erence vessel due to the temperature rise is:

dH"™ _ d Hsolvent
dr —  dT
Considering in analogy to Eq&) and(7), the temperature
dependency of the enthalpy, fé 7 holds:

(13)

dH'ef fy ref
a7 = Cpsolven(Tre )m;eolvent
Tref

(14)

whereCpsonentis the heat capacity of the solvent.

3.1.3. Heat flow between sample and reference vessel
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dfdiference/qT corresponds to the measurable modified
“heat flow” HYierencgin J/K). Based on Eqg11), (14) and
(15), an expression for this quantity can be derived:

I'_Idifference(T)

ref
= Cpsolvend T)Mgojvent

T
+ (—hgomtion— / C psotutionT) AT + hjg

To

T
— edS
+ / Cpsolia(T) dT + hdissolution) ngwgniﬁ

To ‘T

- 6Psolution(T)”"solutior"l(T) — Cpsolia(T)msolid(T)
(16)

This equation predicts modified heat flows as a function of
the temperature. Usage of E(.6) is a complicated task
because all parameters must be known, i.e. heat capacities of
solvent, solid and solution, standard enthalpies of solid and
solution, dissolution enthalpy, solubility function and quan-
tities of applied components. The following approximation
leads to a simplified calculation.

The enthalpy difference between the solid and the solution
phase is often smaller than the dissolution heat and can be
neglected, i.e.:

T
‘_hgolution - / C psolutionT) AT + hyq

To

T
+ / Cpsolid(T) dT‘ < |hdissolutior{ 17)
To

This is a critical assumption that needs to be verified in each
specific case.

The simplified equation describing the modified heat flow
is:
I'_Idifference(T)

f - sam IedS
= Cpsolven(T)m;%wem‘f‘ hdissolutiormsowgmﬁ
T

- 6psolutior(T)msolution(T) — Cpsolia(T)msolid(T)
(18)

To further simplify the correlation between the solubility

According to assumptions 1, 2, 3 and 5, the temperaturesfunction and the heat flow, the terms containing heat capacity
in the sample and reference vessels should be nearly equalunctions are neglected as their contribution is typically small

during the heating run, i.g53™Pex; 7'¢' ~ T, Then the differ-

compared to the dissolution effect. This assumption will be

ence of the enthalpy derivatives with respect to temperaturediscussed in SectioB.2. Then instead of Eq18), a very

between the sample and the reference vessels is:

d Hdifference
dr

dHref
~oar

d Hsample

a7 (15)

T T T

simple equation is obtained:

sampledS

solventﬁ - (19)

Hdissolutior{T) = Edissolutiorm
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Table 2

Experimental and thermodynamic data on the water—racemic mandelic acid system for calculation of the calorimetric igs:es-8(solubility data (S)
are taken fronj22]; heat capacity data (Gpution/solid Were measured in our laboratory; dissolution enthalysdoiution is found in[21]; mua is the total

quantity of mandelic acid in the sampleis the solid concentration in the solut

ion in gligis temperature iAC)

sample ref

mva (9)  Mgguend@)  mem(9)  Mdissolution(3/9)  S(T) (9/9) Cpsolution (J/g K) Cpsolutionld/9K)  Cpsolvent Cpsolid (J/g K)
(J/gK)
50 60 100 84.9 3.68x 107372 — —0.9724x+4.0872 3.6 4.18 4310737+
0.18197+2.4789 0.9483
T=20-40 x=0.2-0.8 x=0.5 T=0-100 T=20-100

3.1.4. Solubility curve
Integration of Eq(19) from 74 to a higher temperatuf®
provides:
>

Hdissolutior{T) dar
1

— |
= hdissolutior” eopentS(T2) — S(T1))

Assuming the solid is completely dissolvedZahg, dissand
Tend, diss>T2, the overall heat due to dissolution of the solid
at Ty (msolid(71)) in the temperature rang@—T7end, dissiS:

1-2 _
Hdissolution—

(20)

1—end,diss__

Hgissolution = Pdissolutiorsolid(T1) (21)
Dividing Eq. (20) by Eq.(21) provides:

1-2 sampl
Hdissolutio_n _ msolveniS(TZ) — (1)) 22)
Hiissoldion” msolia(71)

Rearranging Eq22)yields finally the following equation
allowing to determine the solubility curve based on calorimet-
ric data in the temperature range-Tend, diss

1-2
Hjissolution Msolid(71)
1—end,diss _sample
dissolution ™ solvent
Eq. (23) is directly applicable to determine the solubility
function if the solubility afr; (S(741)) is known from an inde-
pendent measurement.

S(1T2) = S(T1) + (23)

3.2. Analysis of thermodynamic parameters in the model

A parameter analysis is performed to estimate their influ-
ence on the predicted heat flow. The dissolution process of

racemic mandelic acid in water is considered as an example.

The calculations are performed for a 45wt.% sample at a
heating rate of 0.5 K/min. The data used are summarized in
Table 2.

Initially, the impact of the concentration on the heat capac-
ity of the solution is estimated. For that purpose, heat capac-
ities of different mixtures of racemic mandelic acid in water
were measured with the DRC at different temperatures. The
results (not presented here) show tiaffor a given concen-
tration remains nearly constant (£3%) within a temperature
range of 30—-40 K. Therefore, the effect of temperature can be

in aqueous solutiond 8,19]. Neglecting the influence either

of the temperature or of the concentration on the heat capac-
ity are quite acceptable in narrow temperature/concentration
intervals. Using both the measured heat capacity as a function
of the concentration and the heat capacity as a constant for a
“mean” concentration, calculations of the heat flow (EB6))

were performed (not presented here). The results demon-
strated that the approximati@pgion = f(T) is justified.

The influence of neglecting the heat capacities on the
heat-flow curve is evaluated Fig. 1. The calculations were
performed using Eq$18)and(19)with the data fronTable 2.

The slopes betweeffisiar; and the peak maximum differ,
which corresponds to different gradients of the solubility
with temperature. The baseline at the beginning and at the
end in the case of “pure dissolution” (E4.9)) becomes zero
because the heat flow is caused only by the dissolution pro-
cess. According to E18), there is a contribution to the heat
flow due to the heat-capacity difference between the sam-
ple and the reference vessels resulting in a certain (non-zero)
level of the measured signal &tiart and Teng, respectively
(Fig. 1). The overall heat generated is similar in both cases
which means that the thermal effect is mainly influenced by
the heat of dissolution.

The impact of the standard dissolution enthalpy on the heat
flow is discussed next. Such data are hardly available and fre-
quently for prediction of solubility, the melting enthalpy of
the pure solid is used instead of the dissolution enthi@p}

In Fig. 2, heat-flow curves predicted according to EiB)
with the dissolution enthalpy (data irable 2) and the melt-
ing enthalpy (data frorf22]) are presented. The calorimetric
signal is strongly affected by the enthalpy value. In confor-

200

. —_—
T'ilall‘l

-200

Heat Flow/J/K

-400

x eq. 18
—eq. 19

-600 T T T T
30 35 40 45
Temperature/°C

20 25 50

neglected and the heat capacity can be expressed as a function

of only composition as found for other organic compounds

Fig. 1. Comparison between predicted heat flow using Bd.and(19).
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200 . the predicted signal. The simplified calculation of the heat
% flow, based on Eq(18), is performed mainly to support the
understanding of the calorimetric data rather than to repro-
duce the experimental signal with high accuracy.
l The sample is first equilibrated at the initial tempera-
ture (Ztar)- In the theoretical curve, the dissolution process
starts immediately with the increase of the temperature. In
the calorimetric experiment, there is a time lag due to heat-
transfer limitations. As the solid starts to dissolve in the
melting enthalpy solvent, an enthalpy change due to the heat of dissolution
-1000 5 T T T . .
20 25 30 35 40 45 50 is measured as a heat flow. The heat-flow curve is accord-
Temperature/°C ing to the theory proportional to the gradient of the solubility
function (Eq.(18)). If the system is in equilibrium at every
Fig. 2. Application of the melting and the dissolution enthalpy for calcula- temperature, the last solid particles should dissolve at the
tion of the heat-flow curve (Eq18)). solubility temperature (indicated Watin Fig. 3) where the
peak exhibits its maximum. Afterwards, the calculated curve
mity with the values used, the difference in the absolute areasreaches the baseline immediately and the heat flow is only
under the baseline is approximately twice. The slopes are alsadue to the heat capacity difference between the sample and
different which would imply different solubility functions. reference vessels. The peak maximum of the experimental
The baselines at the end are identical because the level coreurve appears at a temperature slightly higher thap The
responds just to the heat-capacity difference between samplébaseline line at the end is not reached promptly due to the
and reference (E{18)). sluggishness of the system. Generally, the shape of the pre-
Generally, it can be concluded that mainly the dissolution dicted heat flow reproduces the experimental signal, although
process contributes to the strength of the calorimetric signal. there is a shift of the theoretical baseline line due to the sim-
The dissolution effect is determined by the change of the sol- plifications in the model. The “ideal” peak area representing
ubility with temperature (dS/d7T) and the dissolution enthalpy the consumed heat matches well with the measured thermal
(hdissolution Which affect the slope and the size of the calori- effect betweefsiarrand7sa. The parallel course of the pre-
metric peak, respectively. As the impact of the heat capacity dicted thermogram and the calorimetric signal shows that the
functions is not strongly pronounced, the simplifications used system is in quasi equilibrium during the controlled heating,
in this work to derive the equation for the solubility curve (Eq. i.e. assumption 5 is valid.
(23)) are acceptable. To understand the process in the calorimeter, the solution
concentration was determined by refractometry during sol-
ubility experiments with racemic and (+)-mandelic acid in

1
—_—
THIHH

-400

-600

Heat Flow/I/K

.800 | " dissolution enthalpy

4. Results and discussion water. A result with (+)-mandelic acid is shown kig. 4.
The solution concentration increases rapidlfatThe final
4.1. Analysis of calorimetric experiments concentration is reached &tng, diss higher then the peak

maximum. The actual dissolution process in the temperature
In Fig. 3, the heat-flow curve obtained in a solubility mea- rangeT1—Tend, dissdeviates from the theoretical prediction.
surement of racemic mandelic acid in water is compared with Both temperatures can be determined from the derivative of

200 -

[} a "R -mEEEE- -
x 1 12 n, --0.9
; 111 "
0 K - ' " Tend diss
s Tstart :: = [TSTarT L.12
= i g 104 *
= 2200 A t = =
2 ' £ . z
[ ey : ] | 5 &
= -400 A time lag : 1 exo B -
51 3 84 S
ja s : = =
H ! 8 7 '
t 1 - "
-000( .. wideal" heat flow 1 Do ' N r-1.8
! endo | el : = .
200 ‘c exper?menl _ ™~ | 6 W Y DRC curve
20 25 30 35 40 45 50 10 20 30 - :2:;?;“‘“' data
o )/
Temperature/°C Temperature/°C
Fig. 3. Comparison between predicted (EtB)) and experimental calori- Fig. 4. Calorimetric measurement of 12wt.% (+)-mandelic acid in water

metric curves for the sample 45wt.% of racemic mandelic acid—water (DRC, sample: 80 g8 =0.5K/min) accompanied by online concentration
(B=0.5K/min). analysis with refractometer (®heat flow).
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the calorimetric curve (d@/din Fig. 4). The beginning as  bilities is satisfying with average deviation less than 7%. All
well as the end of the dissolution cause changes in the ther-heating rates provide similar solubility results over a broad
mal signal which are indicated as points of inflection. The temperature interval >45 K. Dissolution kinetics are appar-
derivative of the heat flow exhibits minimum or maximum ently sufficiently fast to allow these heating rates. Even the
corresponding t@ andTenq, gis§Tom the concentrationmea-  highest applied heating rate of 1.5 K/min is quite acceptable
surements. A measurement with racemic mandelic acid in for measuring solubilities. The solubility curve in this tem-
water was recorded to observe visually when the last crys- perature range is obtained by means of a single experiment,
tals vanish into the solution. While there was considerable considerably reducing the experimental work.

undissolved material &fsy;, a clear solution was formed at

Tend, diss . ) . 4.3. Influence of concentration
Based on the theoretical and experimental analysis per-

formed, the solubility function can be obtained applying Eq.  |n Fig. 6a, DSC curves for samples with different concen-
(23)in the temperature intervah—Teng, dissvhere bothtem-  trations of component A in acetonitrile are presented. The
peratures are the inflection points of the derivative of the sharp peak shapes indicate that dissolution is the main heat
calorimetric curve. effect. With increasing concentration, the peak areas become
larger and the final dissolution temperature appears at higher
4.2. Influence of heating rate values. Hence, a positive slope of the solubility curve is
expectedFig. 6b presents the solubility curves determined by
As solubility is an equilibrium quantity, an infinitely low ~ Mmeans of Eq(23). Samples with a higher difference between
heating rate would keep the solution at equilibrium. However, final and initial solution concentration provide larger arcs of
such procedure is not useful because of time constraints andhe solubility curves. Simultaneously, the accuracy declines
because it diminishes the amplitude of the thermal effect. A @nd the average deviation attains 25% at the highest concen-
compromise has to be made between measuring sufficientration. In the case of compound A in acetonitrile, it can be
heat effects in reasonable time and the accuracy of solubility concluded that DSC measurements of concentrated samples
results. As dissolution kinetics vary from system to system, an are capable of obtaining solubility curves in very broad tem-
appropriate heating rate must be determined for every Systernperatu.re ranges. Thus, a reduction of the experimental efforts
The impact of the heating rate on the solubility results is 1S achieved.
demonstrated for a 15 wt.% sample of adipic acid in water at
heating rates between 0.2 and 1.5 K/min (Fig. 5). The curves4.4. Additional thermal effects during dissolution
show similar shapes and distinct thermal effects. The abso-
lute consumed heat is equal for every heating rate, but the Solubility measurements of glycine in water are shown
measurable heat flux decreases at lower heating rates. Thén Fig. 7 for 30wt.% sample. The curves are of “nontypi-
final dissolution temperaturesdd, dgisg differ only slightly. cal” shape. At certain temperatures, e.g. at aboutGfbr
The derived solubility curves using E(R3) are presented  the curve with 1 K/min heating rate, an exothermal effect
in Fig. 5b in comparison with data obtained by means of overlays the dissolution process. Glycine can crystallize from
the isothermal technique described22]. The initial solu- agueous solutions in two enantiotropic polymorphic forms,
bility value (S(71)) was determined by interpolation of the «-glycine andy-glycine[24]. According to Ostwald’s rule of
isothermal data. The approximation of the isothermal solu- stages, the initially obtained form is the least stable one that

30 € classical method [23]
1 ° 1.5 K/min
19 I 254 1 K/min S(Tend.diss)
Ti I 0.5 K/min
. 2 s § 201 ——02Kmin
. £ .
2 7 2 154
o 5
'E' -4+ ° 1.5 K/min -;O‘ 10 4
= | K/min 1 © S(T,)
5 0.5 K/min Tend,diss )
B : l — 5
— 0.2 K/min *
-6 T T T (}0 T T T
10 30 50 70 10 30 50 70
(a) Temperature/°C (b) Temperature/°C

Fig. 5. (a) Heat-flow curves from solubility measurements at different heating rates (adipic acid in water, DRC, sample:180xg,%). (b) Comparison
between calculated solubility curves and literature data for adipic acid in j2&r
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Fig. 6. (a) Heat-flow curves from DSC solubility experiments for different concentrations of compound A in acetonitrile (sample: 6§78 idgnin). (b)
Comparison between calculated solubility curves and data obtained independently by a classical isothermal method for component A in acetonitrile.

is closest in terms of free energy to the original sfaf, i.e. 4.6. Limitations
usually the kinetically preferred-glycine is spontaneously
formed by rapid recrystallizatiof26]. For glycine—water Limitations of the calorimetric approach are discussed

mixtures with concentrations between 27 and 45 wt.%, phasefor the two systems—b-xylose amd.-threonine. Measure-

transition from thex- into they-formis reported to take place  ments performed with-xylose in a solvent mixture (Table 1)

in the temperature range between 40 and@@epending revealed that the heat effect caused by recrystallization in the

on the experimental conditiorj27]. Thus, the exothermal  pretreatment step was not identifiable because of very slow

effects obtained (Fig. 7) might be due to the transition from crystallization kinetics. Hence, it was not possible to deter-

the unstablex- into the stabley-glycine. However, clarifica-  mine whether the solution was in equilibrium before starting

tion of the phenomenon requires further experimental work. the heating cycle. That hindrance makes the calorimetric
Such additional information is valuable for assessing the method inapplicable for systems with “slow” crystallization

crystallization behavior which is not provided by classical kinetics.

techniques. There, phase analysis is commonly performed at Another limitation of the approach is demonstrated for the

the end of the experiment. systenpL-threonine in water, a system where the increase of
the solubility with temperature is only slight as is the dis-
4.5. Reproducibility solution rate[28,29]. The tiny and unclear thermal effects

obtained could not be used to determine the solubility func-
The reproducibility of the proposed method is studied tion. Therefore, the method is not applicable to systems with
by five measurements with racemic mandelic acid in water “slow” dissolution kinetics or a “weak” temperature depen-
carried out in the DRC under the same experimental condi- dence of the solubility. An absolute increase in solubility of
tions (sample: 81 gy=13wt.%,8=0.5K/min). The devia-  atleast 3wt.% within 10 K is required to measure dissolution
tion between the calorimetric signals, as well as between theeffects.
corresponding solubility curves is negligible.

5. Conclusions

0 — 1 K/min
1 = (.7 K/min . .
24 0.5 K/min The accuracy of the proposed calorimetric approach

depends on heating rate, dissolution rate, and the amount
of solid in the sample. The main goal of the technique is
fast acquisition of the solubility curve. The method cannot
substitute classical measurements, but rather can be applied
for a preliminary study of solid/liquid equilibria over a wide
temperature range. For the systems and the experimental
conditions used in this study, the maximum deviation from
equilibrium data was approximately 12%.

The model derived supports the understanding of the dis-
solution process and provides a correlation between the mea-
sured heat flow and the solubility. This approach also gives
Fig. 7. Heat-flow curves of solubility measurements of glycine in water INformation on the gradient of the solubility curve, the dis-
applying different heating rates (sample mass: 21430 wt.%). solution rate and on the magnitude of the heat accompanied

Heat Flow/W

Temperature/°C
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the dissolution. Furthermore, it is possible to obtain initial

information concerning the general dissolution and recrys-

tallization behavior.

Thus, the method is of particular interest for studying new
substances or pharmaceutical intermediates in the early stage

of development.

Heating rates between 0.5 and 1.5 K/min generally pro-
duced satisfying results. Measuring with 2 or 3 different [12] P-H. Young,
heating rates in this range gives an idea about the rate of[

approaching equilibrium.
A previous dissolution and recrystallization step is
strongly recommended to provide uniform initial conditions.

Additional thermal effects observed during the crystalliza-
tion/dissolution experiment can help to detect possible phase[

transitions.
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