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Solubility of diamines in supercritical carbon dioxide
Experimental determination and correlation
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bstract

In this work, the dynamic method is used for solubility measurements in supercritical carbon dioxide (Sc-CO2) of some aromatic diamines (1,5-
aphthalediamine, and 4,4′-diaminodiphenylmethane) and alkanediamines (1,10-decanediamine and 1,12-dodecanediamine), at pressures from
10 to 200 bar and temperatures from 313.15 to 333.15 K. Solubility in Sc-CO cannot be reported for alkanediamines, since they interact with
2

O2. The experimental data for aromatic diamines were well correlated by Peng–Robinson equation of state (PR-EOS), and density-based models
Chrastil and Mendez-Santiago–Teja models). The partial molar volumes of the aromatic diamines in the supercritical fluid (SCF) phase were also
stimated, according to the theory developed by Kumar and Johnston.

2006 Elsevier B.V. All rights reserved.
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. Introduction

SCF technology has a great application potential in many
rocesses, such as in food, pharmaceutical, biochemical indus-
ries and polymer processing [1–8] and is a rapidly developing
eld of environment-friendly chemistry. As a reaction medium,

he attractive physical and toxicological inertness properties of
upercritical carbon dioxide have made it superior to conven-
ional organic solvents. Moreover, CO2 has low critical temper-
ture, good safety properties and it is inexpensive.

Diamines are an important class of compounds applied in
ifferent fields of industry and particularly in the synthesis of
number of polymers [2,9–13]. Therefore, knowledge of the

olubility of these compounds in Sc-CO2 and of its dependence
n pressure and temperature will be of great importance in pro-
ess design, particularly in the polymer synthesis in supercritical
onditions, where the Sc-CO2 can act not only as a reaction

edium, but also as a catalyst for the reactions in presence of
ater admixtures [2].

∗ Corresponding author. Tel.: +213 62 12 99 93; fax: +213 21 24 82 02.
E-mail address: abdahmani@yahoo.fr (A. Dahmani).
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In the present paper, solubility measurements for 1,5-
aphthalenediamine (1,5-NDA), 4,4′-diaminodiphenylmethane
DADPM), 1,10-decanediamine (1,10-DDA) and 1,12-dode-
anediamine (1,12-DDDA) have been done, using a dynamic
ethod in the pressure range 110–200 bar and the tempera-

ure range 313.1–333.1 K. The results were correlated with the
eng–Robinson equation of state (PR-EOS) and the density-
ased models (Chrastil and Mendez-Santiago–Teja models).
he solubility data were also employed for the estimation of
artial molar volumes of the aromatic diamines in the super-
ritical CO2, according to the theory developed by Kumar and
ohnston [14].

. Experimental

.1. Materials

The supercritical solvent in this work was carbon diox-
de (SIAD, 99.98% purity). Most of the solutes used, 1,5-
aphthalenediamine (purity >99%), 1,10-decanediamine (purity

97%) and naphthalene (purity >99%) were supplied from
ldrich. The solutes 4,4′-diaminodiphenylmethane (purity
98%) and 1,12-dodecanediamine (purity >98%) were pur-
hased from Fluka. The alkanediamines are highly hygroscopic

mailto:abdahmani@yahoo.fr
dx.doi.org/10.1016/j.supflu.2006.09.004
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Fig. 1. Chemical structures of the aromatic

15], and special care was taken to prepare fully anhydrous sam-
les. The structures of the aromatic diamines are shown in Fig. 1.

Glass beads (30/60 mesh) were used to distribute the solute in
he equilibrium cell used for solubility measurements. Ethanol
upplied by Sigma (>99% purity) was used as solvent for sample
nalysis.

.2. Apparatus and procedures

The thermodynamic properties normal melting temperature
f and heat of fusion �Hfus of the different solutes were deter-
ined by differential scanning calorimetry (DSC 92 Setaram).
The solubilities of the solids in pure CO2 were measured

sing dynamic method. The continuous flow apparatus (Fig. 2)
sed was calibrated by measuring the solubility of naphthalene
n supercritical CO2 and by comparing the experimental results
ith literature data. Liquid carbon dioxide was fed through a
�m filter to an ISCO 260D high-pressure syringe pump. The
O2 was compressed and pumped into a preheating coil con-

ained in a temperature-controlled water bath. The fluid passed
nto an equilibrium cell, which was packed with solute and
lugged at each end with glass wool to eliminate entrainment.
he fluid was then flashed to atmospheric pressure through a

egulating valve, resulting in the precipitation of solute within

oth the valve and a 0.5 �m filter attached immediately down-
tream of the valve. Flow rates of CO2 ranging from 20 to
00 cm3 min−1 were used. The determination of the solubil-
ty was based on the mass of the solute trapped in the valve

l
m
n

Fig. 2. Experimental apparatus used for the deter
nes considered in solubility measurements.

2 and filter F2 and on the corresponding volume of CO2. The
epressurized CO2 was quantified with a totalizer flow-meter.
ilter and regulating valve were rinsed repeatedly with ethanol

n order to collect the solute quantitatively and to prepare the
ample for analysis.

Analysis of the solutes was carried by using UV–vis spec-
rometer (Helios Alpha No. UVA 064422, with spectral game
90-1100). The absorbance was measured (accurate to ±0.001)
t wavelengths where the solutes have the absorption maximum.

Quantification was made at wavelengths of 240 nm for 1,5-
aphthalenediamine, 245 nm for 4,4′-diaminodiphenylmethane,
05 nm for the alkanediamines (1,10-decanediamine and 1,12-
odecanediamine) and 270 nm for naphthalene. The procedure
as repeated until five samples at identical operating conditions

how good agreement and the average value was used to calcu-
ate the solubility.

During each experiment, the system pressure was mea-
ured using a Druck pressure transducer (DPI 260) accurate
o ±0.1%. The system temperature was controlled to within

0.1 K using an immersion circulator (Haake N3) and mea-
ured using a RTD platinum probe accurate to ±0.1 K. The gas
olume was measured with a precision of 0.01 l and the mass
f solute was determined within ±0.2 mg, using a Mettler H31
alance.

Solubility measurements were only started after there was no

onger any evidence of impurities in the extract. The measure-

ents were based on the extractions, which yielded homoge-
eous and uniformly coloured solids.

mination of solubility in supercritical CO2.
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Table 1
Experimental solubility data y of naphthalene in supercritical CO2 and compar-
ison with literature data

T (K) P (bar) y × 103

(this work)
y × 103 (literature) R.S.D. (%)

308.15 125.0 13.57 14.40a 6.12
146.0 16.58 15.40a 7.11
189.0 17.32 16.90a 11.08
196.9 17.78 17.09b 3.88

323.15 100.0 4.83 4.32c 10.56
140.5 22.60 19.80d 12.39

328.15 120.1 12.64 12.29b 2.77
9.30d 26.42

130.0 16.17 17.30d 6.99
158.5 34.53 37.93b 9.85

333.15 100.0 2.54 2.31c 9.05

a From Ref. [16].
b
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Fig. 3. DSC thermograms for the alkanediamines, obtained with a heating rate
5 K min−1 and under nitrogen atmosphere (at 20 ml min−1): 1a and 2a corre-
spond to the pure 1,10-decanediamine and 1,12-dodecanediamine, respectively;
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From Ref. [17].
c From Ref. [18].
d From Ref. [19].

. Results and discussion

.1. Solubility results

As shown in Table 1, good agreement is observed between
he obtained experimental solubility values of naphthalene and
iterature data. The relative standard deviations (R.S.D.) between
he solubility data determined in this work and those reported
y different authors [16–19] are globally lower than 13%.

Solubility data are reported only for aromatic diamines. Sol-
bility in Sc-CO2 cannot be given for alkanediamines (1,10-
ecanediamine and 1,12-dodecanediamine), since during the
xperimental determination, they react with carbon dioxide.
his reaction is evidenced by the fact that the solute trapped

n the valve and the filter is colour different from the starting
aterial. As shown in Fig. 3, a change of thermal behaviour is

videnced by differential scanning calorimetry (DSC) for 1,10-
ecanediamine and 1,12-decanediamine, which were used pre-
iously in solubility measurements at P = 180 bar, T = 313.15 K
nd during 24 h.

The first endothermic peaks, which appear at the temper-
tures 330.08 and 341.90 K, are assigned to the melting of
,10-decanediamine and 1,12-dodecanediamine, respectively.
he second endothermic peaks appearing for each compound

n the same temperature range from 393.20 to 415.60 K can be
ttributed to the melting of the corresponding carbamates.

According to the literature cited, the chemistry between
O2 and amines [20–22] or CO2 and diamines [23], is essen-

ially an acid–base equilibrium. Since CO2 in the presence of
ater admixtures is acting as a weak acid, we suppose that Sc-
O2–alkanediamines interactions may be caused principally by
ater, which still remain in the samples or in carbon dioxide.

his in spite the special care taken during experimentation, in
rder to avoid the hydration problem.

The change of thermal behaviour evidenced by DSC for the
lkanediamines, was not observed for aromatic diamines, most

s

u
p

b and 2b correspond to 1,10-decanediamine and 1,12-dodecanediamine sam-
les, respectively, used in solubility measurements (during 24 h at P = 180 bar
nd T = 313.15 K).

robably because of their low reactivity towards carbon dioxide,
ue principally to their low nucleophilicity.

The attempts done in this work to explain the CO2–
lkanediamines interactions are based on DSC technique. How-
ver, these results necessitate a confirmation by other methods
uch as infrared and NMR spectroscopy analysis.

The average experimental solubility values for 1,5-
aphthalenediamine and 4,4′-diaminodiphenylmethane under
ifferent conditions of pressure, P, and temperature, T, are sum-
arised in Table 2. The CO2 density at the given pressure and

emperature, were obtained from the IUPAC international ther-
odynamic tables [24]. The maximum deviation between the
easurements was ±4% and gives a good indication of the

xpected accuracy.
From the data obtained, it is readily observed that the solubil-

ty of DADPM and 1,5-NDA increases with increasing pressure
t constant temperature, following expected trends. Higher val-
es of solubility are obtained for DADPM + Sc-CO2 system.
hese results are expected because of the lower melting temper-
ture of DADPM.

The solubilities for each system as a function of density ρ of
he solvent are given in Figs. 4 and 5. Supercritical solubility is
trongly influenced by the system temperature and the density of
he solvent. The solubility increases with temperature at constant
ensity, due principally to the corresponding increase in vapour
ressure.

.2. Correlation of solubility data

.2.1. EOS-based models

.2.1.1. Equation of state. Modelling the solubility of sub-

tances in SCFS is important for SCF-process design.

The solubility data for DADPM and 1,5-NDA were estimated
sing the classical expression (Eq. (1)) that considers a solid
hase, formed by the pure solute (2), in equilibrium with a fluid
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Table 2
Experimental mole fraction solubility y2 for the diamines in supercritical CO2

T (K) P (bar) ρCO2 (kg m−3) y2 × 105

DADPM 1,5-NDA

313.15 110 684.38 3.98 0.51
120 718.42 6.22 0.73
130 743.64 7.97 0.87
140 763.87 9.07 0.94
150 780.87 9.89 1.02
160 795.58 10.67 1.11
170 808.59 11.62 1.18
190 830.90 12.33 1.28
200 840.66 12.78 1.30

323.15 110 504.42 2.05 0.26
120 585.79 3.88 0.59
130 636.81 6.23 0.77
140 672.72 7.98 0.92
150 700.26 9.68 1.06
160 722.60 11.07 1.15
170 741.41 12.42 1.25
190 772.07 13.99 1.39
200 784.96 14.65 1.43

333.15 110 357.88 0.94 0.19
120 435.46 2.74 0.42
130 506.70 5.66 0.62
140 562.24 7.78 0.87
150 604.55 9.40 1.09
160 637.80 12.07 1.25
170 664.87 13.63 1.39
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190 707.04 15.46 1.57
200 724.09 16.07 1.62

hase formed by a mixture of solvent (1) and solute (2) [25,26]:

= P sub
2 exp[(P − P sub

2 )vs
2/RT ]

(1)
2
Pφscf

2

here vs
2 and P sub

2 are, respectively, the molar volume and
ublimation pressure of the solid component (2). The fugacity

ig. 4. Mole fraction solubility y2 of 4,4′-diaminodiphenylmethane in Sc-CO2

s a function of the density ρ of pure CO2: (�) 313.15 K; (*) 323.15 K; (�)
33.15 K; (—) regression fits of the data.

a

w
a

a

w
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ig. 5. Mole fraction solubility y2 of 1,5-naphthalenediamine in Sc-CO2 as a
unction of the density ρ of pure CO2: (�) 313.15 K; (*) 323.15 K; (�) 333.15 K;
—) regression fits of the data.

oefficient φscf
2 is calculated by means of the Peng–Robinson

OS [27,28] expressed by (Eqs. (2)–(7)). The sublimation pres-
ure P sub

2 is estimated using the fusion properties of the solid
omponent and the saturation curve derived from this EOS:

= RT

v − b
− a(T )

v(v + b) + b(v − b)
(2)

here P is the pressure; T the temperature; R the gas constant;
and b are the van der Waals energy and volume parameters,

espectively. For mixtures, the simple van der Waals mixing rules
ere used:

=
N∑
i

N∑
j

xixjaij, b =
N∑
i

N∑
j

xixjbij (3)

ij = √
aiaj(1 − kij), bij = bi + bj

2
(1 − lij) (4)

here x is the molar fraction and kij and lij are the binary inter-
ction parameters.

Parameters ai and bi are given by

i(T ) = 0.457235
αi(Tri, ωi)R2T 2

ci

Pci
(5)

ith

i(Tri, ωi) = [1 + (0.37464 + 1.54226ωi − 0.26992ω2
i )

× (1 −
√

Tri)]
2

(6)

i = 0.077796
RTci

Pci
(7)
here ω is the acentric factor; Tc and Pc the critical constants;
r is the reduced temperature.

For the binary solid–fluid systems, interaction parameters
ave been calculated from the fitting of solubility data with the
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Table 4
Results of the solubility data correlation through the PR-EOSa

Solute n T (K) Parameters of PR-EOS

kij lij AARD (%)

DADPM 9 313.15 −0.0193 −0.3930 3.06
9 323.15 −0.1076 −0.6366 2.82
9 333.15 −0.2166 −0.9434 5.66

1,5-NDA 9 313.15 0.1686 −0.1718 2.61
9 323.15 0.1525 −0.2430 6.20
9 333.15 0.1233 −0.3520 6.29

e

P
t
t
m
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t
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4 K. Khimeche et al. / J. of Sup

ollowing objective function:

F =
n∑
i

∣∣∣∣∣y
CALC
i − yEXP

i

yEXP
i

∣∣∣∣∣ (8)

he Levenberg–Marquardt algorithm is used to find a set of
arameters, which minimizes the objective function OF.

The goodness of the calculations is evaluated by the absolute
verage relative deviation defined as follows:

ARD (%) =
n∑
i

(∣∣∣∣∣y
CALC
i − yEXP

i

yEXP
i

∣∣∣∣∣ 1

n

)
× 100 (9)

here n is the number of solubility data used for obtaining the
arameters.

.2.1.2. Estimation of the sublimation pressure. The sublima-
ion pressure Psub of the solid was estimated, as described in
iterature, by using the Clapeyron equation [29,30]:

n
P sub

Pt
= −�H sub(T )

R

(
1

T
− 1

Tt

)
(10)

here Tt and Pt are the reference conditions chosen at the
riple point of the pure component and �Hsub is the sublima-
ion enthalpy at this temperature, which can be expressed with
espect to the fusion and vaporisation enthalpies as

H sub = �H fus + �Hvap (11)

sing the approximation that the triple point temperature Tt can
e estimated by the normal fusion temperature, it is thus pos-

ible to use experimental values of the normal fusion enthalpy
n Eq. (10) and, from the EOS considered, to estimate the ref-
rence pressure Pt and the vaporisation enthalpy �Hvap at this
emperature.

able 3
xperimental and predicted properties of the solutes considereda

Solute

DADPM 1,5-NDA

W 198.27 158.20
Hfus (kJ mol−1) 10.59b, 9.23c 22.29b

f (K) 362.69b, 363.70c 463.10b, 458.15–460.15d

b (K) 672.15e 628.88f

s (ml mol−1) 165.22g 113.00e

l (ml mol−1) 187.75e 122.17g

c (K) 925.64f 886.30f

c (bar) 34.80f 43.39f

0.7614f 0.7141f

a Molecular weight MW; enthalpy of fusion �Hfus; melting temperature Tf;
oiling temperature Tb; molar volume of the solid vs; molar volume of the liquid
l; critical temperature Tc; critical pressure Pc; acentric parameter ω.
b Experimental values of this work.
c National Institute of standards and Technology (NIST) data
ase(http://www.webbook.nist.gov).
d Sigma data (http://www.sigma-aldrich.com).
e International Chemical Safety Cards (ICSC) data base (http://www.

nchem.org/pages/icsc.html).
f Estimated by Joback method implemented in PE [32].
g Estimated by group contribution methods [31].

b
t

t
g
a
s
i

F
m
3

a Number of data points used in the correlation (n); binary interactions param-
ters (kij and lij); average absolute relative deviations (AARD).

Parameters such as critical temperature Tc, critical pressure
c and the acentric factor ω, which are used to fit the experimen-

al data, must be evaluated. For DADPM and 1,5-NDA, most of
hese properties were estimated with several group contribution

ethods, presented in Table 3. A globally good agreement is
btained between the experimental thermal properties used for
he modeling and the available literature data.

The measured solubility data for DADPM and 1,5-NDA at
13.15, 323.15 and 333.15 K agree well with the data given
y the PR-EOS in the pressure range of 110–200 bar. The
eng–Robinson equation of state with the optimal fitted binary
arameters kij and lij given in Table 4 at each temperature,
esulted in values of AARD lower than 7%. The goodness of
he correlation can be seen in Figs. 6 and 7, where the experi-

ental and calculated solubilities for the two aromatic diamines
re reported. The negative and lower interaction parameters kij

etween CO2 and DADPM indicate the stronger interactions in
his case.

The crossover pressure corresponding to the intersection of
he different isotherms was evidenced for each system investi-

ated. The crossover pressures for DADPM and 1,5-NDA, which
re, respectively, around 152 and 145 bar, are close to the corre-
ponding calculated values 148 and 151 bar. The crossover point
s a consequence of competition of two temperature-dependent

ig. 6. Mole fraction solubility y2 of 4,4′-diaminodiphenylmethane in SC-CO2

easured in this study and correlated by using the PR-EOS: (�) 313.15 K; (*)
23.15 K; (�) 333.15 K; (—) calculated (PR-EOS model).

http://www.webbook.nist.gov/
http://www.sigma-aldrich.com/
http://www.inchem.org/pages/icsc.html
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Table 5
Results of the solubility data correlation by using Eqs. (12) and (13)a

Solute n Parameters of Eqs. (12) and (13)

Ak Bk Al Bl σ2
k

σ2
l

AARD (%)

DADPM 27 −0.00986 3.07337 −0.02752 8.23542 0.99634 0.99562 4.68
1,5-NDA 27 −0.00226 0.88007 −0.00901 2.65598 0.97288 0.98554 5.47

a Number of data points used in the correlation (n), parameters of Eqs. (12) and (13), respective regression coefficients σ2
k

and σ2
l

and average absolute relative
deviations (AARD),

Table 6
Results of the solubility data correlation by using the Chrastil modela

Solute n Parameters of Chrastil model

k α β σ2 AARD (%) �H (kJ mol−1)

DADPM 27 5.1667 −5603.10 −17.6756 0.9787 7.7657 46.584
1 −17.1

del (k,
σ .

f
p
d
f
p
p
a

c

k

l

w
b
t
b
t

F
s
3

σ

A
c
a
t

3

c
a
1
m
[

,5-NDA 27 4.2500 −4620.59

a Number of data points used in the correlation (n), parameters of Chrastil mo
2 and �H (sum of the heat of vaporisation and heat of solvation of the solute)

actors: vapour pressure of the solute and SCF solvent density. At
ressures lower than the crossover pressure, the density effect is
ominant, leading to the decrease of the solubility of the solute as
unction of temperature. For higher pressure than the crossover
ressure, the density of the solvent becomes less sensitive to the
ressure. This last behaviour leads to the increase of solubility
s temperature increases.

The interaction parameters kij and lij given in Table 3 were
orrelated with temperature according to Eqs. (12) and (13):

ij = AkT + Bk (12)

ij = AlT + Bl (13)

here Ak, Al, Bk and Bl are empirical constants determined

y linear regression fitting. The results of data correlation to
hese equations are reported in Table 5 together with the AARD
etween experimental and calculated solubility. The goodness of
he linear correlation is indicated by the regression coefficients

ig. 7. Mole fraction solubility y2 of 1,5-naphthalenediamine in SC-CO2 mea-
ured in this study and correlated by using the PR-EOS: (�) 313.15 K; (*)
23.15 K; (�) 333.15 K; (—) calculated (PR-EOS model).

s
t
o
t

u

l

w

S

s
s
w
T
−
a
o
m
s

639 0.9783 1.8167 38.415

α and β), average absolute relative deviations (AARD), regression coefficients

2
k and σ2

l corresponding, respectively, to Eqs. (12) and (13).
s it can be seen, these linear relations are able to successfully

orrelate the interaction parameters for the prediction of solid
romatic diamines + Sc-CO2 solubility data, in the investigated
emperature range.

.2.2. Density-based correlations of solubility data
In order to correlate the solubility data, two density-based

orrelations proposed by Chrastil [33] and Mendez-Santiago
nd Teja [34] were investigated for the DADPM + CO2 and
,5-NDA + CO2 systems. The literature has already provided
any examples in which these models were investigated

35–39].
The model proposed by Chrastil relates the solubility of the

olute to the density of the supercritical solvent on the assump-
ion that one molecule of a solute, A, associates with k molecules
f solvent, B, to form a solute-complex ABk, in equilibrium with
he system.

This model leads to the following equation for the solid sol-
bility:

n S = k ln ρ + α

T
+ β (14)

here the solubility, S, is calculated by means of Eq. (15):

= ρ MWsolute y2

MWSCF(1 − y2)
(15)

In Eqs. (14) and (15), ρ (kg m−3) is the density of the pure
upercritical fluid; S (kg m−3) the solubility of the solid in the
upercritical phase; T the temperature in K; MW the molecular
eight; k, α and β are the adjustable parameters of the model.
he constant k is the association number, α a constant, defined as
�H/R (where �H is the sum of the enthalpies of vaporization
nd solvation of the solute and R the gas constant) and β depends
n the molecular weights of the solute and solvent. The Chrastil
odel suggests that plots of ln S for several temperatures are

traight lines whose slopes are identical and equal to k. The



16 K. Khimeche et al. / J. of Supercritical Fluids 41 (2007) 10–19

Fig. 8. Logarithmic relationship between the solubility S (kg m−3) of 4,4-
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iaminodiphenylmethane in Sc-CO2 and the density ρ (kg m−3) of pure CO2.
xperimental results: (�) 313.15 K; (*) 323.15 K; (�) 333.15 K; (—) calculated
y Eq. (14), Chrastil’s model.

arameters, k, α and β are obtained performing a multiple linear
egression on the experimental solubility data.

The values of calculated constants for the binary systems
ADPM + Sc-CO2 and 1,5-NDA + Sc-CO2 are presented in
able 6. The quality of the correlation is expressed in terms of σ2

nd the average absolute relative deviations (AARD) between
xperimental and calculated solubility S.

The consistency of the model with measured data can be
een from Figs. 8 and 9 and the values of AARD at different
emperatures, which are less than 8%. The results show that
he parameters corresponding to the two systems have the same

agnitude of values, with higher association number k for the
ystem DADPM + Sc-CO2. For the DADPM + Sc-CO2 system,

he higher value of the association constant k agrees well with the
igher solubility in the supercritical CO2 observed in this case.
owever, the highest value of �H (sum of heat of solvation and

ig. 9. Logarithmic relationship between the solubility S (kg m−3) of 1,5-
aphthalenediamine in Sc-CO2 and the density ρ (kg m−3) of pure CO2. Exper-
mental results: (�) 313.15 K; (*) 323.15 K; (�) 333.15 K; (—) calculated by
q. (14), Chrastil’s model.
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ig. 10. Solubility of DADPM in pure supercritical CO2 correlated by using
endez-Santiago and Teja’s model. Experimental results: (�) 313.15 K; (*)

23.15 K; (�) 333.15 K; (—) calculated by Eq. (16), Mendez-Santiago and Teja’s
odel.

aporisation of the solute) is in disagreement with the solubility
esults obtained for this system. So the �H values correlated
rom the solubility data could not be used to explain the possible
elation between solubility and the chemical structure of the
olutes.

The model proposed by Mendez-Santiago and Teja is based
n the simple theory of dilute solutions. According to this model,
ll the solubility data at different temperatures will coincide to
single straight line once plotted according to equation:

ln(y2P) = A + Bρ + CT (16)

here y2 is the solubility (mole fraction) of the solute in the SCF;
and P the operating temperature and pressure; ρ the density

f the SCF; A, B and C are constants considered as independent

nd obtained by a multiple linear regression of the experimental
olubility data.

The correlated results of solubilities of our compounds with
he Mendez-Santiago and Teja model are tabulated in Table 7.

ig. 11. Solubility of 1,5-NDA in pure supercritical CO2 correlated by using
endez-Santiago and Teja’s model. Experimental results: (�) 313.15 K; (*)

23.15 K; (�) 333.15 K; (—) calculated by Eq. (16), Mendez-Santiago and Teja’s
odel.
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Table 7
Results of the solubility data correlation by using the Mendez-Santiago and Teja modela

Solute n Parameters of Mendez-Santiago and Teja model

A B C σ2 AARD (%)

DADPM 27 −10461.30 3.0300 21.5781 0.9792 1.9448
1
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The results obtained are recapitulated in Table 8. As
,5-NDA 27 −8995.170 2.5152

a Number of data points used in the correlation (n), parameters of Mendez-S
nd regression coefficients σ2.

his density-based correlation performs very well for the two
romatic diamine systems with an AARD lower than 2%.

As shown in Figs. 10 and 11, the experimental results were
atisfactorily regressed as linear function, with regression coef-
cients higher than 0.97.

.3. Estimation of the partial molar volumes of the solutes

According to Kumar and Johnston [14], the dependence of
he solubility y1 of the solute with its partial molar volume in
he vicinity of the critical density of the SCF, can be expressed
y the following equation:

n y2 = −C2 + ln

(
P

vp
2

ρcRT

)
+ PV S

2

RT
−
(

V̄2

RTκT

)
ρr=1

ln ρr

(17)

here y2 represents the equilibrium mole fraction of the solute
n the SCF; PS

2 and V S
2 the vapor pressure and molar volume of

he solid solute; R the universal gas constant; V̄2 the partial molar
olume of the solute in the SCF phase; κT = [(1/ρ)(∂ρ/∂P)T,y1

]
nd ρr = ρ/ρc the isothermal compressibility and reduced den-
ity of the phase; T is the operating temperature.
The partial molar volumes of the solute in the SCF phase, V̄2,
re much larger than the molar volume of the solute, V s

2 . The
hird term in Eq. (17) was considered as constant in the region

ig. 12. Plot of ln y2 vs. ln ρr for the solubility of DADPM in supercritical CO2:
�) 313.15 K; (*) 323.15 K; (�) 333.15 K; (—) regression fits of the experimen-
al data.

i
d
o

F
(
t

15.9426 0.9843 1.0657

o and Teja model (A, B and C), average absolute relative deviations (AARD),

f interest. Eq. (17) may thus be simplified as

n y2 = C0 −
(

V̄2

RTκT

)
ρr=1

ln ρr (18)

q. (18) implies that in the approximate density interval
.5 ≤ ρr ≤ 2.0, the log of the mole fraction of the solubil-
ty of the solute in a SCF varies linearly with the log of
he density of the SCF phase. The slope of this line is the
atio of the partial molar volume of the solute in the SCF
hase to the isothermal compressibility of the fluid phase.
his ratio is considered as independent of ρr, thus the knowl-
dge of the value of κT and the slope of the ln y2 versus ln ρr
t this temperature permits the estimation of V̄2 under these
onditions.

As demonstrated in Figs. 12 and 13, the systems investigated
isplay linearity when plotted as ln y2 versus ln ρr. This linearity
s not observed when ln y2 values were plotted versus ρr. The
lopes of the line ln y1 versus ln ρr were computed by linear
quares fit for the DADPM + Sc-CO2 and 1,5-NDA + Sc-CO2
ystems at different temperatures. The quality of the linear cor-
elation is expressed in terms of σ2. Partial molar volumes were
hen deduced from the determined slopes and the values of κT

or CO2 at the appropriate P–T conditions.
t can be seen, the partial molar volume for each solute
ecreases as temperature increases. Higher absolute values
f V̄2 are observed for DADPM. The partial molar vol-

ig. 13. Plot of ln y2 vs. ln ρr for the solubility of 1,5-NDA in supercritical CO2:
�) 313.15 K; (*) 323.15 K; (�) 333.15 K; (—) regression fits of the experimen-
al data.
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Table 8
Slopes computed from Eq. (18) and the corresponding partial molar volumes V̄2

of the solute for DADPM + Sc-CO2 and 1,5-NDA + Sc-CO2 systems at different
temperatures

System T (K) Slope at ρr = 1 σ2 V̄2 (cm3 mol−1)

DADPM/CO2 313.15 5.41 0.9512 −8078.62
323.15 4.58 0.9957 −2971.12
333.15 3.95 0.9792 −1625.97

1,5-NDA/CO2 313.15 4.36 0.9674 −6510.68
323.15 3.73 0.9768 −2419.71
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333.15 3.01 0.9905 −1239.03

mes V̄2 of the DADPM and 1,5-NDA in the vicinity of
he critical point of the solvent, which are difficult to mea-
ure experimentally, are then estimated by following the the-
ry developed by Kumar and Johnston. As reported by these
uthors, the data calculated for naphthalene + CO2 and naph-
halene + ethylene systems according to this theory were in
ood agreement with experimental data. However, the results
f this work necessitate a confrontation with experimental
easurements.

. Conclusion

The solubilities of 1,5-naphthalenediamine and 4,4′-
iaminodiphenylmethane at 313.15, 323.15 and 333.15 K were
etermined in supercritical carbon dioxide for pressure rang-
ng from 110 to 200 bar. The maximum deviation between the

easurements was ±4%.
Solubility data of 4,4′-diaminodiphenylmethane are higher

ompared with solubility of 1,5-naphthalenediamine at the same
onditions. Solubility in supercritical CO2 was not observed
or alkanediamines, which interact with the solvent. The solu-
ility results for the aromatic diamines show trends expected
or the solubility of non-volatile organic molecules, with
rossover pressures, which are around 152 and 145 bar for
he DADPM + Sc-CO2 and 1,5-NDA + Sc-CO2 systems, respec-
ively.

Peng–Robinson model is able to reproduce experimental data
orrectly and with low deviations from the experimental val-
es. The two density-based models investigated (Chrastil and
endez-Santiago–Teja models) were able to successfully cor-

elate the experimental solid aromatic diamine + Sc-CO2 solu-
ility data. They have the advantage to predict the solubility in
c-CO2, without need to the estimation of the solid properties.

Better agreement with experimental solubility data is
btained with Mendez-Santiago–Teja’s model. Values of AARD
ower than 2% were observed.

Solubility data were used to estimate the partial molar volume

¯2 for each aromatic diamine in the supercritical phase, accord-
ng to the theory developed by Kumar and Johnston. Higher
bsolute values of V̄2, which decrease as temperature increases,
ere obtained for DADPM in the temperature range investi-
ated.
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