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ABSTRACT

Solubility of three Anthraquinone dyes in supercait fluid has been calculated. For this purposke tPeng-
Robinson equations of state, the Modified Peng-kmni equation of state by Gasem et al. and Dastelzat al.
equation of state have been applied. Error valuesazh equation of state in different conditiongeshperature,
mixing rule and estimating methods have been regofhe quantum mechanics density functional themthod
along with 6-31G basis set was used and interactinergy between each of structures and superckitagbon
dioxide were calculated. Obtained interpretationsni quantum calculations are consistent with theutes from
equations of state.
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INTRODUCTION

Supercritical carbon dioxide is utilized in extiact of dyes according to the following reasohsbeing tunable
extraction with supercritical fluid, which mean®thmount of extraction is specified by temperatmd pressure
controls. On the other hand, solvent removal ocbyreeducing the pressuré. Up level of water consumption and
its contamination are important problems in indestrelated to dye of different yarn. For exampldd987, 282.4
million cubic meters of water have been consumeduding these industries in Germany [1-7], the afe
supercritical fluid reduces the amount of waterstonption and prevents from its pollutidi.. Supercritical carbon
dioxide is an appropriate eco friendlyid. Creating supercritical state for carbon ditexis more easily than the
other supercritical solvents due to its low tempee and critical pressuréV. Carbon dioxide will not damage
solute material with respect to the relative lomperature and critical pressure [8-10].

Because of high cost of extraction with superailtituid, the optimum conditions for the extractiare typically

measured with respect to temperature and pressi¥@g]. Activity coefficient model and equation stite model

are usually used for calculations of the extracponcess. It is characterized that in high tempeeaand pressure
conditions the use of equations of state modelasemappropriate [13]. Therefore, this model hashhesed in many
cases in calculating the solubility in supercritittaid. Another advantage of the equation of statedel involves its
being easier to use in mathematics that makesrié mngable.

Equations of state are divided into three categavietheoretical, empirical and semi-empirical egres of state
[16]. Theoretical equations of state are obtaimethfstatistical thermodynamics and the radial itistion function.
The main advantage of these equations is as followWw#e equation parameters have physical meatlinghey are
usable for a wide range of materials, becausedheypbtained based on intermolecular potential ektbeless, their
usages are usually with high errors. Empirical éiqua of state result from fitting of experimentidta related to
materials. The main advantage of these equatiohgyfs accuracy. However, their usage is less commmothe
following reasonsl. The parameters of these equations have no physeaningll. The numbers of parameters in
these equations are usually high, so its use isagy.lll. Usually, these equations are usable for a sranlie of
materials. For the reasons discussed above, dfeesemi-empirical equations of state are usedemtbdynamic
modeling [17].
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Semi-empirical equations of state are mainly imfasf the generalized van der Waals equation. Theeetwo
phrases as repulsion and attraction in van der $Vagquation. The basis for modification in semi-aiopl
equations of state is to associate repulsion atrdctibn terms with the physical parameters thatallg their
temperature dependence is considered [17]. Howévearse of these equations of state, physical petens of
materials such as critical temperature, criticasgure and acentric factor are required for caiagldhe solubility
of various compounds in supercritical fluid. Attiian and repulsion terms depend on mole fractionagplying
these equations for mixtures [18, 19]. Dependenagiarof these terms to mole fraction are called mgixile.

The aim of this project is evaluating of effectsdifferent factors in creating errors for calcutatithe solubility of
several dyes in supercritical carbon dioxide. I8 purpose, the effect of physical parametersetfext of selected
equation of state and effect of selected mixing i rate of calculations errors have been invasdy Also, the
error rate resulted from experimental data unagitadf compounds solubility has been assessed perstitical

fluid. Results of this study in selection of apmiape state equation can be used for calculatiegstiubility of

other compounds in supercritical fluids. Ab initjaantum mechanic approach has been applied toiexqitained
results.

MATERIALS AND METHODS

Putting to be equal the solute Fugacity in solicaggh and its Fugacity in supercritical fluid is thasis of
calculations for the compounds solubility in supigical fluid [20, 21].

f_s — §£5CF (1)

L L

By considering an assumption that supercriticatiftan not be solved in solid, solute mole fraciiosupercritical
fluid is obtained as follows:

vg(p-pub)
ub . 4

y = o5CF p (2

In this equationP*** Vi and @ “F are sublimation vapor pressure, molar volume amgaEity coefficient of
solute in supercritical fluid, respectively. Fuggaioefficient is obtained from equation of state.

2.1 Solute selection

Anthraquinones are aromatic compounds that maiolynted as constructive materials of many dyes. Alsese
ingredients are used as additives in paper indsstielection of these materials has been donel basehe
availability of experimental values of their sollitlyi in supercritical carbon dioxide at differemniperatures and
pressures [22-24]. Three anthraquinone compouneid msthis study are: 1-hydroxy-9,10-anthraquin¢aenoted
as AQ1l), 1-hydroxy-2-methyl-9,10-anthraquinone (@ed as AQ2) and 1-hydroxy-2-(methoxymethyl)-9,10-
anthraquinone (denoted as AQ3).

2.2 Equation of state selection
A semi-empirical equation of state can be indicatedollows:

P=P repulsion _ Pattraction (3)

In which repulsion and attraction terms are dependm the size of molecules and intermolecular deyc
respectively. The Peng-Robinson equation is a sengirical equation has been applied successfully in
thermodynamic modeling. In this report, the PendpiReon equation of state (denoted as PR) with tvedlified
equations of state, the modified Peng-Robinson bge et al. (denoted as MPR) [25] and Dashtizatlel. e
equation of state [26] (denoted as PAZ) are takémaccount to study the effects of equation afeste solubility
calculations error in supercritical fluids. Attraxt term of equation of state has been correctetlénGasem et al.
equation of state, while repulsion term in Dasliteta et al. equation of state has also been codeMedified
effectiveness of attraction or repulsion terms bandetermined by comparing the results obtainech fthese
equations in calculating the solubility of composrid supercritical fluid.

2.3 Choosing of the mixing rule
Dependence of attraction term and repulsion terrmote fraction of materials has also been incluthedreating
mixing rules like equations of state. Accordingharious mixing rules have been presented. Hereinmisule of
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first van der Waals type (denoted as Mix1) and sda@n der Waals type (Mix2) have been selectedsa& mixing
rules in each of attraction and repulsion terms @mesidered as only one adjustable parameter, vimilgther
mixing rules more than one adjustable parametee baen applied. Adjustable parameters are obtdinedfitting
of equation of state results with experimental galuMixing rules selection of first and second dan Waals type
was done to determine effectiveness of modifiedaetipn term or modified repulsion term in calcirgt the
solubility of compounds in supercritical fluid amal forbear from the improved contribution of resutiaused by
fitting with the experimental data.

2.4 Solute physical parameters

Critical temperature, critical pressure, and ac¢erféictor are needed for using equation of state alues of these
parameters for most compounds are not usually aailexperimentally. The Groups Contribution metshduld
be used to estimate them. In this method, eaciribution of constituent groups of moleculausture is applied in
predicting physical properties. In this projectbdcok estimating methods, Lydersen and Klincewicthoas have
been used to calculate physical parameters ofedfuimpounds.

2.4.1 Lydersen Method

This method belongs to the group Contribution méshavhich is used in predicting of properties sashcritical
temperature, critical pressure and critical volurtre.Lydersen method, the following equations aredugor
estimating these properties:

Ty

Te = 0.567+L 6;—(Z 6;)* )
p.=_"
€7 {0.31+4L G)® (%)

In which, T, is the normal boiling point, M represents as thr@ewular mass an&; is the groups contribution in
calculated property in the molecule. Lydersen ath@gais its easy usage.

2.4.2 Klincewicz method

The group contribution and structural propertiesradation of material are applied in this methodestimate
physical parameters of substance. Following eqostiare used in Klincewicz method for estimatingséhe
properties:

T, = 4540 —0.77 X M + 155 X T, + Zn,V, (6)

1,

(MKP.;) "% = 033540010 XM+ Znv, @)

Where;r"b is the boiling point, M represents as the molecuatass and A is the number of atoms. In Klincewicz
method, less information is used to calculate thesjgal properties, which is the advantage of tiéthod.
2.4.3 Joback method

This method is considered as the modified Lydersethod. Following equations are used in Joback oakefor
estimating these properties:

T, =198 + X G, (8)
T.=T,l0584+0.965%G, — (X6,)%™? 9)
P.=(01134+0.0032% N, — X G,)* (10)

Where T, is the boiling point, M represents as the molecut@ss and A is the number of atoms. More of the

physical properties of material (such as enthalpfoomation, heat capacity and free energy of faiarg can be
calculated using Joback method which is the adganté this method.

Acentric factor is also required in addition totical temperature and pressure for using equatainstate to
calculate the solubility of compounds in the sup#oal fluid. Acentric factor is considered as daion of
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molecule structure from spherical situation. H&exe-Kesler equation has been used to estimatdatttisr. In Lee-
Kesler equation, critical temperature and presgatges are required to estimate acentric factof. [27

Values of critical temperature, critical pressunel acentric factor of studied compounds were cated| using PE
software [28] according to the methods describexya@bThe results have been reported in Table 1.

Table 1. The physical properties values estimateaf studied compounds

Compound Method
Lyderson Klinswicez Joback
oL Te(8) P(oar) w|T:K) Prlbar) w|Tc(E) Pobar) w
Agz 11215 27.1 0745 11813 280 0446 | 11341 363 0.819
AQ3 1126.0 24.7 0.879| 12124 263 0.429 | 11535 309 0.815
1176.8 17.0 0.747| 12774 238 0407 | 11975 281 0.913

The applied objective function to calculate theeis as follows:

ale _

) oxp
%AARD = 1:—“' X % (11)

3. Results and Discussion

Error percentage for each of used equations of stiming with Mix1 mixing rule has been reporteccaiculating
dyes solubility of AQ1, AQ2 and AQ3 at differentiperatures as described in Figure 1. The Lyderssthad has
been used in generating figure to estimate theimedjphysical parameters. According to the figemeor values of
equations of state increases by increasing thedeanpe.

100
80

60

Y%AARD

40

20

equation of state

compound-temperature
Fig. 1 the %AARD values for studied equation of st along with Mix1 mixing rule, the Lydersen estiméion method and 308 K, 318K,
328K, 338K, 348K

Error percentage for each of used equations of stiang with Mix2 mixing rule has been reportectaiculating
dyes solubility of AQ1, AQ2 and AQ3 at differentiperatures as referenced in Figure 2. The Lydersgthod has
been used in generating figure to estimate theinedjphysical parameters. According to the figenepr values of
equations of state of MPR and PAZ have been destleesnsiderably that indicate these equations departhe
mixing rule significantly.
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Fig. 2 the %AARD values for studied equation of stee along with Mix2 mixing rule, the Lydersen estiméion method and 308 K, 318K,
328K, 338K, 348K

Error percentage for each of used equations of stiang with Mix1 mixing rule has been reportectaiculating
dyes solubility of AQ1, AQ2 and AQ3 at differentrtperatures as described in Figure 3. The Klincewiezhod
has been used in generating figure to estimatestiigred physical parameters. According to therBgerror values
have been increased by increasing the temperdimréehe other hand, error values of this figurelaveer than of
those in figure 2 and show that estimating methasidn effective role in creating the error.

Error percentage for each of used equations o stiaing with Mix2 mixing rule has been reportect@iculating
dyes solubility of AQ1, AQ2 and AQ3 at differentrtperatures as referenced in Figure 4. The Klincewiethod
has been used in generating figure to estimateetiigired physical parameters. According to therBgerror values
of MPR and PAZ equations have been decreased cethpar reported errors in figure 3 that indicatesthe
equations have more dependency on mixing rule Biastate equation.
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Fig. 3 the %AARD values for studied equation of stee along with Mix1 mixing rule, the Klincwisez estimation method and 308 K, 318K,
328K, 338K, 348K
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Fig. 4 the %AARD values for studied equation of stee along with Mix2 mixing rule, the Klincwisez estimation method and 308 K, 318K,
328K, 338K, 348K

Error percentage for each of used equations of stiang with Mix1 mixing rule has been reportectaiculating
dyes solubility of AQ1, AQ2 and AQ3 at differeniperatures as described in Figure 5. The Jobackauédias
been used in generating the figure to estimateatyeired physical parameters.

SAARD

equaricn of state

cornponid-temnperature
Fig. 5. The %AARD values for studied equation of stte along with Mix1 mixing rule, the Joback estimaibn method and 308 K, 318K,
328K, 338K, 348K

Error percentage for each of used equations o stiaing with Mix2 mixing rule has been reportect@iculating
dyes solubility of AQ1, AQ2 and AQ3 at differentiperatures as referenced in Figure 6. The Jobatkoehdas
been used in generating figure to estimate theimedjphysical parameters. According to the figemeor values of
MPR and PAZ equations have been decreased comfmaredorted errors in figure 5 that indicate thegaations
have more dependency on mixing rule than PR statat®n.
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Fig. 6. The %AARD values for studied equation of stte along with Mix2 mixing rule, the Joback estimaibn method and 308 K, 318K,
328K, 338K, 348K

Here, Table 2 has been presented for better cosgpatietween equations of state in whole range wfiest
conditions. In this table, each of equation of estabnditions has been reported with lowest errdnis Table
characterizes that MPR equation is the most ap@atepequation of state in calculating the solupibif studied
dyes. Also, PAZ equation of state is a better eqoatt temperature of 308 (K) which is close taicai temperature

of carbon dioxide. Most appropriate equation ofesta MPR equation by considering Joback estimatiethod and
Mix2 mixing rule.

Table 2. The equation of state with minimum error \alue in each studied condition

Method Mixing
rule Temperature
308 18 328 338 348

AQl AQ2 AQ3 AQl AQ2 AQ3 AQl AQ2 AQ3 AQ1l AQ2 AQ3 AQl AQ2 AQ3
Mix1 PR PR PAZ MPR PR PAZ PR MPR PAZ PAZ MPR MPR PR PR PAZ
Lyderson
Mix2 PAZ MPR PAZ MPR MPR PAZ MPR MPR MPR MPR MPR PAZ PAZ PAZ PAZ
Mix1 PAZ PAZ PAZ MPR MPR PAZ PR MPR PR MPR MPR MPR MPR MPR PR
Klinswicez
Mix2 PAZ PAZ PAZ MPR MPR PAZ MPR MPR MPR MPR MPR MPR MPR PAZ PAZ
Mix1
Joback PR PAZ PR MPR PR PR PR MPR MPR PR MPR MPR MPR MPR MPR
Mix2 MPR MPR MPR MPR MPR MPR MPR MPR MPR MPR MPR MPR MPR PAZ MPR

Mendez-Teja equation [29] was used to define treouelated contribution of experimental data inatee errors.
In Table 3 and Figure 7, equation constants of Merleja with errors in each of the experimentahdeatve been
reported. It is specified that the error relatedhe experimental data is low in modeling by stedeiation with

respect to the figure, in other words calculatedrsrare obtained from different conditions of miode It should

be noted that Mendez-Teja equation in referencktjag been suggested to control of experimental datrelation
of solids solubility in carbon dioxide supercriti¢kid.

Table 3. The values of Mendez-Teja equation constemfor studied compounds

Compound T (K)
308 318 328 338 348
A B A B A B A B A B
AQ1l 3512 0.943 2788 1.430 2936 0.932 3458 0.273 2390 1.030
AQ2 3257 1.514 3058 1.413 2993 1.145 3293 0.369 2186 1.472
AQ3 4096 1.314 361 1.392 3582 1.116 3869 0.292 3090 0.915
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Fig. 7. The root mean square error values in solulify experimental data based on Mendez-Teja equatio

Density functional method has been applied to émpddtained results. Excluded volume and interacgéoergy
between each of the solute molecules and supestdritarbon dioxide have been calculated. For thipgse, the
B3LYP method [30] with basis function of the 6-3as used. Calculated molar volume and values efagtion
energy between each of the structures and carlmxiddi for each of the dyes have been reported bieTd The
following term was used to calculate the interatémergy.

E interaction = Edgye+coo— (Edye + Ecod)

Table 4. The volume and interaction energy accordinto relation number 12 for studied compounds

(12)

Compound| Volume ([Cm]*3/mol]  Feraction hartree
AQ1 186.423 0.1840422
AQ2 154.277 0.0609695
AQ3 139.614 0.0760137

Optimized structures of studied dyes have been showrigure 8. It is observed that hydrogen bonagehbeen
established in AQ1 between oxygen of carbon dioxidd hydrogen of dye hydroxy group, while intrancolar
hydrogen bonds have been formed in other two degsatre in agreement with values of obtained madarme and
shows that AQ2 and AQ3 dyes have more compacttateithan AQ1 dye (see Figs. 9 and 10). It canclem shat
the MPR equation of state in most cases is apm@pfor AQ1 material by Considering Table 2. Siircehis
equation, the attraction term which is relatedn® intermolecular forces has been modified, thainbt results of
equation of state and quantum calculations areau@greement.

@29 ¥
K

) s/

Cc4

Fig. 8 optimized AQL1 structure along with carbon doxide using B3LYP and 6-31G basis set
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Fig. 10. Same as Fig. 8 for AQ3
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