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The production of fine particles by green technology like supercritical carbon dioxide requires

the assessment of substantial solubility data at high pressures. This study represents the first
determination of the solubility of methyldopa in carbon dioxide at pressures and temperatures ranging
from 12 to 30 MPa and from 313.2 to 343.2 K, respectively. The mole fractions were obtained under
the aforementioned conditions and ranged from 0.805 x 10-° to 11.345 X 10-°. Four empirical models
(Chrastil, Bartle et al., Mendez-Santiago, & Teja, and Kumar-Johnston) and two equations of state
(Peng-Robinson and Soave-Redlich-Kwong) were used to correlate drug solubility. The K-J model
demonstrated the highest accuracy, with an AARD of 8.38% and a R? value of 0.988. Furthermore, the
enthalpy values for the drug in SC-CO, were estimated using the Chrastil and Bartle models, resulting
in values of 34.35 and 56.87 kJ-mol-3, respectively. The results demonstrate that the SRK more
pronounced results than the PR model, with an AARD% of 23.03 and a R? value of 0.903 compared

to 26.42 and 0.837. The article’s conclusions provide a valuable reference for the application of green
method in the production of fine particles of methyldopa.
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PR PR Peng-Robinson EoS

SCF Supercritical fluid

SRK Soave-Redlich-Kwong

ScCO, Supercritical carbon dioxide

CAS Number  Chemical Abstracts Service Registry Number
ECM-RK Estevez-Colpas-Muller approach based on the
ECM-PR Estevez-Colpas-Muller approach based on the
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AARD Average absolute relative deviation
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P Reference pressure

P Sublimation pressure

Q Number of independent variables.
R Ideal gas constant [bar.cm3/K.mol]
SCF Supercritical Fluid

T Temperature [K]

T, Critical temperature [K]

v Volume of the sample loop [cm3]
Y, Solubility of drug in SCF

Yg - Drug solubility in ternary system
Greek letter

A Wavelength absorbance

p Density [g/cm3]
AH  enthalpy

) Acentric factor
Subscripts

CO,  Carbon dioxide
Sol Solvation

vap Vaporization

The term “bioavailability” is employed to describe the rate and extent to which a pharmaceutical agent is
absorbed and becomes available at the site of action!. In the event of insufficient absorption of a pharmaceutical
agent, an increase in dosage via oral administration may be a viable option. Such outcomes may give rise to
economic challenges, heightened risks of undesirable effects, and unanticipated responses. Moreover, enhancing
the availability of pharmaceutical agents can be accomplished by reducing the particle size>~>. The conventional
methods of evaporation®, cryogenic spraying’, crystal engineering®, recrystallization from solution, and
milling’have the potential to reduce the size of particles. The application of supercritical fluids represents a novel
approach to particle size engineering, which is now being employed by relevant industry!%:1112131415,

The utilization of carbon dioxide as a supercritical fluid in clean technologies enables the generation of
minute, homogeneous particles. It is employed as a solvent in a multitude of applications, including extraction
and particle formation. ScCO, possesses distinctive properties due to its relatively low temperature and moderate
pressure. CO; displays a number of distinctive properties, including cost-effectiveness, ease of removal, non-
toxicity, and non-flammability’®-?%. The solubility characteristics of the substance in CO, play an important
role in the selection and design of supercritical fluid processes, as it identifies the role of CO,as a solvent and
antisolvent for the production of fine particles of the substance. Many research groups have investigated the
solubility of various drugs in supercritical carbon dioxide. This research has led to the production of smaller,
more uniform drugs with improved dissolution rates**-*°.

The process of testing substance solubility in CO, is both expensive and requires a considerable investment of
time, representing a significant commitment of resources. Some models including empirical or semi-empirical
correlations, equations of state (including cubic and non-cubic models) and intelligent computational techniques
(such as artificial neural networks and machine learning methods) have been developed which establish a
correlation between solubility at supercritical conditions and make predictions*'~**. Models founded upon the
principles of equations of state inevitably require the estimation of thermodynamic parameters®~42. Alternative
models (e.g., Garlapati — Madras*?, Reddy-Madras**, Keshmiri et al.*>. , , Sparks et al.*. , , Chrastil*’, Bartle et
al#8., K-J%, MST®0%1, Del Valle and Aguilera®?, Gonzélez et al.>). have been developed to address this challenge,
including those based on empirical evidence, theoretical principles, and the relationship between solute solubility
with density, pressure and temperature. These models integrate experimental solubility data with the density of
the supercritical solvent, thereby providing a means of integrating empirical data with theoretical principles.
The primary distinctions between density-based models pertain to the number of adjusted parameters and the
correlation between solubility and density.

The regular solution models are employed to establish correlations between the solubility of compounds in
CO,*. In these models, ScCO, is regarded as a liquid solvent. The non-ideal behavior of solid-liquid equilibrium
is taken into account by applying an infinite dilution activity coefficient. An effective approach for correlating
the solubility of biological and pharmaceutical compounds is the incorporation of a Flory-Huggins term into a
regular solution model®%,

Previous studies have not yet reported the solubility of methyldopa in ScCO; therefore, this investigation
aims to fill this gap in the existing literature. The objective of this study is to examine the solubility of methyldopa
in ScCO; at varying temperatures and pressures. The data were correlated using a range of semi-empirical models
developed for a binary system (ScCO, + methyldopa). Furthermore, the data were subjected to thermodynamic
modeling techniques, including the Peng-Robinson equation, and the Soave Redlich Kwong. To ensure the
reliability of the results, the accuracy of the models was assessed using robust statistical techniques.

Material and method

Material

Methyldopa (CAS Number 41372-08-1), 99.0% pure, was procured from Sigma-Aldrich, Germany. The CO,
utilized in this investigation was 99.99% pure and was obtained from a local supplier in Abha, Saudi Arabia.
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Methods

Supercritical fluid method

Two methods have been employed for the determination of the effectiveness of drug solubility in SCE The
initial series of experiments employs a saturated solution to quantify solubility. This can be achieved through
either static or dynamic methodologies. The second category of techniques is contingent upon the methodology
employed to analyze the saturated solution. There are four principal categories: gravimetric, spectrometric,
chromatographic, and miscellaneous. In this study, a gravimetric method was employed to examine solubility
in a laboratory setup according to the procedure reported in previous articles®*°.

In this study, the solubility of the drug was determined through a static method in conjunction with
a gravimetric method, utilizing an apparatus designed for pressures of 40 MPa at 473 K. In this context, the
equilibrium cell volume was considered to be 100 ml. The following procedure was used for the measurement:
To introduce CO; to the solubility cell an automatic pump was used. The pressure within the cell was gauged in
increments of 0.1 MPa up to a maximum of 45 MPa.

Once the requisite pressure of CO, had been achieved, the flow into the cell was permitted. The cell pressure
was monitored by means of a calibrated pressure indicator, which had been calibrated prior to the commencement
of the study. A precision thermometer was employed to regulate the system temperature at the specified value
through the implementation of a proportional-integral-derivative control method, with a resolution of 1 K. Two
grams of the drug were compressed into small tablets, with a diameter of 6 mm. The tablets were then subjected
to a five-hour contact process with ScCO, at a fixed pressure and temperature, with a stirring rate of 200 rpm.
To ensure that equilibrium was attained, the equilibrium cell was subjected to a series of gradual, oscillating
movements. Subsequently, the equilibrium cell underwent rapid depressurization to reach ambient conditions,
after which the residual drug mass was weighed to the precision of 0.01 mg using an analytical balance. The drug
mole fraction was then calculated using the following equation, which employs the initial and final drug masses.

me = mj — My (1)
Me
Mole of drug = My are )
_ Mole of Drug 3)
Y2 = (Mole of drug + Mole of CO5)
MSO ute
g— P lute X Yo 4)

Moo, X (1—y2)’

Modeling Framework

The process of measuring the rate of solubility of substances in ScCO; at varying temperatures and pressures is
both time-consuming and costly, due to the necessity of employing a lengthy and costly experimental procedure.
The development of appropriate models is a crucial step in the prediction of solubilities. Semi-empirical models
are relatively straightforward and are employed for the purpose of forecasting the extent to which substances
dissolve in supercritical fluids. A notable number of these models have been developed on the foundation of
theoretical models proposed by K-J*°, MST*’, Bartle et al.*®and Chrastil?’. Moreover, a number of additional
models have been proposed based exclusively on curve fitting and the interrelationships between temperature,
pressure, and density with solubility. To provide a comprehensive description of the experimental data, four
models that are widely regarded as authoritative in their respective fields have been selected for analysis.

a) Chrastil model?’.

In summary, the Chrastil model established a correlation between the solubility of a solute in SCF and the
supercritical fluid density and absolute temperature. The model thus yields the result that a molecule of the
solute A forms a complex with K molecules of the solvent B. In this model, the parameters aog, a1, and az are
adjustable and can be obtained from solubility data. The parameter a2 is a function of the total heat ( az2= 4 g L
, where R is the universal gas constant and A H, is the sum of vaporization ( A H ,qp) and solvation (A H s
) enthalpies of the solid solute drug).

LnS:aolnp+a1+a—; (4)

b) Bartle et al.*®.

In the study conducted by Bartle et al., the parameter a, can be employed to calculate the heat of vaporization of
the solute, A H yqp. Given the values of A H; and A H ,4p, the heat of solvation, A H 4, can be approximated
for different solute-CO, systems.

y2P . al
1n<PTef>—ao+T+az(ppmf) (6)

¢) Kumar- Johnston?’.
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Additionally, in 1988 Kumar and Johnston presented a density-based semi-empirical model that parameters

ap and ap are acquired from empirical data and while the parameter as is related to A Hy via A Hy= % .

In (y2) = a0 + a1p + 2 (7)

d) Mendez-Santiago and Teja®'.

In further model, based on the theory of dilute solutions, MST extended the linear correlation between the
solubility of solids in a SCF to encompass a wider range of constants. This was achieved by establishing a linear
communication between experimental data and the aforementioned equation.

Tin (y2P) = a0 + a1p + a2T (8)

As well as, a plethora of models based on phase equilibria have been developed with the objective of establishing
correlations between the solubilities of API in CO,. These encompass models for pharmaceutical compounds in
ScCO, that have been constructed using a range of models. Engineers frequently employ equations of state to
predict fluid properties and to elucidate the behavior of mixtures at varying temperatures and pressures. In this
field of study, two equations of state (EoSs) were employed, including the PR, and SRK. As previously stated, a
thermodynamic study of the API solubility in supercritical carbon dioxide using EoSs requires the calculation
of specific API properties through the utilization of appropriate methodologies. The aforementioned parameters
include the critical pressure, critical temperature, melting point, boiling point, molar volume, acentric factor,
and sublimation vapor pressure. In order to calculate the melting point and boiling point, the Marrero and
Gani®®*method was employed. In accordance with the method proposed by Klincewicz®’, the critical pressure and
critical temperature of the active substance were calculated. The acentric factor and sublimation vapor pressure
were determined using the group contribution method, as proposed by Ambrose Walton and Gani Watson®.
As demonstrated in Table 1, a variety of techniques were employed in numerous articles for the estimation of
these parameters. To describe the solubility data, the PR and SRK models, which are commonly used, have been
selected.
a) SRK equation [45]:

RT a(T)

v—b wv(w+b)’

_ 0.42748R°T?

a(T) P x a (Tr,w), (10)

a (Tr,w) = [14+m (1-17%)]%, (11)

m = 0.480 4+ 1.574w — 0.176w 2 , and (12)

b 0.086](:643@ (13)
b) PR equation [46]:

P RT a(T) (14)

v—b vw+b+bv—>)’

_ 0.45724R°T?

a(T) o x o (Tr,w), (15)
o (Trw) = [1+k(1-T)], (16)
k = 0.37464 4+ 1.54226w — 0.26992w * , and (17)
p— OOTT8ORT. (18)

P

Results and discussion

Methyldopa solubility in ScCO2

The aim of this study was to gain insight into the solubility of methyldopa that could be dissolved in supercritical
carbon dioxide at varying pressures (12-30 MPa) and temperatures (313-343 K). The details of the experimental
conditions and the CO, density, along with the resulting outcomes, can be found in Table 2. The data points report
the mean of at least three times. The density of CO, was sourced from the NIST Chemistry®®. The API solubility,
S, and mole fraction, y, exhibited a range of 8.05X 107 to 1.13x 107> and 0.0134 to 0.4279 g/L, respectively. As
illustrated in Table 2, the standard deviation of the solubility results is less than 4.5%. To examine the effect of
temperature and pressure in a simultaneous manner, Fig. 1a and b have been created in three dimensions. As
depicted in Fig. 1a, the drug solubility in ScCO, demonstrated an increase with pressure. In addition, as illustrated
in Table 2, an increase in pressure is accompanied by a corresponding rise in the molar fraction value. At 313 K,
the value rises from 2.481 X 107° to 7.652x 107°. At 323 K, it increases from 1.880X 10~ to 8.832x 107°. At 333
K, the molar fraction value increased from 1.520X 10° to 9.960 X 107°. At 343 K, it increased from 0.805x 10~°
to 11.345%107°. This phenomenon can be attributed to the rise in CO, density and solvating power, which
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No | Drug Eos v @ T, P, References
1. | n-(4-Ethoxyphenyl)ethanamide PR 157.1 0.70 700.3 33.29
2. | Lauric PR - 09135 | 797.6 19.22 0
3. | Myristic PR - 0.9612 | 841.6 16.35 0
4. | Palmitic PR - 0.9846 | 887.3 14.08 59
5. | Stearic PR - 0.9786 |935.1 12.25 0
1. | Behenic PR - 0.8685 | 1038.7 9.52 0
2. | Sodium Valproate SRK, PR, SAFT-VR 148.48 | 0.41F 612.92* | 25.83% 2
3. | Sorafenib tosylate SRK, PR, with vdW2 and Wong-Sandler 387.5¢ | 0.392¢ |1087.90° | 15.496* | 7°
4. | Minoxidil SRK, PR, combined with either Wong-Sandler or van der Waals 141.1¢ | 0.78 879.6* 35.56° 71
5. | Chlorothiazide PR-Eo$S 369.20° | 0.62° | 933.24° | 4585 |72
6. | Repaglinide PR, and UNIQUAC 257.58 |0.352¢ |938.026* | 11.672* |73
7. | Imatinib mesylate SRK, Pazuki et al. (PAZ), and Haghtalab et al. (HKM) with dW2 412,58 | 0.4509 | 1000.24% | 154772 |74
8. | Esomeprazole SRK, combined with Renon mixing rule 214.28 | 1.29 979.36° | 25.00¢ 40
9. | Aprepitant SRK, PR 351.3¢8 | 1.141 823h 10.38" |75
10. | Lacosamide PR-EoS with vdW2 mixing rule and PC-SAFT 220.06° | 1.1399¢ | 968.86° | 2.5¢ 76
Regular
11. | 1-aminoanthraquinone solution model and 117.65 | 0.853i |928 3.142 7
PRSV-EoS
Regular
12. | 1-nitroanthraquinone solution model and 15548 | 0.9211 | 916 2.836 77
PRSV-EoS
13. | Glibenclamide PR-EoS with vdW2 374.47¢ | 1.47724 | 1443.97¢ | 1.8055¢ | 7®
14. | Tamsulosin SAFT-VR and Peng-Robinson (PR) 375.88 | 0.6279 | 999.846* | 1.3871* | 7°
15. | Fludrocortisone acetate PC-SAFT 337.1 | 0.7 947.4° 17.42¢ |80
16. | Famotidine PC-SAFT, and e Estevez et al. model (ECM-PR and ECM-RK) 358.1¢ | 0.991> |901.46* | 43.50° 81
17. | Chloroquine SRK, PR, modified Wilson’s and UNIQUAC 209.3¢ | 0.47° 9172 16.52 34
18. | Lenalidomide SRK with two parameters van der Waals (vdW2) (modified Wilson’s model) | 166.40° | 0.64" 1006.12* | 36.54% 82
19. | Favipiravir SRK with quadratic mixing rules 97.53¢ | 0.5799¢ | 878.71* | 66.82* 83
20. | Aripiprazole modified Wilson 552.8° |0.3189¢ | 981.18* | 6.07° 84
21. | Dapagliflozin propanediol monohydrate | PR-EoS d with van der Waals 310.128 | 0.5307¢ | 985.056° | 14.4° 85
22. | Mebeverine Hydrochloride SRK, PR, and Estévez et al. models 387.5° | 0.6773" | 1066 15.6¢ 86
23. | Sildenafil citrate SRK, PC-SAFT and Modified Wilson model. 460.9¢ | 1.784 1058.8* | 17.642 87
24. | Coumarin-7 qCPA-PCPSAFT 170.9* | 137> |919.76* |23.66° |
25. | Gemiflxacin SRK and PR, and the regular solution model 445¢ 1.04! 1012.50° | 1012.50* | 20
26. | Nifedipine PR 235.98 | 0.6487 | 871.7¢ 19.33¢ 8
27. | Lacidipine PR 362.48 | 0.6225 |950.8¢ 12.93¢ | ¥
28. | Squalene GC-EOS - 2.32 716.5° | 7.19° %0

Table 1. Summary of the method applied to estimate properties of substances. a Calculated using Marrero
and Gani Method®. b Constantinou — Gani®. ¢ Immirzi-Perini method®'. d Ambrose-Walton®?, e Joback
method®, f Grain-Watson method®, g Fedorsmethod®*, h Wilson-Jasperson®, i Edmister method®®, j Lee-
Kesler method®, K Klincewicz-Reid method®” .

enhance solute-solvent interactions by reducing the mean intermolecular distance, thereby facilitating greater
solubility. As indicated in Table 2, the solubility data yielded minimum and maximum values at 343 K, which
points to the potential existence of a crossover pressure within the system. Furthermore, Fig. 1a clearly illustrates
the varying trends evident in the isotherms, indicated by their different slopes and the crossover at a pressure of
approximately between 16 and 18 MPa. This phenomenon is undoubtedly attributable to the opposing effects
of temperature on the two variables that influence solubility: API sublimation vapor pressure, and CO, density.
The greatest impact on density was observed in the region below the crossover region. At pressures above the
crossover point, the sublimation vapor pressure was identified as the dominant factor. The solvent exhibits
diminished sensitivity to pressure, which consequently results in augmented solubility at elevated temperatures.
The solubility of drugs in SC-CO, is influenced by temperature, as changes in temperature alter the density
of CO, and the sublimation vapor pressure of the drug. Guo et al. (2018) measured the solubility of cinnamic
acid in supercritical carbon dioxide at temperatures from 308 to 328 K and pressures of 9.0 to 18.0 MPa. They
explained how temperature affects solubility in the crossover region (11 to 13 MPa)*”. Pishnamazi et al. (2020)
also studied the solubility of tamoxifen at different pressures and temperatures. Tamoxifen is affected by pressure
and temperature. Pressure affects solubility directly, while temperature depends on the crossover pressure,
which is about 200 bar for tamoxifen. For pressures above the crossover point, increasing temperature enhances
tamoxifen solubility due to sublimation pressure. For pressures below the crossover point, density reduction is
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T (K)* | P (MPa) | p (kg.m™3) |yXx10° | SD () x 10* | Solubility (g/L)
12 719.2 2.481 |0.013 0.0856
15 781.2 3.013 |0.018 0.1128
18 820.7 3.942 | 0.020 0.1551
313 21 850.4 4.531 |0.022 0.1848
24 873.9 5.520 | 0.030 0.2313
27 893.5 6.320 | 0.033 0.2709
30 910.3 7.652 | 0.034 0.3342
12 587.2 1.880 | 0.012 0.0530
15 701.1 3.390 |0.021 0.1141
18 758.8 4.490 |0.025 0.1634
323 21 797.4 5910 |0.033 0.2261
24 826.1 7.114 | 0.041 0.2819
27 851.7 7.790 | 0.033 0.3182
30 871.5 8.832 | 0.041 0.3692
12 435.3 1.520 | 0.010 0.0317
15 606.8 2.841 |0.018 0.0826
18 688.4 5.090 |0.030 0.1681
333 21 740.3 7.050 | 0.033 0.2504
24 777.5 8.125 | 0.040 0.3029
27 806.7 9.163 | 0.032 0.3544
30 830.5 9.960 | 0.055 0.3968
12 346.1 0.805 | 0.010 0.0134
15 507.5 2.043 |0.011 0.0497
18 613.5 5.410 |0.023 0.1593
343 21 678.9 7.484 | 0.036 0.2438
24 724.9 8.632 | 0.051 0.3003
27 760.3 10.061 | 0.060 0.3672
30 788.9 11.345 | 0.065 0.4279

Table 2. Solubility and mole fraction of methyldopa.
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Fig. 1. Experimental mole fraction of Methyldopa in ScCO, (a) based on pressure and (b) density of CO,.

the dominant mechanism as temperature rises®®. Similar results were reported for busulfan®and chloroquine!®.
Moreover, Ongkasin et al. (2019) found that solubility changes with temperature because of two opposing effects.
As temperature rises, CO,density falls and solute vapor pressure rises. At 25 MPa, density is the main factor, but

at higher pressures, vapor pressure is the main factor, increasing solubility with rising temperature
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Semi-empirical models
In order to evaluate the consistency of the binary solubility data, four models were utilized. These models were
used to correlate many solutes. These correlations don’t need extra properties. Two criteria were used to compare
the models. AARD and R, o

1 n
AARD% — WZ . ( v

SN (yemP — ygale)?
N —
Yo (n —=7)?

The AARD of Chrastil, Bartle, K-J and MST’s models were achieved 09.70, 11.07, 8.38, and 10.19. K-J model
with three adjustable parameters worked well for solubility data. Figure 2a-d shows the correlation results and
the consistency of supercritical CO,-solid solubility data, self-consistency tests were conducted using the four
models. To achieve this objective, the experimental data were subjected to a linear regression analysis with the
aim of obtaining a linear correlation for the solubility data when employing each model. The linearity of the data
permits an evaluation of its self-consistency. Subsequently, the correlation coefficients (R*) obtained for all four
semi-empirical methods, including MST (0.975), Bartle et al. (0.958), K-J (0.988), and Chrastil (0.987), were
deemed indicative of the method with the greatest capacity for extrapolation (Table 3). Méndez-Santiago &Teja>
proposed an expression based on the theory of dilute solutions to correlate the solubility of a wide range of solids
in supercritical carbon dioxide.

yi,cal - yi,emp

>>< 100 %

R*=1-

The linear trend was demonstrated to be applicable across a broad range of temperatures, with the exception of
densities below approximately half the critical density of CO, as a solvent.

The linear relationships presented in this study facilitate the extrapolation of solubility over a range of
temperatures. Moreover, the relationship provides a means of verifying the consistency of solubility data. This
model was employed by numerous researchers (Shojaee et al.!%; Tamura et al.”’; Sabegh et al.'®®) to assess the
consistency of experimental data. This was achieved by plotting the quantity 7'(In(y.P) — X3) versus density p,
which should yield a straight line if the data are consistent. An example of this is illustrated in Fig. 2d.

a b 33
4.0 ® Exp.data T e Exp.data >
=~ 32 4
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2.0 .
o =31 4
" =
A 0.0 , . . s
2 T30 4
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220 b - @
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Fig. 2. Self-consistency test for methyldopa solubility in supercritical carbon dioxide (a) Bartle et al. (b)
Chrastil et al. (c) K-J (d) MST.
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Parameters Criteria
Models a b c AARD (%) | R?
Chrastil 4.71 —20.20 | —4132.3 | 09.70 0.987
Bartle 0.0084 15.94 | —6840.2 | 11.07 0.958
K-J —0.195 | 0.0059 | —4605 08.38 0.988
MST 13.7 2.80 | —8857.8 | 10.19 0.975
Table 3. The outcome of the density based models.
Component | Boiling point (K) | Critical temperature (K) | Critical pressure (MPa) | Acentric factor | Molar volume (cm>/mol)
Methyldopa | 981.3° 1395.73 245 0.558b 335.4¢
pstb (pa)
1.96x107° 1.35x1078 8.17x 1078 4.37x1077
(313K) (323 K) (333K) (343 K)
Table 4. Properties of methyldopa.

Model Parameter | T=313K | T=323K | T=333K | T=343K | Overall

k12 —0.3957 —0.4380 —0.4590 —0.5674
PR vdW2 l12 —0.5945 —0.6777 —0.7152 —0.9467

AARD | 1601 21.50 33.11 35.09 26.42

Raaj 0.8699 0.8589 0.8170 0.8005 0.837
SRK k12 —0.2911 —0.3703 —0.4457 —-0.9016

l12 —0.3875 —0.5499 —0.7123 —0.5384

AARD | 23.05 1623 24,98 27.87 23.03

Raaj 0.9017 0.9386 0.8906 0.8795 0.903

Table 5. Results for solubility of methyldopa in ScCO,, by PR and SRK.

Nasri'® presented two steps: a review of the estimation of the Krichevskii parameter and a second step
of estimating sublimation enthalpy and sublimation pressure. For both thermophysical properties, the dilute
solution theory was adopted in a new way based on the consistency of solid solubility data in supercritical carbon
dioxide.

The discrepancy in results can be attributed to the incorporation of an energy term (specifically, the
temperature term’s coefficient) into the Chrastil, K-J and Bartle et al. The overall reaction and vaporization
enthalpy of the substance under examination are contingent upon two adjustable parameters: a2 from Chrastil
and Bartle’s model.

This allowed for the evaluation of the total heat (AH,_, ), vaporization heat (AHVSP), and solvation heat (AH_ )
of the examined methyldopa-CO, systems based on the regressed energy parameters. The difference between the
vaporization heat (AH, ) as defined by the Bartle et al. model and the total reaction heat (AH, ) as defined by
Chrastil's model was considered to be the solvation heat (AH_ ). The enthalpy values for methyldopa in ScCO, as
determined by the Chrastil and Bartle models are 34.35 and 56.87 k]-mol~!, respectively. Given the endothermic
nature of vaporization, in contrast with the exothermic character of solvation, the heat released during the
vaporization process exceeded the total amount of heat absorbed. When evaluated as the discrepancy between
the vaporization heat (AHvaP) and the total reaction heat (AH, ), the solvation heat (AH, ) was determined to
be —22.52 kJ/mol.

Equation of state

As previously stated, the equations of state can be utilized only after the requisite parameters have been
calculated. As indicated in Table 4, the boiling temperature (981.3 K) was calculated using the Marrero and Gani’s
formula®®, the critical temperature (1395.7 K) and pressure (2.45 MPa) were calculated using the the Marrero
and Ganf’s correlation®, the molar volume (335.3 cm?/mol) was calculated using the Immirzi-Perini method?!,
the eccentric factor (0.558) was calculated using the Ambrose-Walton corresponding states method®?, and the
sublimation vapor pressure (1.96x 107 (313 K), 1.35x 1078 (323 K), 8.17x 107 (333 K), and 4.37x1077(343
K)) was calculated using the Grain-Watson method®®. As reported in Table 1, several articles employed various
methods for estimating these parameters.

Table 5 illustrate results of the correlation between EoSs with Vander Waals mixing rule with two interaction
parameters (vdW2) at temperatures of 313, 323, 333 and 343. As illustrated in Table 5, the SRK with the vdW2
mixing rule exhibits the most pronounced outcomes, with an AARD% of 23.03 and an R2value of 0.903, in
comparison with PR, which displays an AARD% of 26.42 and an R? value of 0.837.
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Fig. 4. Interaction parameters of mixing rule for SRK and PR.

The outcomes of the PR and SRK models exhibited a precise correlation between methyldopa solubility in
ScCO; at temperatures between 313 and 343 K. The data indicate a strong correlation between experimental
and calculated solubility values at four temperatures using the PR-vdW2 and SRK-vdW2 models (Fig. 3a and b).
Nevertheless, at elevated temperatures, a slight divergence from the optimal correlation was observed. Conversely,
the correlation of the PR and SRK estimates exhibits minimal error at low temperatures. Nevertheless, at elevated
temperatures, the discrepancies increase. These findings are consistent with those of other investigations
(Coimbra et al.!%; Huang et al.!%.; Khimeche et al.!?’).

Figure 4a, and b demonstrate that the parameters for the mixing rule (kij and lij) exhibit a linear relationship

with temperature.
ki = AT + B
lz‘]‘ = AT + B

(12)
(13)

The interaction parameters (kl.j and li}.) are utilized to examine the parameters of the PR and SRK for methyldopa-
CO,. The k;; and I, AARD%, and Radj values can be calculated and are presented in Table 5 for reference. The

PR—dependéntly a(]ijustable parameters (k,; and [,) are subject to temperature-dependent variation. The k, and [,
parameters exhibit a negative correlation with temperature. The solubilities of methyldopa on PR and SRK wit

H

vdW?2 mixing rules based on EoS were calculated and illustrated in Fig. 4a and b, respectively. Furthermore, the
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figures illustrate the impact of temperature on the interaction parameters. As demonstrated in Table 5; Fig. 4,
the PR and SRK model’s parameters are all negative. Four parameters, designated A, B, C, and D, were subjected
to linear regression analysis in accordance with the specifications set forth in Eqs. (12) and (13) and illustrated
in Fig. 4.

Conclusion

The capacity to determine the extent of solubility of substances in supercritical fluids represents a crucial element
in the synthesis of nanoparticles. The objective of this study was to examine the solubility of methyldopa in
supercritical carbon dioxide at varying pressures and temperatures. The solubility data exhibited a range of
0.805X 107 to 11.345x107>. The highest solubility (0.4279 g/L) was observed at 30 MPa and 343.2 K. Two
groups of models were employed, including equation of state and density-based models. In order to assess solute
solubility in CO, with density-based models, four models were employed: the Chrastil, Bartle et al., K-J, and
MST models. The K-J model exhibited the highest degree of accuracy, with an AARD of 8.38% and R?value of
0.988. The results illustrates that the SRK model with the vdW2 mixing rule produce the most notable outcomes,
with an AARD% of 23.03 and R?value of 0.903, in comparison with the PR model, which displays an AARD% of
26.42 and R? value of 0.837. The results obtained in this research show the path of using the supercritical process
to produce nanoparticles, and in future work, these data can be used to produce micro and nano particles.

Data availability
The datasets used and analysed during the current study are available from the corresponding author (Umme
Hani) on reasonable request.
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