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Abstract

The experimental vapor-liquid equilibrium (VLE) data for the binaries relevant to the catalytic
fast pyrolysis of biomass have been collected and analyzed using the NIST-COSMO-SAC and
NIST-modified UNIFAC models. The existing inconsistencies in the experimental data and the
predicted values are discussed. For VLE with furan derivatives, PTxy data are normally reported,
and the predicted values are in good agreement with them. For phenolic compounds, the gas
phase compositions are available for only 36 % of the points, most results originate from a few
laboratories, and each system has been typically studied in a single laboratory. The binaries are
identified where more experimental VLE data are required to evaluate quality of the existing
experimental and predicted results.
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1. Introduction

Biomass constituents include oxygenated polymeric material such as cellulose, hemicellulose,
and polyaromatic lignin with hydroxy and methoxy groups [1, 2]. Fast pyrolysis is a process of
thermal deconstruction of these materials at nearly 500°C with rapid heat transfer in a non-
oxidative atmosphere, which produces solid char, non-condensable gases such as CO, CO2, CHa,
and vapors including H2O and numerous organic species [3]. Biomass reactions under these
conditions are non-selective and the organic vapors include material of different molecular
weights from the depolymerization process; additional reactions including the fragmentation of
the monomeric constituents result in the formation of thousands of chemical species during fast
pyrolysis. Condensation of fast pyrolysis vapors results in a liquid product known as bio-oil or
pyrolysis-oil, which is unstable with regard to further chemical transformations because of its
various oxygenated species including sugars, acids, and aldehydes [4]. Catalytic upgrading of the
vapors prior to condensation, either within the fast pyrolysis reactor (in sifu) or in a separate
reactor following the fast pyrolysis reactor (ex sifu) can help to improve the quality of the vapors
by reducing the oxygen content and related reactivity [5]. Catalytic upgrading can also help
funnel the numerous species from fast pyrolysis into a smaller subset of compounds suitable for
production of valuable products, for example, Benzene-Toluene-Xylene (BTX) using zeolite
catalysts [6, 7]. However, even after the catalytic upgrading of vapors, hundreds of chemical
species can still be present in the pyrolysis oil. The species and types of molecules and functional
groups is a strong function of the type of catalyst used [8]. While zeolite catalysts produce
aromatic compounds even from carbohydrates, other catalysts result in different chemistry. An
efficient catalytic fast pyrolysis (CFP) should significantly eliminate the most reactive entities
such as sugars and acids relative to its non-catalytic counterpart.

There is strong interest in the production of oxygenated compounds from biomass which allows
the preservation and utilization of the high proportion of oxygen in biomass [9], instead of
complete deoxygenation when the desired final products are only hydrocarbon fuels [10, 11, 12].
For the CFP process, increasing the selectivity towards specific oxygenated compounds via
catalytic upgrading and effective separations are two prerequisites for the production of
oxygenated chemicals. Separation of individual chemical compounds is challenging because of
the often-small content of each of the species in a soup of numerous compounds [12, 13]. Phase
behavior and related operations need to be strategically employed for the efficient separation of
desired species. The significant quantity of water from CFP results in two or three liquid phases
upon condensation, as discussed in the previous publication [ 14]. In addition to post-
condensation liquid-liquid separation, vapor-liquid equilibrium (VLE) is also important for any
distillation or fractional condensation for separating chemical species. It should be noted that
although oxygen content and reactivity is reduced via catalytic upgrading of pyrolysis vapors,
higher molecular weight species and remaining reactive functional groups can keep the
pyrolysis-oil prone to repolymerization upon reheating. Thus, in addition to distillation,
fractional condensation is another separation method considered in conceptual designs and
experimental setups [10]. The available literature on multiphase equilibria for the fast pyrolysis
bio-oils was partially considered recently [ 15]. The main idea of that paper was to extend the
group-contribution associating equation of state to lignin derivatives.



/G€8"H1" LSIN/8Z09'01/B10"10p//:sd)Y :woly aB1eyo jo sa.y s|qe|iee si uoneslignd siy |

Various versions of the UNIFAC model [16] are widely used for VLE prediction. To calculate
the liquid-phase activity coefficients with this model, a solution is presented as a mixture of
functional groups. The group characteristics and binary interaction parameters are determined
from the experimental data. This model is fast, performs well for multiple mixtures, but is
limited to the systems for which the empirical parameters are available. A dielectric continuum
model COSMO [17] or similar models [ 18] are used in quantum-chemical calculations to
determine polarization charge density on the molecular surface. These results are coupled with
statistical thermodynamic equations in the thermodynamic models like COSMO-RS [19] or
COSMO-SAC [20]. The models of this type have a relatively small number of empirical
parameters and wider applicability domain. Also, they are less sensitive to the training set quality
than fully empirical models. The UNIFAC and COSMO-type thermodynamic models are based
on different physical principles and are essentially uncorrelated. Therefore, it is reasonable to use
these models as two independent sources of information for analysis of the available
experimental data.

The models considered above are primarily used to predict liquid-phase activity coefficients. If
VLE involves a supercritical component and/or high temperatures and pressures, it is reasonable
to combine an equation of state with an activity-coefficient model. Examples of this approach
include the group-contribution equations of state PSRK [21] and CGA-EOS [22]. The VLE
pressures below 0.2 MPa are considered in this paper and none of the components is
supercritical. Therefore, the group-contribution equations of state are excessive for this work.

In this report, we explore the literature for VLE information on some of the known species from
CFP and similar compounds towards the purpose of using the information for process modeling
of the separation of oxygenated compounds, as well as segregation of potential fuel precursors
into more optimal cuts. We analyze the effectiveness of two predictive methods, NIST-Modified-
UNIFAC and NIST-COSMO-SAC, in predicting VLE behavior using the available experimental
data for binary mixtures and specify the mixtures for which additional experimental data are
needed.

2. Calculation

2.1. Compound selection

The compounds relevant to CFP and other industrial processes as well as their isomers and
homologs were considered. They were divided into principal and secondary components. The
principal ones included furan derivatives and phenolic compounds because of the greater
availability of experimental data for those groups. All possible binary mixtures were generated
assuming that at least one principal component was present in a mixture, and the literature search
was performed. The compounds listed in Table 1 have at least one binary VLE data point
available in the literature. A list of the binary mixtures is presented in Table 2.
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Table 1. Principal and secondary components considered in this work.

Chemical Name CASRN  Formula Chemical Name CASRN Formula
Principal components Secondary components
Furan derivatives water 7732-18-5 H20
furan 110-00-9 C4H4O methanol 67-56-1 CH4O
2-furaldehyde 98-01-1 CsH4O2 acetic acid 64-19-7 C2H402
2-methylfuran 534-22-5 CsHesO ethanol 64-17-5 C2HsO
furfuryl alcohol 98-00-0 CsHesO2 1,2-ethanediol 107-21-1 C2H60O2
y-valerolactone 108-29-2 CsHzO2 acetone 67-64-1 C3HsO
2-acetylfuran 1192-62-7  CecHeO2 1-propanol 71-23-8 CsHsO
2,5-dimethylfuran 625-86-5 CeHgO 2-propanol 67-63-0 CsHsO
Phenolic compounds butanone 78-93-3 C4HsO
phenol 108-95-2 CeHeO 1-butanol 71-36-3 C4H100
1,2-benzenediol 120-80-9 C6HeO2 2-butanol 78-92-2 CsH100
1,3-benzenediol 108-46-3 CsHeO2 2-methyl-1-propanol 78-83-1 C4H100
1,4-benzenediol 123-31-9 CsHs0O2 benzene 71-43-2 CeHe
2-methylphenol 95-48-7 C7HsO 4-methylpentan-2-one 108-10-1 CsH120
3-methylphenol 108-39-4 C7HgO toluene 108-88-3 C7Hs
4-methylphenol 106-44-5 C7HsO methoxybenzene 100-66-3 C7Hs0
2-methoxyphenol 90-05-1 C7H302 1,2-dimethylbenzene 95-47-6 CsHio
4-methoxyphenol 150-76-5 C7Hs02 1,3-dimethylbenzene 108-38-3 CsHio
2,4-dimethylphenol 105-67-9 CsHi100 1,4-dimethylbenzene 106-42-3 CsHio
2,5-dimethylphenol 95-87-4 CsHi100 ethylbenzene 100-41-4 CsHio
2,6-dimethylphenol 576-26-1 CsHi100 acetophenone 98-86-2 CsHsO
3,4-dimethylphenol 95-65-8 CsHi100 2-octanone 111-13-7 CsHi60
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Chemical Name CASRN  Formula Chemical Name CASRN Formula
3,5-dimethylphenol 108-68-9 CsHi100 1-octanol 111-87-5 CsHisO
2,4,6-trimethylphenol ~ 527-60-6 CoH120 isopropylbenzene 08-82-8 CoHi2
2-methylnaphthalene 91-57-6 CiiHio
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Table 2. Binary mixtures with VLE data evaluated in this work.

Mixture GPM? Reference Status® Trange/ Prange/ Data
K kPa type

Furan derivative + aromatic hydrocarbon
furan + toluene IG Nala et al. [30] 305 to 382 101¢ PTxy
Thévaneau et al. [31] 313t0 353 13to 173  PTxy
2-furaldehyde + benzene IG Thornton and Garner [33] 356 to 428 101 PTxy
Kenny [34] 298 0.21to 13 PTx
Stephenson and Van Winkle [35] 373 to 386 53 PTxy
Garner and Ellis [36] N 357,365 1014 PTx
2-furaldehyde + toluene IG Garner and Ellis [36] 390 to 402 101 PTx
Thornton and Garner [37] N 384 to 426 101 PTxy
Garner and Hall [38] 386 to 419 101 PTxy
Rivenq [39] 34310435 27to 101 PTxy
2-furaldehyde + 1,4-dimethylbenzene IG Puri and Raju [40] 407 to 429 96 PTxy
2-furaldehyde + ethylbenzene IG Puri and Raju [40] 405 to 428 96 PTxy
2-methylfuran + benzene IG Krevor and Prausnitz [32] 324, 339 37t0 109  PTxy

Two furan derivatives

furan + 2-furaldehyde IG Tai et al. [41] A 353t0 408 45to 195  PTxy
Auger et al. [42] A 305 to 434 1014 PTx
Chen et al. [43] A 304 to 435 101 PTxy
2-methylfuran + 2-furaldehyde IG Holdren and Hixon [44] 293t0403 04t098  PTxy,
PTx
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Mixture GPM? Reference Status® Trange/ Prange/ Data

K kPa type

2-furaldehyde + furfuryl alcohol \" Myles and Wingard [46] 342 to 358 33 PTxy
Tsirlin and Vasil’eva [47] N 348 to 370 6.7 PTxy

2-furaldehyde + y-valerolactone IG Pokki et al. [48] 395 to 434 30 PTxy
2-furaldehyde + 2-acetylfuran IG Zheng et al. [49] 342 to 361 3.6,5.2 PTxy
2-furaldehyde + 5-methylfurfural IG Fele and Grilic [50] 343 to 371 3.5,5.0 PTxy
Zheng et al. [49] 342t0 373  3.6,5.2 PTxy

2-methylfuran + furfuryl alcohol \" Tai et al. [41] 353t0408 19to 198°  PTxy
2-acetylfuran + 5-methylfurfural IG Zheng et al. [49] 353 t0 373 3.6,5.2 PTxy
2,5-dimethylfuran + furfuryl alcohol v Negadi et al. [45] 0.24t0213  PTx

Furan derivative + acid or ketone

2-furaldehyde + acetic acid HOC Fele and Grilic [50] 368 to 430 49, 89 PTxy
2-furaldehyde + acetone IG Myles and Wingard [46] 329 to 435 101 PTxy

Ma et al. [51] A 330 to 435 101 PTxy

2-furaldehyde + 4-methylpentan-2-one IG Hauschild et al. [52] 368, 383 11to 85 PTxy
Zaitseva et al. [53] 333t0369 42to32  PTxy,

Txy

2-methylfuran + butanone IG Smith and Labonte [54] 338 to 351 101 PTxy,

Pxy*©

furfuryl alcohol + acetone \" Dudutkina and Lutugina [55] 329 t0 370 101 PTx
furfuryl alcohol + butanone \" Dudutkina and Lutugina [55] 353 to 388 101 PTx
2,5-dimethylfuran + 4-methylpentan-2-one IG Negadi et al. [45] 313t0393  6to213 PTx
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Mixture GPM? Reference Trange/ Prange/ Data
K kPa type
Furan derivative + alcohol
furan + ethanol A Auger et al. [42] 305 to 351 101¢ PTxy
2-furaldehyde + methanol A" Ni and Wang [58] 338 to 435 101 PTxy
Staroske and Figurski [59] 298 0.2to 17 PTxy
2-furaldehyde + ethanol A" Kharin et al. [60] 298t0 435 39to 107  PTxy
2-methylfuran + methanol HOC Hickman and Hall [56] 324 to 336 99¢ PTxy
furfuryl alcohol + ethanol \" Dudutkina and Lutugina [55] 351 to 380 101 PTx
y-valerolactone + methanol HOC Havasi et al. [61] 338 to 375 101 PTxy
y-valerolactone + ethanol HOC Havasi et al. [61] 352 to 390 101 PTxy
2,5-dimethylfuran + ethanol HOC Mejia et al. [57] 329to 364  50to 94 PTxy
furan + 1-octanol A" Auger et al. [42] 305 to 382 1014 PTxy
2-furaldehyde + 1-butanol \" Hauschild et al. [52] 368, 383 11to 77 PTxy
2-furaldehyde + 2-butanol \" Zaitseva et al. [53] 333t0353 42to47  PTxy,
Txy
2-furaldehyde + 1-octanol v Rigamonti and Spaccamela 341 to 362 33 PTxy
Marchetti [62]
furfuryl alcohol + 2-propanol A% Tai et al. [41] 353t0408 9.5t0 180° PTxy
y-valerolactone + 2-propanol HOC Havasi et al. [61] 355 to 388 101 PTxy
Furan derivative + water
2-furaldehyde + water \% Mains [63] 371 to 434 101 PT: x);,
Pxy
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Mixture GPM? Reference Status® Trange/ Prange/ Data
K kPa type
Pearce and Gerster [64] A 311to 366 2.0to 85 PTx
Tsirlin [65] A 313t0o 426 7.3to 101  PTxy
Kharin et al. [60] N 323t0408 3.7to 101  PTxy
Ni and Wang [58] A 371 to 435 101 PTxy
Staroske and Schuberth [66] A 298 0.21t03.3 PTxy
Sunder and Prasad [67] N 369 to 432 95 PTx
furfuryl alcohol + water \" Boldyrev et al. [68] A 313 to 366 7.3 PTxy
Dudutkina ef al. [69] N 304 to 352 4.0 PTx,
Pxy)*©
y-valerolactone + water HOC Havasi et al. [70] 320t0 480 10to 101 PTxy
Zaitseva et al. [71] 350 1.2to42  PIxy
Two phenolic compounds
phenol + 2-methylphenol v Fox and Barker [72] 455 to 464 101 PTx
Schneider and Oberkobusch [73] 455 to 464 101 PTxy
Vostrikova et al. [74] 359 to 362 2.7 PTxy
Clausse et al. [75] 399 to 405 16 PTxy
Selvam et al. [76] 412 to 462 27,96 PTx
phenol + 3-methylphenol v Fox and Barker [72] 456 to 476 101 PTx
Schneider and Oberkobusch [73] 455 to 475 101 PTxy
Vostrikova et al. [77] 394 to 411 13 PTxy
Cepeda et al. [78] 395 to 409 13 PTxy
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Mixture GPM? Reference Status® Trange/ Prange/ Data
K kPa type
phenol + 4-methylphenol \" Fox and Barker [72] 455 to 475 101 PTx
Selvam et al. [76] 412 to 473 27,96 PTx
1,2-benzenediol + 4-methylphenol v Hwang et al. [79] 42310453 4.3t056 PTx
1,2-benzenediol + 1,4-benzenediol VvV Shi et al. [80] N 469 to 497 20 PTxy
1,2-benzenediol + 4-methoxyphenol A" Hwang et al. [79] 438, 453 7.41t0 16 PTxy
2-methylphenol + 3-methylphenol A" Fox and Barker [72] 464 to 476 101 PTx
Wang et al. [81] 411 to 422 20 PTxy
2-methylphenol + 4-methylphenol A% Vostrikova et al. [82] 401 to 409 13 PTxy
Selvam et al. [76] 420 to 473 27,96 PTx
2-methylphenol + 2,6-dimethylphenol v Ye et al. [83] 392 to 425 10, 25 PTxy
Wang et al. [81] 411 to 418 20 PTxy
2-methylphenol + 2,4,6-trimethylphenol \" Ye et al. [83] 392 to 444 10, 25 PTxy
3-methylphenol + 2,6-dimethylphenol \" Wang et al. [81] 418 to 422 20 PTxy
4-methylphenol + 2,4-dimethylphenol A% Selvam et al. [76] 430 to 482 27,96 PTx
4-methylphenol + 4-methoxyphenol Vv Hwang et al. [79] 42310453 4.3t056 PTxy
2,5-dimethylphenol + 3,5-dimethylphenol A% Schneider and Oberkobusch [73] 486 to 494 101 PTxy
3,4-dimethylphenol + 3,5-dimethylphenol v Schneider and Oberkobusch [73] 398 to 444 10, 25 PTxy
2,6-dimethylphenol + 2,4,6- A% Ye et al. [83] 495 to 500 101 PTxy
trimethylphenol

Phenolic compound + alkylbenzene

phenol + benzene \" Weissenberger et al. [84] A 288 57t07.3 PTx
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Mixture GPM? Reference Status® Trange/ Prange/ Data

K kPa type

Martin and George [85] 343 1.1to 71 PTxy

Garner and Ellis [36] 366 101 PTx

Gmehling [86] 353 2.1to 101  PTxy

Nienhaus et al. [87] 414 30to 192¢  PTx

phenol + toluene v Weissenberger et al. [84] A 288 1.6 to 2.1 PTx
Drickamer et al. [88] 384 to 446 101 PTx

Garner and Ellis [36] 394 to 409 101 PTx

Nienhaus et al. [87] 414 29to 196  PTx

Klauck et al. [89] 333, 363 6.9 to 51 PTxy

phenol + ethylbenzene v Anderko [90] 393, 403 13 to 85 PTx

phenol + isopropylbenzene v Byk and Stroiteleva [91] 424 t0 451 101 PTxy
Anderko [90] 393, 403 13 to 55 PTx

Cepeda et al. [92] 361to 455 13to 101  PTxy

2-methylphenol + benzene A% Weissenberger and Piatti [93] A 291 1.6 to 8.6 PTx
2-methylphenol + toluene v Weissenberger et al. [94] 288 1.2t02.0 PTx
Klauck et al. [89] 333, 363 42t048  PTxy

2-methylphenol + 1,2-dimethylbenzene \" Prasad et al. [95] N 416 to 462 96 PTx
2-methylphenol + 1,3-dimethylbenzene \" Prasad et al. [95] N 410 to 462 96 PTx
2-methylphenol + 1,4-dimethylbenzene \" Prasad et al. [95] N 409 to 462 96 PTx
2-methylphenol + ethylbenzene A% Prasad et al. [96] N 407 to 462 95 PTx

10
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Mixture GPM? Reference Status® Trange/ Prange/ Data

K kPa type

3-methylphenol + benzene \" Weissenberger and Piatti [93] A 291 1.9to 11 PTx
Savitt and Othmer [97] N 353 t0 476 101 PTxy

3-methylphenol + toluene A% Weissenberger et al. [94] 288 1.0t0 2.0 PTx
Sartakova et al. [98] 391 to 455 101 PTx

Klauck et al. [89] 333, 363 4.81053 PTxy

3-methylphenol + 1,2-dimethylbenzene \" Prasad et al. [99] N 415 to 474 96 PTx
3-methylphenol + 1,3-dimethylbenzene \" Prasad et al. [99] N 429 to 474 96 PTx
3-methylphenol + 1,4-dimethylbenzene \" Prasad et al. [99] N 409 to 474 96 PTx
3-methylphenol + isopropylbenzene v Cepeda et al. [78] 362 to 398 13 PTxy
3-methylphenol + 2-methylnaphthalene A% Othmer et al. [100] A 476 to 514 101 PTxy
Schmelzer et al. [101] 393t0453 2.6to 55 PTxy

4-methylphenol + benzene \" Weissenberger and Piatti [93] A 291 2.0t0 9.1 PTx
4-methylphenol + toluene \" Weissenberger et al. [94] 288 1.1t02.0 PTx
Marks and Wingard [102] 384 to 475 101 PTxy

Klauck et al. [89] 333,363 8.7t0 50 PTxy

4-methylphenol + 1,2-dimethylbenzene A% Prasad et al. [103] N 415 to 473 95 PTx
4-methylphenol + 1,3-dimethylbenzene \" Prasad et al. [103] N 410 to 473 95 PTx
4-methylphenol + 1,4-dimethylbenzene \" Prasad et al. [103] N 409 to 473 95 PTx
4-methylphenol + ethylbenzene \" Prasad et al. [96] N 407 to 473 95 PTx
4-methylphenol + 2-methylnaphthalene v Othmer et al. [100] A 475 to 514 101 PTxy

11
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Mixture GPM? Reference Status® Trange/ Prange/ Data

K kPa type

2-methoxyphenol + benzene \" Weissenberger et al. [104] 290 3.8t07.2 PTx

Phenolic compound + methoxybenzene
phenol + methoxybenzene v Lebedeva et al. [105] N 370 to 398 13 PTxy
2-methylphenol + methoxybenzene v Lebedeva et al. [105] N 370 to 397 13 PTxy
2-methoxyphenol + methoxybenzene A" Lietal [106] 429 to 469 101 PTxy
Phenolic compound + water

phenol + water \" Schreinemakers [107] 32to 363 14to 71 PTxy
Schiikarew [108] 342 23 to 30 PTx

Rhodes et al. [109] 313 Txy

Ferguson [110] 348 39 PTx
Campbell and Campbell [111] N 275t0 308 0.47to14 Plxy,

PTx,

Txy
Brusset and Gaynes [112] N 373 to 455 101 PTxy
Markuzin [113] 288 0.02to 1.7  PTxy
Weller et al. [114] 318 023t094  Plxy
Kliment et al. [115] 340 to 400 27 PTxy

Kiva et al. [116] N 328 to 397 15 PTx

Kolyuchkina et al. [117] 361 to 440 67 PTx
Hakuta [118] © 354t0394 48t0203  PTxy
Karavaeva et al. [119] 332 to 381 20 PTxy

12
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Mixture GPM? Reference Status® Trange/ Prange/ Data

K kPa type

Lyzlova and Susarev [120] 298 1.6 PTxy

Chou et al. [121] 373 to 455 101 PTxy

Tabai et al. [122] 313t0363  7.4to71 PTx

Shi et al. [80] N 334 to 396 20 PTxy

Klauck et al. [89] 333t0363 11 to 69 PTx

1,3-benzenediol + water v Shakhparonov and Martynova 273t0298 0.57t03.2  PIx
[123]

2-methylphenol + water v Brusset and Gaynes [112] N 372 to 464 101 PTxy

3-methylphenol + water \" Klauck et al. [89] 333t0363 11to 70 PTxy

Phenolic compound + ketone

phenol + acetone \" Weissenberger et al. [84] A 288 I.1to 11 PTx

Weissenberger et al. [124] N 293 0.81to 14 PTx

Chalov et al. [125] A 329 to 454 101 PTxy

Golles [126] A 323t0 348 0.40t097  PTx

Motina et al. [127] N 330 to 425 101¢ PTxy

Vasil’eva et al. [128] A 323t0420 9.5to 101  PTxy

phenol + butanone \" Byk and Shcherbak [129] N 325t0450 27 to 101 PTxy

Oscarson et al. [130] 393t0 453 19to 182°  PTxy

phenol + acetophenone A% Fried and Pick [131] 394 to 442 13, 40 PTxy

Aarna and Kaps [132] 455 to 476 101 PTxy

Giles and Wilson [133] 373,433 3.1t053 PTx

13
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Mixture GPM? Reference Status® Trange/ Prange/ Data

K kPa type

2-methylphenol + acetone \" Weissenberger and Schuster 291 0.32to 16 PTx
[134]

Weissenberger and Piatti [135] 291 0.20to 15 PTx

Piatti [136] 329 to 464 101 PTx

Chalov et al. [125] A 329 to 455 101 PTxy

2-methylphenol + 2-octanone v Aarna and Kaps [132] 446 to 465 101 PTxy

2-methylphenol + acetophenone A% Aarna and Kaps [132] 464 to 478 101 PTxy

3-methylphenol + acetone v Weissenberger and Schuster 291 039to 15  PIx
[134]

Weissenberger and Piatti [135] 291 0.35t0 16 PTx

Piatti [136] 329 to 475 101 PTx

4-methylphenol + acetone v Weissenberger and Schuster 291 0.24to 16  PIx
[134]

Weissenberger and Piatti [135] 291 0.33t0 17 PTx

Piatti [136] 329 to 475 101 PTx

1,3-benzenediol + acetone VvV Weissenberger et al. [104] 293 2.6to 16
Shakhparonov and Martynova 273,278 55t011

[123]

2-methoxyphenol + acetone v Weissenberger et al. [104] 290 1.9to 13 PTx

Chalov et al. [125] 329 to 468 101 PTxy

Phenolic compound + alcohol
phenol + methanol \" Weissenberger et al. [84] 288 1.1t06.5 PTx

14
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Mixture GPM? Reference Status® Trange/ Prange/ Data

K kPa type

Weissenberger et al. [124] 293 1.5t0 8.5 PTx

Chalov et al. [125] A 338 to 455 101 PTxy

Hu et al. [138] A 338 to 455 101 PTxy

phenol + ethanol A% Weissenberger et al. [84] 288 0.81t03.2  PIx

Weissenberger et al. [124] 293 0.59t04.0 PTx

Garner and Ellis [36] 374 101 PTx

Chou et al. [121] 352 to 451 101 PTxy

Cesari et al. [139] 303 to 390 9to 99 PTx

phenol + 1-propanol v Ravikumar et al. [140] 341 to 439 27,95 PTx

phenol + 2-propanol v Weissenberger et al. [124] 293 0.24t03.5 PTx

Veeranna et al. [141] 327t0435 28t095 PTx

phenol + 1,2-ethanediol \" Brusset et al. [142] 455 to 468 100 PTxy

2-methylphenol + methanol \" Weissenberger and Schuster 288 2.0to 7.6 PTx
[134]

Chalov et al. [125] A 338 to 464 101 PTxy

Prasad et al. [143] N 336 to 462 96 PTx

2-methylphenol + ethanol \" Weissenberger and Piatti [135] 291 0.37to4.1  PTx

Prasad et al. [143] N 350 to 462 96 PTx

Cesari et al. [139] 302t0394 9.0to 100  PTx

2-methylphenol + 1-propanol v Prasad et al. [143] N 369 to 62 96 PTx

2-methylphenol + 2-propanol A" Prasad et al. [143] N 354 to 462 96 PTx

15
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Mixture GPM? Reference Status® Trange/ Prange/ Data

K kPa type

2-methylphenol + 1-butanol \" Prasad et al. [143] N 389 to 462 96 PTx
2-methylphenol + 2-butanol A% Prasad et al. [143] N 371 to 462 96 PTx
2-methylphenol + 2-methyl-1-propanol \Y Prasad et al. [143] N 380 to 462 96 PTx
2-methylphenol + 1,2-ethanediol v Kurtyka [144] 463 101 PTx
3-methylphenol + methanol v Weissenberger et al. [94] 288 2.1t07.6 PTx
Prasad et al. [145] N 336 to 474 96 PTx

3-methylphenol + ethanol \" Weissenberger and Piatti [135] 291 0.80t0 3.9  PTx
Piatti [146] 351 to 475 101 PTx

Prasad et al. [145] N 350 to 474 96 PTx

3-methylphenol + 1-propanol A% Prasad et al. [145] N 369 to 474 96 PTx
3-methylphenol + 2-propanol A" Prasad et al. [145] N 355t0 474 96 PTx
3-methylphenol + 1-butanol \" Prasad et al. [145] N 389 to 474 96 PTx
3-methylphenol + 2-butanol \" Prasad et al. [145] N 371 to 474 96 PTx
3-methylphenol + 2-methyl-1-propanol \" Prasad et al. [145] N 380 to 474 96 PTx
3-methylphenol + 1,2-ethanediol A% Othmer et al. [100] 468 to 476 101 PTxy
Brusset et al. [142] 468 to 473 100 PTxy

4-methylphenol + methanol v Weissenberger et al. [94] 288 22t07.5 PTx
Prasad et al. [143] N 336 to 473 95 PTx

4-methylphenol + ethanol \" Weissenberger and Piatti [135] 291 0.53t04.0 PTx
Prasad et al. [143] N 350 to 473 95 PTx

16
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Mixture GPM? Reference Status® Trange/ Prange/ Data
K kPa type
4-methylphenol + 1-propanol \" Prasad et al. [143] N 369 to 473 95 PTx
4-methylphenol + 2-propanol A% Prasad et al. [143] N 354 to 473 95 PTx
4-methylphenol + 1-butanol A% Prasad et al. [143] N 392 to 473 95 PTx
4-methylphenol + 2-butanol v Prasad et al. [143] N 372 to 473 95 PTx
4-methylphenol + 2-methyl-1-propanol \" Prasad et al. [143] N 380 to 473 95 PTx
4-methylphenol + 1,2-ethanediol v Othmer et al. [100] 468 to 475 101 PTxy
Brusset et al. [142] 464 to 473 100 PTxy
1,3-benzenediol + methanol Vv Shakhparonov and Martynova 273t0298 2.5to 17 PTx
[123]
1,3-benzenediol + ethanol \% Weissenberger et al. [104] 290 1.7t03.9 PTx
Shakhparonov and Martynova 27310298 0.67t07.9  PTx
[123]
1,3-benzenediol + 1-butanol v Shakhparonov and Martynova 293, 298 0.38 to PTx
[123] 0.93
1,4-benzenediol + methanol VvV Kodama et al. [137] ¢ 337 98t0o 100  PTxy
1,4-benzenediol + ethanol VvV Kodama et al. [137] ¢ 351 99 PTxy
2-methoxyphenol + methanol v Chalov et al. [125] 338 to 478 101 PTxy
2-methoxyphenol + ethanol \" Weissenberger et al. [104] 290 1.0to0 3.6 PTx
Cesari et al. [139] 300to 409 9.0to 100  PTx

17

*Gas-phase model: IG, ideal gas; V, virial; HOC, Hayden-O’Connell. ®A, new experimental data are required to identify the reason of inconsistency either
between the available experimental data or between the experimental and predicted values; N, not recommended. More details about each case are provided in
the text. °The results at P > 200 kPa available in the paper were not used in this work. Reported as “atmospheric pressure”. *Data at very low mole fractions of
the first component; Pxy data are not considered; Sestimated experimental pressure based on the reported boiling temperatures of pure liquids.
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2.2. Models

pTx or pTxy experimental data were considered for this analysis. For a given (x, T) pair, the
pressure over the solution and the gas-phase composition were calculated using the
component activity coefficients predicted with the NIST-COSMO-SAC [23] and NIST-
modified UNIFAC [24] models. The o profiles were generated at the B3LYP/6-311G(d,p)
theory level using Gaussian 09 [25].! The detailed procedure has been described earlier [23].
All thermodynamic calculations were carried out with the NIST ThermoData Engine (TDE)
v. 10.4 [26]. The vapor pressures of pure compounds critically evaluated by TDE were used.
The evaluation procedures [27,28] did not involve either of the models. The real-gas model
was automatically selected by the software and specified in Table 2. Predictions were not
reported if (a) the pure-compound vapor pressure could not be evaluated; (b) a model
predicted the liquid-liquid equilibrium for an experimental point; or (c) the UNIFAC
parameters were missing.

The NIST-COSMO-SAC parameters were determined using the experimental data in the
temperature range 7' = (15 to 457) K [23]. NIST-modified UNIFAC [24] uses the
temperature-dependent formulation similar to that in the modified UNIFAC [29]. For this
model, the upper temperature of experimental data in the training set for different parameters
varied from (293 to 644) K, and the average value was close to 7= 400 K. 67 % of the VLE
points considered in this work were reported at 7< 404 K and 95 % of the data were at 7'<
468 K. NIST-COSMO-SAC was parameterized using the experimental VLE data at P < 127
K assuming the ideal-gas behavior for the vapor phase [23]. In this work, the considered
pressure range was extended to P < 200 kPa and the gas-phase non-ideality was taken into
account. Thus, we do not a priori expect problems caused by the use of the model parameters
beyond their applicability domain.

2.3.  Uncertainties

Uncertainties and differences between the calculated and experimental values will further be
considered in terms of the relative values of pressures and absolute values of mole fractions
in the gas phase. The uncertainties are converted to combined uncertainties accounting for
the contribution propagated from the uncertainties in the state variables. The combined
uncertainties of pressures are partially caused by uncertainty of the pressure measurements.
The latter can be the major contribution, however, the contributions due to uncertainties for
the temperature and liquid-phase composition are often also significant.

If the gas phase is ideal, the pressure P over a binary solution equals

P = Py1x1¥1 + Poa(1 — x1)7> (1)

where x1 is the mole fraction of the first component in the liquid phase; po; and y; are the
vapor pressure and liquid-phase activity coefficient of the ith component, respectively. In an
ideal solution, y; = 1 and the uncertainty in temperature propagates to VLE pressure as

! Trade names are provided only to specify procedures adequately and do not imply endorsement by the National Institute of Standards and
Technology or the National Renewable Energy Laboratory. Similar products by other manufacturers may be found to work as well or better.

18
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U.r(P) ~ legP _ l Avapl'lj[ _ AvapHZ
wn S ar o P(P01x1 oz T Po2(1—x1)— 5= ) (2)

here AvapHi is the enthalpy of vaporization of the ith component; R is the molar gas constant;
T is the experimental temperature; u(7) is the standard uncertainty of temperature; and u:(P)
is the relative standard uncertainty of pressure. Typically, a temperature change of 1 K
corresponds to a pressure change of several per cent. For example, if the partial pressure of
the first component dominates in the total VLE pressure and its enthalpy of vaporization is
AvapH1 = 50 kI-mol ! at T =350 K, ur(P) =~ 0.049u(T). Eq. (2) can also be used to estimate
deviations between the predicted and experimental VLE temperatures, if the pressure
deviations are known and vice versa.

Uncertainties for the pressure and mole fraction for the ideal solution are related by the
equation

ur(P) _ dllnP| _ |Pg1—Po2l
u(x) T ax T P (3)

The effect will be minimal at Po1 = Poz. If Po1 >> Po2 or Po1 << Po2, ux(P) = u (x1). For non-
ideal solutions, the dependence of the activity coefficients on the liquid-phase composition
should be considered.

An effect of the sample purity on the uncertainty should also be considered. To quantify this
contribution, the nature of the impurity must be known. This information is typically not
available in the literature.

2.4.  Criteria for analysis of the experimental and predicted data

A universal rigorous criterion to evaluate the quality of VLE data does not exist. All methods
evaluate the mutual consistency with other data or models. Previously, we demonstrated that
the relative standard uncertainty close to u«(P) = 0.15 can be expected for both NIST-
COSMO-SAC and NIST-modified-UNIFAC models [23]. Thus, any difference between the
predicted and experimental pressure significantly exceeding this value would require special
attention. A similar limit for the gas-phase mole fractions has been estimated to be close to
0.05 [14] and is supported by the statistical analysis below.

Two scenarios are possible. First, all available experimental data for a mixture are mutually
consistent and are also consistent with the predicted values. This includes the cases where a
single dataset is available. In this case, no action is required. Second, inconsistency of some
kind is detected. This may include inconsistent experimental data sets, predicted and
experimental values, or results from two models. In this scenario, the inconsistencies are
further analyzed using the following criteria: (i) consistency of results for the same mixture
obtained in different laboratories; (ii) consistency of the data for chemically similar systems
(for example, those with isomers or homologs); (ii1) model performance for chemically
similar systems; (iv) overall data quality originating from a laboratory. If a model is found to
give unsatisfactory results for a mixture, it is specified in the text. The experimental data
found to be problematic are marked with the N letter in the last column of Table 2. If the

19
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available information is not conclusive, the data are marked with the letter A meaning new
VLE measurements are suggested for this mixture. The flags for the experimental data are
independent of evaluation of the predicted values. For example, new experimental data can
be needed, and the predictions can be not satisfactory for the same mixture.

3. Results

3.1.  VLE for furan derivatives
We considered 1630 data points for 39 binaries with furan derivatives. For 1295 points, the
gas-phase composition was reported. The results are presented in Figs. 1-8.

3.1.1. VLE with aromatic compounds

These results include the data for (furan + toluene), (2-methylfuran + benzene), and four
binaries with 2-furaldehyde (Fig. 1). The predicted values are generally in good agreement
with the experimental data. Krevor and Prausnitz [32] reported that the component activity
coefficients for (2-methylfuran + benzene) are within (1 to 1.06). This behavior is very well
reproduced by both considered models. A similar behavior with y within (1.0 to 1.12) is
predicted for (furan + toluene) by NIST-COSMO-SAC, the only model available for this
mixture. The reported experimental pressures [30,31] are generally lower than corresponding
pressures over an ideal solution. However, consistency of the predicted and experimental
values is still acceptable.

The experimental data for the 2-furaldehyde mixtures with benzene and toluene have been
reported in multiple works, primarily by Garner et al. (Table 2). The gas-phase compositions
for (2-furaldehyde + toluene) reported in Ref. [37] deviate by up to 0.1 mole fraction from
the other data for this mixture, including those from the same laboratory. The same problem
exists for the pressures of (2-furaldehyde + benzene) reported by Garner and Ellis [36].
These results will not be further used.

The vapor pressure of 2-furaldehyde in Ref. [34] is inconsistent with multiple data available
in the literature. However, its partial pressure is relatively small at most compositions. Thus,
this problem should not affect most of the VLE data. This is a typical problem also found in
the results by Staroske et al. for (2-furaldehyde + methanol) [59] and (2-furaldehyde + water)
[66] and by Holdren and Hixon for (2-methylfuran + 2-furaldehyde) [44].

20
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c d

Fig. 1. Comparison of the predicted and experimental pressures P and first-component mole

fractions y1 in the gas phase at different first-component mole fractions in the liquid phase x1

for the binaries of furan derivatives with aromatic compounds: a, ¢, NIST-COSMO-SAC; b,
d: NIST-Modified UNIFAC.

Circles are for furan + toluene: O, Nala et al. [30]; ®, Thévaneau et al. [31].
Stars (%) are for 2-methylfuran + benzene, Krevor and Prausnitz [32].

Triangles are for 2-furaldehyde + benzene: A, Thornton and Garner [33]; A, Kenny [34]; A, Stephenson and
Van Winkle [35]. The results of Garner and Ellis [36] obtained in the same laboratory as Ref. [33] are not
shown because of a large deviation.

Diamonds are for 2-furaldehyde + toluene: <, Garner and Ellis [36]; 4, Thornton and Garner [37]; ¥, Garner
and Hall [38]; <&, Rivenq [39].

Squares ([J) are for 2-furaldehyde + 1,4-dimethylbenzene, Puri and Raju [40].

Triangles down (V) are for 2-furaldehyde + ethylbenzene, Puri and Raju [40].
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3.1.2. VLE of two furan derivatives

The experimental data are available for the mixtures with furan, 2-methyl-, and 2,5-
dimethylfurans (Fig. 2) and five mixtures containing two furan derivatives with polar
substituents (Fig. 3). For the first group, significant inconsistencies exist for both the
experimental and computed results. VLE for (furan + 2-furaldehyde) have been reported in
three publications [41, 42, 43]. Despite the pressures predicted with the two models differ
significantly (Fig. 2), it is seen that these experimental results are inconsistent. The gas-phase
compositions from both models agree with ones reported by Tai et al. [41] and disagree by
up to 0.2 mole fraction with the data of Chen ef al. [43]. The pressure deviations [42] are
supported by those for (2-methylfuran + 2-furaldehyde) [44] and (2,5-dimethylfuran +
furfuryl alcohol) [45] and those of Ref. [43] are consistent with the data for (2-methylfuran +
furfuryl alcohol) [41]. While the analysis above gives a certain preference to the PTx data by
Auger et al. [42], the results are inconclusive. New experimental data are required for (furan
+ 2-furaldehyde). Also, efforts should be made to resolve the existing inconsistencies
between the VLE pressures predicted with NIST-COSMO-CAS and NIST-modified
UNIFAC.

The pressures and gas-phase compositions predicted with NIST-COSMO-SAC for the polar
binaries are generally in good agreement with the experimental data (Figs. 3a and 3c). The
(2-furaldehyde + furfuryl alcohol) VLE data at low pressures have been published in two
papers [46, 47]. Only NIST-COSMO-SAC predictions are available for this system due to
lack of the UNIFAC parameters. The predicted pressures are about 30 % lower than those in
Ref. [47] for all but three points, and this problem does not exist for the results from Ref.
[46]. Both works reported isobars at reduced pressure (6.7 and 3.3 kPa, respectively). Thus, a
similar correlation between the predicted and experimental values is expected. Considering
good performance of the NIST-COSMO-SAC model for this group of mixtures, the data of
Myles and Wingard [46] should be preferred. A reasonable explanation could be that the real
pressure in most experiments from Ref. [47] was 4.7 kPa instead of 6.7 kPa stated by the
authors.

The (2-furaldehyde + 5-methylfurfural) binary was studied in two works [49, 50]. These
results are mutually consistent though the values predicted with NIST-modified UNIFAC
deviate from them (Figs. 3b and 3d). We believe the predictions are inadequate for this
binary. This problem does not occur in the NIST-COSMO-SAC predictions (Figs. 3a and
3¢).
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Fig. 2. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase x1
for the binaries of furan derivatives one of which is furan or methylfuranes: a, ¢, NIST-
COSMO-SAC; b, d: NIST-Modified UNIFAC.

Circles are for furan + 2-furaldehyde: O, Tai et al. [41]; ®, Auger et al. [42]; D, Chen et al. [43].
Diamonds (<>) are for 2-methylfuran + 2-furaldehyde, Holdren and Hixon [44].
Hexagons (Q) are for 2-methylfuran + furfuryl alcohol, Tai ez al. [41].

Crosses (x) are for 2,5-dimethylfuran + furfuryl alcohol, Negadi ef al. [45].
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Fig. 3. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase x1
for the binaries of furan derivatives: a, ¢, NIST-COSMO-SAC; b, d: NIST-Modified
UNIFAC.

Triangles are for 2-furaldehyde + furfuryl alcohol: A, Myles and Wingard [46]; A, Tsirlin and Vasil’eva [47].
Diamonds (<) are for 2-furaldehyde + y-valerolactone, Pokki et al. [48].
Squares (L) are for 2-furaldehyde + 2-acetylfuran, Zheng et al. [49].
Triangles down are for 2-furaldehyde + 5-methylfurfural: V, Fele and Grilic [50]; ¥, Zheng et al. [49]. The
data obtained with NIST-modified UNIFAC seem to be incorrect.
Stars (¥ ) are for 2-acetylfuran + 5-methylfurfural, Zheng et al. [49].
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3.1.3. VLE with ketones and acetic acid

For this group (Fig. 4), the experimental and predicted results are generally in good
agreement. NIST-COSMO-SAC describes the experimental data somewhat better at x1 > 0.8
than NIST-modified UNIFAC though the consistency trends are similar. The predicted
pressures and gas-phase compositions are in good agreement with the experimental data for
(2-methylfuran + butanone) [54]. The deviations close to -20 % are observed for (2,5-
dimethylfuran + 4-methylpentan-2-one) [45] at the pressures close to 10 kPa. At the higher
pressures, the deviations decrease becoming comparable to those for other mixtures for
NIST-COSMO-SAC (Fig. 4a).

A few points at high mole fractions of 2-furaldehyde in its mixtures with acetone reported by
Ma et al. [51] have anomalous deviations of the predicted P and y for both considered
models. This behavior is not observed for any other mixture of this group. Additional
experimental data are required to support these experimental results.

The gas-phase compositions of (2-furaldehyde + 4-methylpentan-2-one) predicted with
NIST-modified UNIFAC significantly deviate from the values reported by Hauschild et al.
[52] and Zaitseva et al. [53]. This deviation is specific to this model is probably not related to
the quality of the experimental data.

3.1.4. VLE with alcohols

For most furan and alkylfuran mixtures with alcohols, NIST-COSMO-SAC is the only
available model (Fig. 5) due to the lack of NIST-modified UNIFAC parameters. The
predicted pressures are typically (10 to 25) % lower than the experimental ones. For these
mixtures, the model incorrectly predicts gas-phase mole fractions unless one of the
components is predominant in the gas phase (y > 0.95). The deviations are consistent, which
indicates that the experimental data do not have significant problems.

The predicted pressures and gas-phase compositions for the other binaries with alcohols
agree with the experimental data (Figs. 6 and 7) except two datasets. The pressures and gas-
phase compositions of (2-furaldehyde + ethanol) at x1 > 0.9 [60] notable deviate from the
values predicted with both models (Fig. 6). Since this problem does not occur for 2-
furaldehyde binaries with other alcohols, these data should be discarded. The gas-phase
compositions for (2-furaldehyde + 1-octanol) [62] are inconsistent with both models. 1-
octanol used in Ref. [62] is actually a mixture of alcohols with 0.85 mass fraction of 1-
octanol. Therefore, the results obtained in this work should not be used.
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Fig. 4. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase x1
for the binaries of furan derivatives with ketones and acetic acid: a, ¢, NIST-COSMO-SAC;
b, d: NIST-Modified UNIFAC.

Circles (O) are for 2-furaldehyde + acetic acid, Fele and Grilic [50].

Triangles are for 2-furaldehyde + acetone: A\, Myles and Wingard [46]; A, Ma et al. [51].
Diamonds are for 2-furaldehyde + 4-methylpentan-2-one: <, Hauschild et al. [52]; ®, Zaitseva et al. [53].
Stars (%) are for 2-methylfuran + butanone, Smith and Labonte [54].

Pluses (+) are for 2,5-dimethylfuran + 4-methylpentan-2-one, Negadi et al. [45].
Squares ([J) are for furfuryl alcohol + acetone, Dudutkina and Lutugina [55].
Triangles down (V) are for furfuryl alcohol + butanone, Dudutkina and Lutugina [55].
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Fig. 5. Comparison of the predicted and experimental pressures P and first-component mole

fractions y1 in the gas phase at different first-component mole fractions in the liquid phase x1

for the binaries of furan and methylfuranes with methanol and ethanol: a, ¢, NIST-COSMO-
SAC; b, d: NIST-Modified UNIFAC.

Circles (O) are for furan + ethanol, Auger et al. [42].
Triangles (A) are for furan + 1-octanol, Auger et al. [42].
Pluses (+) are for 2-methylfuran + methanol, Hickman and Hall [56].
Hexagons (QO) are for 2,5-dimethylfuran + ethanol, Mejia et al. [57].
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Fig. 6. Comparison of the predicted and experimental pressures P and first-component mole

fractions y1 in the gas phase at different first-component mole fractions in the liquid phase x1

for the binaries of furan derivatives with methanol and ethanol: a, ¢, NIST-COSMO-SAC; b,
d: NIST-Modified UNIFAC.

Triangles are for 2-furaldehyde + methanol: A, Ni and Wang [58]; A, Staroske and Figurski [59].
Diamonds (<) are for 2-furaldehyde + ethanol, Kharin et al. [60].
Squares ([J) are for furfuryl alcohol + ethanol, Dudutkina and Lutugina [55].
Triangles down (V) are for y-valerolactone + methanol, Havasi et al. [61].
Stars (%) are for y-valerolactone + ethanol, Havasi et al. [61].
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Fig. 7. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase xi
for the binaries of furan derivatives with longer-chain alcohols: a, ¢, NIST-COSMO-SAC; b,
d: NIST-Modified UNIFAC.

Triangles (A) are for 2-furaldehyde + 1-butanol, Hauschild et al. [52].
Diamonds (<) are for 2-furaldehyde + 2-butanol, Zaitseva et al. [53].
Squares ([J) are for 2-furaldehyde + 1-octanol, Rigamonti and Spaccamela Marchetti [62].
Triangles down (V) are for furfuryl alcohol + 2-propanol, Tai ez al. [41].

Stars (%) are for y-valerolactone + 2-propanol, Havasi et al. [61].
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3.1.5. VLE with water

(2-furaldehyde + water) is the most studied mixture in this group (Fig. 8). The results for the
binaries with furfuryl alcohol and j~valerolactone are also available. The vapor pressure of
water significantly exceeds that of the organic components. At low water content, the
consistency between the experimental and predicted pressures and gas-phase compositions
will be sensitive to the correctness of the experimental liquid-phase compositions. At
x(water) > 0.2 (x1 < 0.8), a good agreement is observed in Fig. 8. However, at x(water) < 0.2,
the deviations and agreement between the experimental data are not satisfactory. As
demonstrated below, this problem is caused by both systematic errors in determination of the
liquid compositions and limitations of the models. A similar problem for (phenol + water)
discussed later exists in a significantly shorter mole fraction range (x(water) < 0.05). In Figs.
8b and 8d, there are no data points from x1 = (0.05 to 0.45). This happens because of the
predicted (2-furaldehyde + water) LLE and the lack of the NIST-modified UNIFAC
parameters for the other two binaries.

The differences between the computed and experimental pressures of (2-furaldehyde +
water) at x1 > 0.8 vary from (-18 to 138) % for NIST-COSMO-SAC and (-18 to 58) % for
NIST-modified UNIFAC. Similar deviations in the gas-phase mole fractions are (0.04 to -
0.47) and (0.06 to -0.27), respectively. Generally, the deviation increases with
pressure/temperature. A scatter of the experimental data is large and additional efforts are
required to identify all problematic datasets. Several comments can be made though.

The results of Mains [63] have the largest deviation at x1 close to unity. The author claimed
that the uncertainty of the temperature measurements at x1 > 0.78 was at least 1 K. Also, the
gas-phase composition had a significant uncertainty due to fractionation in a flask. Therefore,
the PTxy dataset from Ref. [63] should not be used. Also, the author provided an improved
Pxy dataset for water-rich compositions, which does not cover the questionable range.

At T=1338.1 K and x1 = 0.949, the NIST-COSMO-SAC prediction is 104 % higher than the
experimental pressure P = 6.8 kPa reported by Kharin et al. [60]. Such a large deviation is
not supported by other experimental data [64, 65] at similar pressures and compositions. An
identical problem with the results (2-furaldehyde + ethanol) reported in Ref. [60] was
discussed in Sec. 3.1.4. Therefore, this dataset should also be excluded.

Sunder and Prasad [67] reported VLE for the entire composition range including the LLE
region. The liquid-liquid phase separation was not discussed in that paper. A large
uncertainty is expected for these results, as discussed below.

Two isobars at reduced pressure have been reported [68,69] for (furfuryl alcohol + water).
The PTxy results of Boldyrev et al. [68] at P = 7.3 kPa are within the expected deviations
from the predicted values. The NIST-COSMO-SAC pressures are systematically higher than
the data of Dudutkina et al. [55] (P = 4.0 kPa) over the entire composition range, even for
very low water content. This is the only dataset demonstrating this behavior. For most points,
the predicted pressures are close to P = 4.4 kPa, and the difference may be caused by the
incorrect pressure determination. Two experimental points at x1 > 0.8 have very large (> 100
%) differences with the predicted values. This is inconsistent with the deviation trend for the
other work [68]. The latter results seem to be preferable, however, new measurements are
required to clarify the behavior of this system at x1 > 0.8.
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For (y~valerolactone + water), two consistent datasets are available [70,71]. At x1 > 0.8, the
predicted pressures are up to 56 % higher than the experimental counterparts (Fig. 8a), which
seems to be caused by the model limitations. The predicted and experimental gas-phase
compositions are still in good agreement (Fig. 8b).

Overall, the models demonstrated similar deviations from the experimental VLE pressures
and gas-phase compositions (Table 3). The relative standard deviations for the pressures
were comparable to those reported previously [23]. For the considered dataset with furan
derivatives, the reported vapor pressures of pure liquids have a relative standard deviation of
about 2 % from the TDE recommendations, which indicates that the temperature and
pressure measurements have a relatively small contribution to the inconsistencies between
the predicted and experimental pressures. The NIST-COSMO-SAC model demonstrated
significantly lower standard deviations for the binaries with organic components only.
Consistency with experimental data was further improved when the problematic data
considered above (code N in Table 2) were excluded. Surprisingly, the performance of the
NIST-modified UNIFAC model remained virtually the same upon removal of the doubtful
data. This limitation seems to be caused by the quality of the training set used to derive the
empirical parameters of this model.
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Fig. 8. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase x1
for the binaries of furan derivatives with water: a, ¢, NIST-COSMO-SAC; b, d: NIST-

Modified UNIFAC.

Circles are for 2-furaldehyde + water: O, Mains [63]; ®, Pearce and Gerster [64]; ®, Tsirlin [65]; @, Kharin et
al. [60]; &, Ni and Wang [58]; ©, Staroske and Schuberth [66]; ©, Sunder and Prasad [67].

Red triangles are for furfuryl alcohol + water: A, Boldyrev et al. [68]; A, Dudutkina et al. [69].

Blue diamonds are for y-valerolactone + water: <>, Havasi et al. [70]; ®, Zaitseva et al. [71].
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Table 3. Statistical analysis of the reported data.

Subset NIST-COSMO-SAC NIST-mod. UNIFAC

(Rel. std. dev. for p)-100  Std. dev. fory  (Rel. std. dev. for p)-100  Std. dev. for y

Furan derivatives

All data 12.8 0.042 10.6 0.045

Organics only 8.8 0.038 10.7 0.045

Cleaned dataset w/o water * 8.2 0.034 10.6 0.045
Phenolic compounds

All data 20.5 0.055 19.5 0.069

Organics only 20.9 0.053 19.7 0.068

Cleaned dataset w/o water ? 12.3 0.052 15.2 0.067
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2 without the data marked with N in Table 2.
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3.2. VLE for phenolic compounds

The considered main components are listed in Table 1. Out of 2838 points, 1238 were
reported for the phenol binaries; 1511 points are available for monomethylphenols. The
points for (phenol + methylphenol) are included in both scores. The high availability of the
methylphenol data is explained by the activity of Prasad et al. who reported the results for 32
binaries of phenols with alcohols, dimethylbenzenes, and ethylbenzene
[95,96,99,103,143,145]. A significant contribution to the VLE studies for phenolic
compounds was also made by Weissenberger et al. [84,93,94,104,124,134,135,136,146]. The
gas-phase compositions were only reported for 36 % of the data points. In many cases, the
component volatilities differed significantly, and the more volatile component predominated
in the gas phase.

3.2.1. VLE with two phenolic compounds

The phenol mixtures with methylphenols are close to the ideal ones. The pressures predicted
with both models are in very good agreement with the experimental results (Fig. 9). The
predictions for (1,2-benzenediol + 4-methylphenol) and (1,2-benzenediol + 4-
methoxyphenol) (Fig. 10) are also consistent with the experimental data [79]. The only
exception is the pressure over pure 1,2-benzenediol at 7= 423.15 K, which is inconsistent
with multiple data available in the literature, per the data analysis performed with NIST
ThermoData Engine. For (1,2-benzenediol + 1,4-benzenediol), however, both models
consistently predict the experimental pressure of about 25 kPa instead of 20 kPa reported in
the original publication [80] despite this mixture is expected to behave as an ideal solution.
We believe the results from that work may be incorrect and should not be used. For
methylphenols, the agreement between the experimental and predicted values is generally
very good (Figs. 11 and 12).

The experimental and predicted gas-phase compositions typically agree within £0.04 mole
fraction. However, differences up to 0.1 mole fraction are observed for some systems (Figs.
10c, 10d, 12d).
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Fig. 9. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase x1
for the binaries of phenol with methylphenols: a, ¢, NIST-COSMO-SAC; b, d: NIST-

Modified UNIFAC.

Circles are for phenol + 2-methylphenol: O, Fox and Barker [72]; @, Schneider and Oberkobusch [73]; ®,
Vostrikova et al. [74]; @, Clausse et al. [75]; @, Selvam et al. [76].

Triangles are for phenol + 3-methylphenol: A, Fox and Barker [72]; A, Schneider and Oberkobusch [73]; A,

Vostrikova et al. [77]; A, Cepeda et al. [78].
Diamonds are for phenol + 4-methylphenol: <, Fox and Barker [72]; <, Selvam et al. [76].
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Fig. 10. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase x1
for the 1,2-benzenediol binaries: a, ¢, NIST-COSMO-SAC; b, d: NIST-Modified UNIFAC.

Circles (O) are for 1,2-benzenediol + 4-methylphenol, Hwang et al. [79].
Triangles (A) are for 1,2-benzenediol + 1,4-benzenediol, Shi et al. [80].

Diamonds (<) are for 1,2-benzenediol + 4-methoxyphenol, Hwang ef al. [79].
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Fig. 11. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase x1
for the 2-methylphenol binaries: a, ¢, NIST-COSMO-SAC; b, d: NIST-Modified UNIFAC.

Circles are for 2-methylphenol + 3-methylphenol: O, Fox and Barker [72]; ®, Wang et al. [81].

Triangles are for 2-methylphenol + 4-methylphenol: A, Vostrikova et al. [82]; A, Selvam et al. [76].

Diamonds are for 2-methylphenol + 2,6-dimethylphenol: <, Ye et al. [83]; ®, Wang et al. [81].
Squares ([J) are for 2-methylphenol + 2,4,6-trimethylphenol, Ye et al. [83].
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Fig. 12. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase x1
for the binaries with methylphenols: a, ¢, NIST-COSMO-SAC; b, d: NIST-Modified
UNIFAC.

Circles (O) are for 3-methylphenol + 2,6-dimethylphenol, Wang et al. [81].
Triangles (A) are for 4-methylphenol + 2,4-dimethylphenol, Selvam et al. [76].
Diamonds (<) are for 4-methylphenol + 4-methoxyphenol, Hwang et al. [79].

Triangles down (V) are for 2,5-dimethylphenol + 3,5-dimethylphenol, Schneider and Oberkobusch [73]. The
equilibrium temperature for the point at x; = 0.200 is inconsistent with the other results and not shown here.
Stars (%) are for 3,4-dimethylphenol + 3,5-dimethylphenol, Schneider and Oberkobusch [73].
Squares ([J) are for 2,6-dimethylphenol + 2,4,6-trimethylphenol, Ye et al. [83].
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3.2.2. VLE with benzene and alkylbenzenes

Agreement between the experimental and predicted values for the binaries with phenol is
very good at the low content of phenol and satisfactory when its mole fraction is high (Fig.
13). For the other phenols, the results of Prasad et al. [95,96,99,103] predominate. Significant
data scatter and the non-systematic nature of the deviations (empty symbols in Figs. 14-16)
for chemically similar systems indicate that these results have a large uncertainty. For
example, the maximum deviation of the vapor pressures predicted with NIST-COSMO-SAC
from the experimental values are 40 %, 30 %, 19 %, and 7 % for the 2-methylphenol binaries
with 1,3-dimethyl-, 1,2-dimethyl-, ethyl-, and 1,4-dimethylbenzene, respectively. The trend
remains for the predictions with NIST-modified UNIFAC though the magnitude of
deviations change. Even larger (>150 %) non-systematic deviations can be found in the data
for alkylphenols with alcohols discussed below. For many binaries, the results by Prasad et
al. are the only available data. However, one should avoid using them because of their low
reliability.

The NIST-COSMO-SAC predicted pressures for the isomeric methylphenol binaries with
benzene and the phenol binaries with benzene and toluene systematically deviate from the
values reported by Weissenberger ef al. [84,93]. The deviation is lower for the predictions
with the NIST-modified UNIFAC. All results from these works seem to have a large
uncertainty though poor model performance cannot be fully excluded. More experimental
data are necessary to resolve this inconsistency.

The (3-methylphenol + benzene) pressures reported by Savitt and Othmer [97] and the gas-
phase compositions of 2-methylnaphthalene binaries from the same laboratory [100] have
anomalously high deviations from the values predicted by both models (Figs. 15 and 16). The
pressures [97] have the largest deviations among all similar systems and seem to have a large
uncertainty of the reported VLE temperatures. The gas-phase composition problem is not that
obvious. These results are the only data for 2-methylnaphthalene mixtures at P = 101 kPa and
the equilibrium temperatures are high (close to 500 K). Therefore, the available information
is not conclusive and more experimental efforts are required to resolve this inconsistency.

The pressures of (2-methoxyphenol + benzene) [104] significantly deviate from the ones
predicted with NIST-modified UNIFAC (Fig. 16b). This inconsistency is not observed for
the NIST-COSMO-SAC predictions and is probably due to parameterization of the former
model.
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Fig. 13. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase xi
for the binaries of phenol with alkylbenzenes: a, ¢, NIST-COSMO-SAC; b, d: NIST-
Modified UNIFAC.

Circles are for phenol + benzene: O, Weissenberger et al. [84]; ®, Martin and George [85]; ®, Garner and Ellis
[36]; @, Gmehling [86]; @, Nienhaus et al. [87].
Triangles are for phenol + toluene: A\, Weissenberger et al. [84]; A, Drickamer et al. [88]; V, Garner and Ellis
[36]; A, Nienhaus et al. [87]; ¥, Klauck et al. [89].
Diamonds (<) are for phenol + ethylbenzene, Anderko [90].

Squares are for phenol + isopropylbenzene: [, Byk and Stroiteleva [91]; B, Anderko [90]; B, Cepeda et al.
[92].
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Fig. 14. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase x1
for the binaries of 2-methylphenol with alkylbenzenes: a, c, NIST-COSMO-SAC; b, d:

Triangles are for 2-methylphenol + toluene: A, Weissenberger et al. [94]; A, Klauck et al. [89].

NIST-Modified UNIFAC.

Circles (®) are for 2-methylphenol + benzene, Weissenberger and Piatti [93].

Diamonds (<) are for 2-methylphenol + 1,2-dimethylbenzene, Prasad et al. [95].
Squares (LJ) are for 2-methylphenol + 1,3-dimethylbenzene, Prasad et al. [95].
Triangles down (V) are for 2-methylphenol + 1,4-dimethylbenzene, Prasad et al. [95].

Stars (%) are for 2-methylphenol + ethylbenzene, Prasad et al. [96].
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Fig. 15. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase xi
for the binaries of 3-methylphenol with alkylbenzenes and 2-methylnaphthalene: a, ¢, NIST-
COSMO-SAC; b, d: NIST-Modified UNIFAC.

Circles are for 3-methylphenol + benzene: ®, Weissenberger and Piatti [93]; @, Savitt and Othmer [97].
Triangles are for 3-methylphenol + toluene: A, Weissenberger et al. [94]; A, Sartakova et al. [98]; A, Klauck
etal. [89].

Diamonds (<) are for 3-methylphenol + [1,2!dimethy1benzene, Prasad et al. [99].

Squares ([J) are for 3-methylphenol + 1,3-dimethylbenzene, Prasad et al. [99].

Triangles down (V) are for 3-methylphenol + 1,4-dimethylbenzene, Prasad et al. [99].

Stars (%) are for 3-methylphenol + isopropylbenzene, Cepeda et al. [78].
3-methylphenol + 2-methylnaphthalene: X, Othmer ef al. [100]; +, Schmelzer et al. [101].
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Fig. 16. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase x1
for the binaries of 4-methylphenol and 2-methoxyphenol with alkylbenzenes: a, ¢, NIST-
COSMO-SAC; b, d: NIST-Modified UNIFAC.

Circles (®) are for 4-methylphenol + benzene, Weissenberger and Piatti [93].
Triangles are for 4-methylphenol + toluene: A, Weissenberger ef al. [94]; A, Marks and Wingard [102]; A,

Klauck et al. [89].
Diamonds (<) are for 4-methylphenol + 1,2-dimethylbenzene, Prasad et al. [103].

Squares ([J) are for 4-methylphenol + 1,3-dimethylbenzene, Prasad et al. [103].
Triangles down (V) are for 4-methylphenol + 1,4-dimethylbenzene, Prasad et al. [103].
Stars (%) are for 4-methylphenol + ethylbenzene, Prasad et al. [96].
Crosses (X) are for 4-methylphenol + 2-methylnaphthalene, Othmer et al. [100].
Pluses (+) are for 2-methoxyphenol + benzene, Weissenberger et al. [104].
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3.2.3. VLE with methoxybenzene

VLE phenol derivatives with methoxybenzene has been studied in two works [105, 106]
(Fig. 17). Lebedeva et al. [105] reported VLE of phenol and 2-methylphenol with
methoxybenzene at P = 13.3 kPa. NIST-COSMO-SAC predicts pressures of (15 to 17) kPa
for most points. NIST-Modified UNIFAC has better agreement with the experimental values
for (phenol + methoxybenzene) at x(phenol) = (0.3 to 0.9). Unlike the gas-phase
compositions obtained with the NIST-modified UNIFAC, the ones predicted with the NIST-
COSMO-SAC for (phenol + methoxybenzene) were consistent with the experimental values.
The models are consistent for P and y of (2-methylphenol + methoxybenzene), but
inconsistent with experimental results.

Both pressures and gas-phase compositions for (2-methoxyphenol + methoxybenzene) [106]
agree with the model predictions very well. All considered systems have similar
intermolecular interactions. Thus, in the former work, the experimental problems seem to
occur.

3.2.4. VLE with water

In this group (Figs. 18 and 19), (phenol + water) is the most studied binary. The volatility of
water is significantly higher than that of the phenols, and their mole fraction in the gas phase
remains small over a wide range of liquid compositions. The differences between the
predicted and experimental gas-phase mole fractions are expectedly small up to x(phenols) =

0.95.

Good agreement between the experimental and predicted pressures for (phenol + water)
holds at x(phenol) < 0.4. At higher x(phenol), the deviations increase reaching £80 % at the
right-hand side of the graphs. Typically, the predicted values are higher than the
experimental ones. At least, four problematic sources can be identified. The pressures
reported by Campbell and Campbell for SVLE [111] are about 40 % lower than the predicted
values over the considered concentration range (x1 = (0.38 to 0.87)) and significantly deviate
from most other experimental data at x1 < 0.6. The gas-phase compositions from this work
are reasonable. Thus, one can conclude that the problem is due to incorrect pressure
measurements.

The pressures reported by Kiva ef al. [116] originate from the same laboratory as the
problematic data [105] discussed above. Their reliability is questionable as well. The scatter
of the data of Shi et al. [80] is very large. The irregular deviations from the pressures
predicted with NIST-COSMO-SAC vary from (1 to 86) %, which is highly unexpected.
Brusset and Gaynés [112] reported VLE for (phenol + water) and (2-methylphenol + water).
For these systems, large deviations from the pressures and mole fractions predicted with both
models are observed at the large content of the phenols. For (phenol + water), these
deviations are not supported by other experimental data at high xi including those of Chou et
al. [121] at the same pressure. The reliability of these results is questionable.

All (phenol + water) pressures reported by Schiikarew [108] are in very good agreement with
the predictions except the one at x1 = 0.8511. The vapor pressure of phenol at 7= 288.2 K
[113] is too low for the liquid phase and should be assigned to the crystal.
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After exclusion of the problematic data, the data scatter for the pressure over (phenol +
water) becomes comparable with that for the other binaries. We believe that the large scatter
for (water + furan derivatives) discussed above (Fig. 8) is partially caused by issues in the
experimental data as well, although no compelling reason to exclude these data could be
identified. More efforts are needed to further clarify this.
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Fig. 17. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase x1
for the binaries with methoxybenzene: a, ¢, NIST-COSMO-SAC; b, d: NIST-Modified

UNIFAC.

Circles (O) are for phenol + methoxybenzene, Lebedeva et al. [105].

Triangles (A) are for 2-methylphenol + methoxybenzene, Lebedeva et al. [105].

Diamonds () are for 2-methoxyphenol + methoxybenzene, Li et al. [106].
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Fig. 18. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase xi
for (phenol + water): a, ¢, NIST-COSMO-SAC; b, d: NIST-Modified UNIFAC.

Circles: O, Schreinemakers [107]; ®, Schiikarew [108]; @, Rhodes et al. [109] (pressure not available); @,
Ferguson [110].
Triangles: A, Campbell and Campbell [111]; A, Brusset and Gayneés [112]; A, Markuzin [113]; V, Weller et
al [114].
Diamonds: <, Kliment et al. [115]; ®, Kiva et al. [116]; <, Kolyuchkina et al. [117]; ¥, Hakuta [118].
Squares: [, Karavaeva et al. [119]; B, Lyzlova and Susarev [120]; B, Chou et al. [121]; B, Tabai et al. [122];
(4, Shi et al. [80]; X, Klauck et al. [89].
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Fig. 19. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase x1
for the binaries with water: a, ¢, NIST-COSMO-SAC; b, d: NIST-Modified UNIFAC.

Circles (O) are for 1,3-benzenediol + water, Shakhparonov and Martynova [123].
Triangles (A) are for 2-methylphenol + water: Brusset and Gaynes [112].
Diamonds (<) are for 3-methylphenol + water: Klauck et al. [89].
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3.2.5. VLE with ketones

The results for the ketone binaries are presented in Figs. 20 and 21. The predicted pressures
of (phenol + acetone) at high x(phenol) are typically lower than the experimental
counterparts. The large deviations (up to 70 %) are caused by either flawed predictions or
problematic experimental data. With the current information, neither of the options can be
proven. For the other binaries with phenol, the agreement is significantly better.

Several data sets are found to be problematic. Comparison of the pressures of (phenol +
acetone) from Ref. [124] and (phenol + butanone) from Ref. [129] with the results from both
considered models and other experimental data for these mixtures (Figs. 20a and 20b)
indicates that the pressures reported in these works are too low. The (phenol + acetone)
pressures and gas-phase compositions at P = 0.1 MPa [127] have large deviation from the
other sources reporting the results at this pressure [125,128] and the predicted data.
Therefore, these results should be discarded.

The pressures predicted with the two considered models for the binaries with substituted
phenols (Fig. 21) are inconsistent. The reason for this discrepancy cannot currently be
determined. Another problem to be solved is an unexpectedly large deviation of the gas-
phase compositions for (2-methylphenol + acetone) [125] from the predictions (Figs. 20c,
20d, 21c, 21d). Similar deviations are observed in the results on (phenol + methanol) and (2-
methylphenol + methanol) from the same laboratory discussed later.
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Fig. 20. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase x1
for the binaries of phenol with ketones: a, c, NIST-COSMO-SAC; b, d: NIST-Modified
UNIFAC.

Circles are for phenol + acetone: @, Weissenberger et al. [84]; O, Weissenberger et al. [124]; O, Chalov et al.
[125]; ®, Golles [126]; @, Motina et al. [127]; D, Vasil’eva et al. [128].
Triangles are for phenol + butanone: A, Byk and Shcherbak [129]; A, Oscarson et al. [130].
Diamonds are for phenol + acetophenone: <>, Fried and Pick [131]; €, Aarna and Kaps [132], ¢, Giles and
Wilson [133].
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Fig. 21. Comparison of the predicted and experimental pressures P and first-component mole

fractions y1 in the gas phase at different first-component mole fractions in the liquid phase xi

for the binaries of phenolic compounds with ketones: a, c, NIST-COSMO-SAC; b, d: NIST-
Modified UNIFAC.

Circles are for 2-methylphenol + acetone: O, Weissenberger and Schuster [ 134]; O, Weissenberger and Piatti
[135]; @, Piatti [136]; ®, Chalov et al. [125].
Triangles (A) are for 2-methylphenol + 2-octanone: filled, Aarna and Kaps [132]
Triangles down (V) are for 2-methylphenol + acetophenone, Aarna and Kaps [132].
Squares are for 3-methylphenol + acetone: [, Weissenberger and Schuster [134]; [, Weissenberger and Piatti
[135]; &, Piatti [136].
Diamonds are for 4-methylphenol + acetone: <, Weissenberger and Schuster [134]; <, Weissenberger and
Piatti [135]; <&, Piatti [136].
Stars are for 1,3-benzenediol + acetone: ¥, Weissenberger et al. [104]; %, Shakhparonov and Martynova [123].
Hexagons are for 2-methoxyphenol + acetone: O, Weissenberger et al. [104]; B, Chalov et al. [125].
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3.2.6. VLE with alcohols

For this group of compounds, the values predicted with the models considered are not always
consistent. This can be explained by two factors: (1) different treatment of H-bonding, which
plays an important part for these systems, and (ii) individual parameters for methanol in
NIST-modified UNIFAC.

For (phenol + alcohols), a good consistency of the experimental VLE pressures with the ones
predicted with the NIST-COSMO-SAC is observed (Fig. 22a). The predicted values are
about 20 % low near x(phenol) = 0.85. The data scatter for the UNIFAC predictions is larger
(Fig. 22b). For the VLE with 2- and 4-methylphenols, the general trend is similar to the one
for phenol. The data scatter for the pressures over (3-methylphenol + alcohols) is too large to
make any conclusion.

The questionable results of Prasad ef al. introduce a significant noise to the graphs. A very
large positive deviation from the NIST-COSMO-SAC predictions is observed for the
pressures of (2-methylphenol + methanol) [143] (Fig. 23a). The predicted values are
consistent with the other two datasets available for this binary [134, 125]. The results of
Prasad et al. with three other alcohols demonstrate the largest negative deviation. The
problematic dataset with methanol is not revealed with NIST-modified UNIFAC though, per
this model, the datasets for this binary are not consistent (Fig. 23b).

Several vapor pressure datasets for (3-methylphenol + alcohol) reported by Prasad et al.
[145] (four for NIST-COSMO-SAC and three for NIST-modified UNIFAC) are inconsistent
with the predicted values with the deviations exceeding 150 % (Fig. 24). The results from
this laboratory have the largest deviation for (4-methylphenol + methanol, ethanol, and 1-
butanol) (Fig. 25a). This problem is not revealed by the NIST-modified-UNIFAC predictions
because of the significant data scatter (Fig. 25b).

The data scatter and inconsistency between the predicted pressures in Fig. 26 does not allow
one to determine a general trend. In the results for 1,4-benzenediol with methanol and
ethanol ['*7], the mole fractions of the diol are below 0.005. Thus, the boiling temperatures
for these results are very close to those of pure alcohols. Therefore, these data are not shown
in Fig. 26 and not used for the statistical analysis.

Some predicted gas-phase compositions have a large (up to 0.45 mole fraction) deviation
from the values available in the literature (particularly, [125, 138]). We believe this is
partially caused by the model limitations. However, the gas-phase compositions of (phenol +
methanol) at x1 > 0.9 reported in these works differ by about 0.15 mole fraction. The limited
available information does not allow one to find a reason of this discrepancy. New VLE
measurements should be carried out for all systems considered in Refs. [125] and [138].

The statistical summary is presented in Table 3. The average standard deviations are
significantly larger than for the furan derivatives that characterizes the overall data quality.
Unlike the results for the furan derivatives, those for the subset without water do not change
much. Removal of the questionable data significantly decreases the standard deviations. The
NIST-COSMO-SAC is again more sensitive to this dataset quality improvement than NIST-
modified UNIFAC.
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Fig. 22. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase x1
for the binaries of phenol with alcohols: a, ¢, NIST-COSMO-SAC; b, d: NIST-Modified
UNIFAC.

Circles are for phenol + methanol: O, Weissenberger et al. [84]; @, Weissenberger et al. [124]; @, Chalov et al.
[125]; ®, Hu et al. [138].
Squares are for phenol + ethanol: [1, Weissenberger et al. [84]; B, Weissenberger et al. [124]; d, Garner and
Ellis [36]; W, Chou et al. [121]; X, Cesari et al. [139].
Triangles (A) are for phenol + 1-propanol, Ravikumar et al. [140].
Diamonds are for phenol + 2-propanol: <, Weissenberger et al. [124] (the experimental value at x = 0.75 has a
large deviation and is not shown); <&, Veeranna et al. [141].
Stars (%) are for phenol + 1,2-ethanediol, Brusset ef al. [142].
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Fig. 23. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase xi
for the binaries of 2-methylphenol with alcohols: a, ¢, NIST-COSMO-SAC; b, d: NIST-

Modified UNIFAC.

Circles are for 2-methylphenol + methanol: @, Weissenberger and Schuster [134]; @, Chalov et al. [125]; O,
Prasad et al. [143].
Squares are for 2-methylphenol + ethanol: B, Weissenberger and Piatti [135]; [, Prasad et al. [143]; B, Cesari
et al. [139].
Triangles (A) are for 2-methylphenol + 1-propanol, Prasad et al. [143].
Triangles down (V) are for 2-methylphenol + 2-propanol, Prasad et al. [143].
Diamonds (<) are for 2-methylphenol + 1-butanol, Prasad et al. [143].
Stars (¥%) are for 2-methylphenol + 2-butanol, Prasad et al. [143].
Hexagons (Q) are for 2-methylphenol + 2-methyl-1-propanol, Prasad ez al. [143].
Pluses (+) are for 2-methylphenol + 1,2-ethanediol, Kurtyka [ 144].
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Fig. 24. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase xi
for the binaries of 3-methylphenol with alcohols: a, ¢, NIST-COSMO-SAC; b, d: NIST-

Circles are for 3-methylphenol + methanol: @, Weissenberger et al. [94]; O, Prasad et al. [145].

Modified UNIFAC.

Squares are for 3-methylphenol + ethanol: B, Weissenberger and Piatti [135]; B, Piatti [ 146]; [, Prasad et al.

[145].

Triangles (A) are for 3-methylphenol + 1-propanol, Prasad et al. [145].

Triangles down (V) are for 3-methylphenol + 2-propanol, Prasad et al. [145].

Diamonds (<) are for 3-methylphenol + 1-butanol, Prasad et al. [145].
Stars (¥%) are for 3-methylphenol + 2-butanol, Prasad et al. [145].

Hexagons (Q) are for 3-methylphenol + 2-methyl-1-propanol, Prasad ez al. [145].
3-methylphenol + 1,2-ethanediol: X, Othmer et al. [100]; +, Brusset et al. [142].
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Fig. 25. Comparison of the predicted and experimental pressures P and first-component mole
fractions y1 in the gas phase at different first-component mole fractions in the liquid phase xi
for the binaries of 4-methylphenol with alcohols: a, ¢, NIST-COSMO-SAC; b, d: NIST-

Modified UNIFAC.

Circles are for 4-methylphenol + methanol: @, Weissenberger et al. [94]; O, Prasad et al. [143].
Squares are for 4-methylphenol + ethanol: B, Weissenberger and Piatti [135]; [, Prasad er al. [143].

Triangles (A) are for 4-methylphenol + 1-propanol, Prasad et al. [143].
Triangles down (V) are for 4-methylphenol + 2-propanol, Prasad et al. [143].
Diamonds (<) are for 4-methylphenol + 1-butanol, Prasad et al. [143].
Stars (%) are for 4-methylphenol + 2-butanol, Prasad et al. [143].
Hexagons (Q) are for 4-methylphenol + 2-methyl-1-propanol, Prasad ez al. [143].
4-methylphenol + 1,2-ethanediol: X, Othmer et al. [100]; +, Brusset et al. [142].
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Fig. 26. Comparison of the predicted and experimental pressures P and first-component mole

fractions y1 in the gas phase at different first-component mole fractions in the liquid phase x1

for the binaries of 1,3-benzenediol and 2-methoxyphenol with alcohols: a, ¢, NIST-COSMO-
SAC; b, d: NIST-Modified UNIFAC.

Circles (O) are for 1,3-benzenediol + methanol, Shakhparonov and Martynova [123].
Squares are for 1,3-benzenediol + ethanol: B, Weissenberger et al. [104]; [J, Shakhparonov and Martynova
[123].
Triangles (A) are for 1,3-benzenediol + 1-butanol, Shakhparonov and Martynova [123].
Triangles down (V) are for 2-methoxyphenol + methanol, Chalov et al. [125].

Diamonds are for 2-methoxyphenol + ethanol: <&, Weissenberger et al. [104]; &, Cesari et al. [139].
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4. Conclusion

The experimental VLE data for the binary mixtures relevant to the catalytic fast pyrolysis of
biomass have been collected. Two models based on fundamentally different approaches,
NIST-COSMO-SAC and NIST-modified UNIFAC, were applied to predict equilibrium
pressures and gas-phase compositions for these mixtures. If the predicted values significantly
deviated from the experimental data or the experimental results were mutually inconsistent,
they were analyzed using different criteria to detect problems in the theory and experimental
data. Also, the mixtures were identified for which new experimental results are required to
resolve the existing inconsistencies.

The main components were divided into two groups: furan derivatives and phenolic
compounds. For the first group, the overall data quality is good; and more experimental data
are needed to resolve inconsistencies between the experimental data, primarily, for (furan +
2-furaldehyde) and (2-furaldehyde + water). The VLE data predicted with NIST-COSMO-
SAC and NIST-modified UNIFAC for phenolic compounds have a significantly worse
agreement with the experimental values. Analysis of these inconsistencies in chemical series
(isomers, homologs) revealed that about half of the experimental values in this group are
questionable. These data are available from a single laboratory for many binaries; that is why
it is especially important to be careful if the results are to be used for process simulation or
model parameterization. There is a need for reliable experimental data for VLE of phenolic
compounds to replace the doubtful results.

For many systems, both models behave in a similar way. Significant inconsistencies between
the results of the two models occur for the binaries with alcohols, especially, methanol. The
NIST-COSMO-SAC results seem to be preferable because this model has a few empirical
parameters compared to the large number of group-specific ones in NIST-modified UNIFAC.
However, further studies are required to improve the understanding of this problem.

Removal of the suspicious experimental data from the considered dataset decreases the
relative standard deviation between the experimental pressures and NIST-COSMO-SAC
predictions by about a factor of two. This effect is significantly weaker for the results from
NIST-modified UNIFAC. It is probably caused by limitations of the training set and the
empirical nature of the model.
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