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Abbrevations 

Gtoe – 109 ton of oil equivalent 

GVL – -valerolactone 

LA – Levulinic acid 

5-HMF – 5-hydroxymethylfurfural 

FA – Formic acid 

EL – Ethyl levulinate 

ROH – Primary alcohol 

AAD – Average absolute deviation 

VLE – Vapor liquid equilibrium 

PTFE – Polytetrafluorethylene 

BWM – Biomass waste mix 

NIST – National Institute of Standards and Technology 

MW – Molecular weight 

LD50 – Median lethal dose 
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Symbols 

𝑥𝑘 – mole fraction in the liquid phase 

𝑦𝑘 – mole fraction in the vapor phase 

𝛾𝑘 – activity coefficient of component 

T – temperature 

p – pressure 

R – gas constant (8.314 J/mol K) 

𝜐𝐸 – molar excess volume 

ℎ𝐸 – molar excess enthalpy 

𝜑𝑖
0 – fugacity coefficient of pure i at the saturation pressure and operation temperature 

𝑃𝑖
0 – saturation pressure at the operation temperature 

𝑒
[

𝑉𝑖
𝐿(𝑃−𝑃𝑖

0)

𝑅𝑇
]
 – Poynting correction factor 

∆𝑇𝑚𝑎𝑥 – maximum temperature difference 

𝑇𝑚𝑎𝑥 – maximum temperature 

𝑇𝑚𝑖𝑛 – minimum temperature 

∆𝐻𝑚 – maximum enthalpy of mixing 

∆𝐺𝑚
𝐸  – maximum value of Gibbs free energy of mixing 

∆𝐺𝐸 – Gibbs free energy of mixing 

𝐺𝐸 – Gibbs free energy 

𝑇𝑘
° – Boiling point of pure component at operation pressure 

∆𝑠𝑘
°  – molar entropy of vaporization of component k at an investigated pressure 

∆ℎ𝑘
°  – molar enthalpy of vaporization 

Hvap – heat of vaporization 

∆𝑠 –  overall entropy of vaporization of investigated mixture 

𝑤 – weighted volatility 

𝑝𝑖
∗ – partial pressure of component 

nD – refractive index 
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1 Introduction 

The increasing demand for better life standards has raised the people’s demand for energy, 

food, drinking water, and chemical-based consumer goods in the past few decades. The latter 

has been strongly relying on fossil resources, since many things in our everyday life come from 

carbon-based chemicals or their production rely on fossil-based technologies. Since the 

industrial revolution the chemical industry has become highly fossil-dependent, while these 

materials also provide more than 85% of the energy needs of mankind (Fig. 1) [1]. 

 

Figure 1 Global energy consumption by energy types [1] 

However, their long-term availability is still a main subject of active debates, but surely, 

they are not considered as long-term resources. Since the demands have been continuously 

increasing, the replacement of the fossil resources to alternative ones is a crucial part in 

maintaining the sustainable development of the chemical and the energy industry. Even if more 

fossil sources would be found in the near future, these materials cannot be the only source the 

industry relies on. Basically, these alternative sources should provide a renewable route, 

meaning that the pace of consumption should not be greater than the pace of the source’s 

regeneration. One of the most promising alternative solutions is the utilization of biomass, more 

specifically biomass wastes that are low-cost, readily available and even carbohydrate rich [2]. 

They are “produced” worldwide in huge amounts, and their potential has not been utilized at 

large scales yet, they even absorb more energy and money for treatment and deposition. 

The intensive research activities on biomass conversion has led to the identification of 

certain biomass-derived molecules, so called platform chemicals. Although, some of them have 

been successfully used on industrial scale as alternative resources or fuel components, there 

are still researches on finding more unique platform molecules to aid both the chemical and 
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energy industry. Several of these researches are focused on levulinic acid (LA), its esters and 

γ-valerolactone (GVL), which were proposed to be possible sustainable liquids for both 

industrial sectors [3] [4]. 

In industrial scale, the sustainability and efficiency of a chemical process is determined by 

its energy and material needs, and nowadays more importantly, the amount and type of by-

products generated during production. A process’ demand of raw materials usually cannot be 

changed or improved further, only alternative routes with cheaper resources could be found. 

The energy demand, however can be changed by proper design and integration of the process. 

The by-products of a chemical process could be divided into different groups, for example 

based on their applicability: 

• by-products that can be directly reused in the process, 

• by-products that have industrial or energetic value, and 

• wastes, that must be treated or stored. 

One of the main goals in an industrial process is to reduce or eliminate the production of 

real wastes. The source of wastes can not only be side reactions, but the non-converted input 

materials, like used solvents and catalysts, that could not be reintroduced to the process. If the 

catalyst or the solvent becomes highly contaminated during the process, it might need further 

purification that could involve energy demanding processes. This is only required when the 

process is significantly affected by the contamination. When the amount of contamination is 

low, its effect is usually small (except in the case of sensitive catalyzed reactions), if the process 

has broader parameter thresholds (e.g. for concentration of catalyst). 

If the process is investigated based on the ratio of wastes to products, we can identify the 

materials that can be recycled in the process or at some level redefining it as a product, by 

finding a possible application for it. Whenever a solvent or a catalyst species is reused in a 

process, the amount of products and by-products can be multiplied by the number of reuses, 

while the amount of the reused material will be the same – if losses are avoided. Thus, the 

solvents and catalyst that are usually applied in larger scales compared to the reagents, will 

only appear for once. 

In the chemical industry the most energy demanding processes are the separation methods, 

however since most processes result a mixture of components, it is inevitable. The proper 

designing of a separation unit can require the wider knowledge of the corresponding 
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thermodynamic data. When the production of a chemical can be performed via different 

reaction routes, it is important to compare them on certain basis, in order to determine the one 

that is properly safe, environmentally benign, cost- and energy efficient. This comparison 

should not only consist the reaction process but also the separation, since in most cases the 

separation process is the most energy and therefore cost demanding, the proper selection of 

such method is essential. Therefore, the aims of the present work were to investigate the 

production process of a selected platform chemical based on the possible separation steps that 

could appear and compare the different conversion routes. 

1.1 Platform chemicals 

Due to the diversity of the chemical industry it is impossible to replace the fossil 

resources by only a single unique molecule. There are numerous processes that require 

molecules with a longer carbon chain, chirality or specific functional groups. It is possible to 

apply coupling reactions to gather such molecules from smaller ones, these could however 

require multiple reaction steps and catalysts. To provide alternatives, it is fundamentally 

important to find renewable originated molecules, which have cyclic or chiral groups, or longer 

carbon chains. 

The intensive research on converting biomass to consumer goods lead to the 

identification of a set of platform chemicals. With the set of these chemicals it could be possible 

in the future to partially replace fossil resources. In common, a material is considered as a 

platform chemical if it is biomass derived, has a simple structure and can serve as a building 

block for industrial synthesis. When a mixture of components is created from biomass that can 

be used for generating chemicals, the mixture can be called a platform, e.g. syngas generated 

from biomass. 

Similarly, to fossil-based refineries, the conversion of biomass to platforms and then to 

specific products should be performed in bio-refineries, where all conversion steps are well 

known from the raw materials to the final products. Bio-refineries should also be able to 

provide some of its own energy needs for which usually residues and by-products can be used. 

In a bio-refinery, the following (or their mixtures) could be considered as raw materials for 

generating platform chemicals: 

• polysaccharides, e.g. cellulose, 

• lipids, oils, 
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• lignin, 

• protein, 

• mono- and disaccharides. 

Beside these, there are also water and a variety of inorganic compounds present in the raw 

biomass applied for conversions. The conversion of biomass to chemical products raise the 

problem of using territories and water that could be used for producing food. To avoid the 

competition of food and chemical production, a different source should be provided. For this 

purpose, biomass derived wastes from the agricultural  and food industries could serve as 

sustainable resources [5]. 

If a platform chemical’s or its derivative’s life cycle reaches its end, it can be converted to 

water, carbon-dioxide and ash by burning. The carbon-dioxide generated can be absorbed in 

nature to start the new cycle of a chemical. Thus, the same amount of carbon and hydrogen 

content gathered from nature, will be reintroduced, unlike in the case of fossils (Fig. 2). 

 

Figure 2 Biorefineries could provide similar or alternative products as traditional refineries [6] (Reused with permission 
of John Wiley and Sons) 

Although the application of a platform molecule at such industrial scales as energy 

production might not be possible, each of them might be able to replace the role of certain fossil 

derived chemicals in the chain of chemical production, including some fuel additives or engine 

fuels. Among the possible molecules, alcohols, esters [7] [8], 2-methyltetrahydrofuran [9] and 

cyclopentyl methyl ether [10] could serve as alternative solvents in industrial processes. The 

intensive research on platform chemicals lead to the identification of 5-hydroxymethylfurfural 

(5-HMF) [11], furfural (FAL) [12], furfuryl alcohol (FOL) [13], LA [14] and its esters [15], 

and GVL as possible molecules for different chemical processes (Fig. 3) [4]. 
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Figure 3 Selected examples for biomass derived platform chemicals [4] 

Among the possible platform chemicals identified, LA and GVL has promising physical 

properties that allow easier and safer transportation compared to traditionally applied chemicals 

due to their high boiling and flash points (Table 1). Unfortunately, for levulinate esters only 

limited data are available; however, they also seem to have higher boiling and flash points 

according to predictions [16]. 

Table 1 Selected physical and chemical properties of LA and GVL [16] 

Property LA GVL 

Boiling point (°C) 245-246 207-208 

Melting point (°C) 33-35 -31 

Flash point (°C) 137.8 96 

LD50 (mg/kg oral, rat) 1850 8800 

Density (g/cm3 at 25 °C) 1.134 1.05 

Water-solubility (g/L at 20 °C) 675 miscible 

 

The first step in the synthesis of the introduced biomass-derived chemicals is the 

conversion of carbohydrates to levulinic acid, thus decomposing the larger carbon chains to C5 

molecules. Although it is possible to generate 5-HMF instead of LA by altering the reaction 

conditions, when the aim is to generate GVL, LA is the first intermediate (Fig. 4) [17]. 
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Figure 4 Cellulose-based, acid-catalyzed production of levulinic acid and formic acid [17] 

1.2 Levulinic acid 

In the production of GVL the first step is the production of LA – or its esters –, which 

can also be considered as possible platform chemical. LA or 4-oxopentanoic acid, is an organic 

keto acid which has been known since the 19th century along with its biomass-based synthesis. 

However, due to the main role of fossils in the chemical industry, it was only applied for very 

few purposes and generated in little amounts. LA could be produced via multiple possible 

routes, including the hydrolysis of acetyl succinate esters [18] or furfuryl alcohol, [19] 

oxidation of ketones [20] [21], carbonylation [22], alkylation [23], however due to the possible 

application of biomass derived saccharides, the acid catalysed hydrolysis of C6 sugars is 

considered as the most convenient route [24]. 

1.2.1 Production of LA with mineral acid catalyst 

In practice, the most effective protocol to produce LA from biomass is based on the 

acid catalysed depolymerisation of the carbohydrate content in the feedstocks followed by a 

subsequent dehydration step [25]. Due to the intensive research on biomass conversion, several 

attempts were made to produce 5-HMF and/or LA from simple sugar molecules such as D-

fructose or D-glucose in the presence of catalyst species [26]. and several biomass-based 

feedstocks were investigated as possible resources. The following table (Table 2) shows some 

of the applied materials along with the achievable LA yields. It was established that a maximum 

LA-yield around 50% could be achieved independently of the feedstock.  
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Table 2 Levulinic acid yield of different biomass sources 

Material Levulinic acid 

yield (wt %) 

Reference Material Levulinic acid 

yield (wt %) 

Reference 

      

Black tea leave waste 5.94 [27] Tobacco chops 15.0 [28] 

Green tea leave waste 6.92 [27] Carrot peel 15.1-28.6 [27] 

Sunflower husk 7.4-14.3 [27] Empty fruit bunch 15.5 [29] 

Chamomile tea leave 

waste 

8.16 [27] Kenaf 15.5 [29] 

Coconut shell 8.2-8.9 [27] Bamboo shoot shell 17.9 [30] 

Hazelnut shell 8.6-14.1 [27] D-Glucosamine 19.6 [31] 

Water hyacinth plant 9.0 [29] Olive tree pruning 20.1 [28] 

35.0 [32] Potato peel 20.4-23.6 [27] 

Corn cob 9.9-11.4 [27] Chitin 21.6 [31] 

Peanut peel 10.2-13.9 [27] Rice straw 22.8 [33] 

Orange peel 10.2-20.1 [27] Chitosan 26.3 [31] 

Pistachio shell 10.9-12.8 [27] Inulin 28.1 [28] 

Banana peel 11.6-12.7 [27] Sawdust 29.3 [28] 

Wheat straw 12.6-15.5 [27]  Cellobiose 29.9 [31] 

19.9 [29] Cellulose 31.0 [31] 

21.7 [28] D-glucose 31.4 [31] 

Wild cherry tea leave 

waste 

12.8 [27] Paper sludge 31.7 [28] 

Spent coffee ground 

(Robusta) 

14.4-14.6 [27] Whole kernel grain 

sorghum 

32.6 [34] 

 

However, it was established that the transformations could be much more effective by 

the use of mineral acids preferably hydrochloric or sulfuric acids [35]. While both have 

significant catalytic activity, the application of aqueous HCl could result in serious 

environmental concerns, like the possible escape of halogenated compounds. Thus, the 

utilization of sulfuric acid has been generally preferred. It was shown that the acid acted only 

as a catalyst species in the dehydration of D-fructose as a model substrate to 5-

hydroxymethlyfurfural and subsequently its rehydration to LA [17]. It was reported that the 

intermediate 5-HMF could be obtained in higher yields when a weaker acid, e.g. oxalic acid, 

or lower concentrations of acid is applied. In the case of sulfuric acid catalyst, 5-HMF could 

be generated in diluted acid (0.001 M) at higher temperature compared to the generation of LA 
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[36]. Since 5-HMF itself is a usable platform chemical, its production is also included in the 

Biofine technology [37]. 

In addition, depending on the acid content and reaction environment, the product 

distribution could be dramatically affected. Under aqueous conditions, it was revealed that 

optimal acid concentration for LA production could be between 1.8–2.2 mol×dm–3 [31] [38]. 

It should be noted that the formic acid obtained from rehydration of 5-HMF could also act as 

a catalyst for the dehydration reactions [39] [40]. 

The applied mineral acid catalyst results in the degradation of cellulose chains to 

smaller sugars, which under the same conditions readily decompose to 5-

hydroxymethylfurfural by losing a water molecule. In a consecutive step, the 5-

hydroxymethylfurfural decomposes with water to LA and FA in equimolar amount. This 

reaction produces one mole of water for each mole of LA and FA. Since the reaction is 

producing equimolar amount of FA and water (however the chain breaking of polysaccharides 

consume certain amount of water), they could alter the overall acid concentration, resulting in 

slight dilution or change of H+-concentration.  

However, since the reported optimal acid concentration range is broad and is much 

higher than the amount of the forming FA, only a minor effect could be taken into account. It 

is also possible that the forming water counteracts the concentration change. The extraction of 

the final LA product usually results in the extraction of FA. Alternatively to hydrochloric or 

sulfuric acid, other mineral acids like nitric or phosphoric acid [41] or other alternative 

catalysts, like zeolites [42], ion exchange resins [43] or metal chlorides [44] could be also 

applied for the conversion. Research reports confirm that both conventional and microwave 

assisted heating is applicable for the conversion of biomass feedstocks to LA, the latter having 

the advantage of lower reaction time. 

The Biofine process (Fig. 5) is aiming to produce LA in greater quantities. The method 

applies two main steps, in the first mainly generating soluble intermediates such as 5-HMF at 

higher temperatures (210–220 °C) and pressure (25 bar). For this step, the application of a plug 

flow reactor with low contact time (~12 s) is proposed. After the first reaction step, the 5-HMF 

is introduced to a stirred reactor where slightly lower temperature (190–200 °C) and pressure 

(14 bar) is applied in order to convert the intermediate to LA, the residence time is 20 min. The 
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process is considered to be capable of reusing the aqueous acid solution applied in both reactors 

[37]. 

 

Figure 5 The basic flow scheme of the Biofine Process [37] [4] (Reused with permission of American Chemical Society) 

Regardless of which reaction route is applied to gather 5-HMF, LA or its esters, they 

are always dissolved in a product mixture, along with the aqueous catalyst. Although the 

extraction could be a convenient separation method and it is widely used for production of 5-

HMF applying biphasic conditions, a few studies were focused on its application for isolation 

of LA [45]. To separate LA and the aqueous catalyst phase, the liquid-liquid extraction can 

obviously be proposed as a robust or even industrially applicable method. It was demonstrated 

that ethyl acetate, a cheap, biomass-derived, and readily available solvent could be used for 

this purpose [27]. Its boiling point (77.1 °C) is much lower than that of LA (245–246 °C), and 

LA and its esters are much more soluble in it than in water. 

DUMESIC et al. showed that alkylphenol solvent combined with GVL could be applied 

to form a biphasic system for continuous separation of LA from acidic aqueous phase [46]. 

Dunlop patented a sulfuric acid recycling method applying a two-step process involving an 

extraction and a water removal steps [47]. It should be noted that the water removal resulting 

in concentrated sulfuric acid has a significant energy need.  

Due to their miscibility with water or even other biomass-derived, high boiling point 

solvents, such as alcohols (methanol, ethanol, etc.) could not be favoured. The other 

possibilities include esters like acetates, from which ethyl acetate has low boiling point and 

low miscibility with water. Other organic solvents could have better properties as an extracting 
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agent; however, in the present study my aim was to apply a solvent that can be generated from 

biomass basis [7] [8]. 

The production of LA by acid catalyst results the formation of water soluble and 

insoluble side-products, commonly called humins. These are formed as a result of aldol 

condensation between side products of the reaction [48].  A possible mechanism was proposed, 

indicating that one isomer of fructose could be converted to a polymerization capable side 

product due to the acid catalyst [17]. The humin-content is insoluble and therefore its removal 

would not have negative effects on the yield of LA, however some oligomers are water-soluble 

and remain in the aqueous catalyst phase, altering its initial colourless state. The solid humin-

content has higher carbon and hydrogen content; therefore, it may be combusted for heat and 

energy generation [49]. The following figure (Fig. 6) shows a proposed structure of these 

humins, indicating the possible monomers and bonds that could be present. 

 

Figure 6 A proposed structure of humins generated in the acid catalyzed hydrolysis of saccharides, depicting the possible 
linkages in the structure [50] 

1.2.2 Applications of LA and its esters 

Although LA currently only has a few industrial applications, extensive researches aim 

to find more and more possibilities for its uses. In the past decades many possible uses and 

reactions were identified, including the production of chiral reagents, polymers, plasticizers, 

lubricants, cosmetic products, coatings, inks, pharmaceuticals, herbicides, pesticides and so on 

[24] [27]. The following figure (Fig. 7) represents some selected chemicals that could be 

generated on LA basis: 
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Figure 7 Selected chemicals that could be produced from LA basis [27] [14] 

Current applications of LA include the production of calcium levulinate which is 

applied as a medicine. LA or sodium levulinate is applied in certain cosmetics as a preserver. 

In the tobacco industry, LA is applied as an additive to affect flavour and nicotine binding. LA 

could be converted to different esters (Fig. 8) including methyl-, ethyl- and 2-propyllevulinate, 

by acid-catalysed esterification. For the process various catalysts could be applied including 

mineral acids (sulfuric or hydrochloric acid), zeolites and heteropolyacids (e.g. 

dodecatungestophosphoric acid) [51]. If alcohol is used as a solvent for the acid catalysed 

conversion of saccharides, the corresponding levulinate ester will form in situ instead of LA, 

thus making possible the single-pot preparation of different levulinate esters [52] [53]. 

 

Figure 8 Esterification of LA to levulinate esters [54] 

 Levulinate esters themselves could also be used for various applications, including the 

use of ethyl levulinate as a fuel additive [55]. Among their possible different applications, 

levulinic acid and its esters are considered as an intermediate molecule in the production of 

GVL, which also has multiple identified applications [56]. 

1.3 Gamma-valerolactone 

GVL is a biomass derived material, which was proposed as an ideal sustainable liquid 

for multiple industrial applications, including the production of different, high-valued 

chemicals [3] [16]. Beside its attractive physical properties that allow easier transportation and 

storage (e.g. low melting and high boiling points), it is not hygroscopic, allowing long-term 
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storage, has a definite smell, which is useful for detecting possible leaks and spills. Researchers 

are currently developing the elements of a possible GVL-based industry, including the 

conversion of wastes to GVL, using as fuel for engines and converting it to different chemicals 

for industrial products. Industrially, GVL has been used before as a food additive for improving 

the odor or the taste of certain products. There are no known human carcinogenic, teratogenic 

or mutagenic effects of GVL, and it does not seem to aggravate any existing medical 

conditions. Exposure of eyes and skin might only cause slight irritations, therefore regular 

industrial and laboratory safety equipment is sufficient during application. The material has not 

been considered an environmental hazard; however, its effect on the environment in larger 

quantities has not been investigated yet [16]. 

The studies investigating the long-term storage of GVL found that the pure peroxide free 

compound did not form measurable amount of peroxides after one month at 60 °C. In 

commercially used products some amount of peroxide could be detected, but this was likely 

caused by impurities remaining from the production of the GVL. This suggests that GVL could 

be stored under air without peroxide related hazards [57]. 

1.3.1 Applications 

GVL itself could be applied for many purposes (Fig. 9), including its use as a fuel 

additive [3] [58] and as an illuminating liquid or lighter fluid [59]. It can also be applied as 

solvent for catalytic reactions, like hydroformylation [60], aminocarbonylation [61], 

Sonogashira coupling [62] or arylation [63]. GVL was also found to be a suitable solvent for 

producing GVL [64]. 

 

Figure 9 Selected chemicals that could be prepared from GVL [56] [65] 
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1.3.2 Production 

The production of GVL from LA and its esters require catalytic hydrogenation. For 

such purpose different homogeneous and heterogeneous routes could be applied (Fig. 10). 

 

Figure 10 The plausible route of hydrogentaion of LA and its esters to GVL [66] 

Among the different hydrogen sources, molecular hydrogen, formic acid and 2-

propanol were proposed as suitable ones, due to either reducing the amount of by-products, or 

being available from biomass basis. 

Molecular hydrogen 

Researches showed that high pressure hydrogen could be applied to convert LA to GVL 

applying homogeneous or heterogeneous catalysts (Fig. 11) [47] [67]. 

 

Figure 11 Hydrogenation of LA to GVL with molecular hydrogen 

It was also shown that methyl levulinate, that could be generated from LA by 

esterification, could also be converted to GVL via hydrogenation (Fig. 12) [68]. 

 

Figure 12 Hydrogenation of methyl levulinate to GVL with molecular hydrogen 

Similarly, to methyl levulinate, the ethyl ester of LA could be converted to GVL with 

molecular hydrogen (Fig. 13) [69]. 

 

Figure 13 Hydrogenation of ethyl elvulinate to GVL 

Based on the hydrogenation of methyl- and ethyl levulinate, and the fact that GVL could 

be directly generated from biomass in 2-propanol media, it could be assumed that with a 
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suitable catalyst 2-propyl levulinate could also be converted to GVL with molecular hydrogen 

(Fig. 14). 

 

Figure 14 Assumedly, 2-propyl levulinate could be converted to GVL via hydrogenation 

Either route provides an equimolar amount of GVL and a corresponding ROH (R=H-, 

methyl-, ethyl- or 2-propyl group). There are various possible catalysts that could be applied 

for the shown conversions, in most cases nearly 100% conversion of LA/esters could be 

achieved, and therefore the product mixture contains only 2 liquid components. These methods, 

however require high pressure and suitable structure materials to withstand the effects of 

hydrogen gas. 

2-Propanol 

Although currently most of 2-propanol is generated from fossil resources, including the 

hydration of fossil derived propene or the hydrogenation of acetone, which is also obtained 

from propene, there are already alternative routes that allow its production via fermentation 

[70]. Thus, the generation of isopropyl alcohol could be performed without requiring fossil 

derived materials and high pressure. 2-propyl levulinate could be generated directly from 

biomass by using 2-propanol as solvent with an acid catalyst. It is also possible to directly 

convert 2-propyl levulinate to GVL using the present 2-propanol as a hydrogen source, thus 

the final liquid containing 2-propanol, acetone and GVL, as the H2-loss of 2-propanol leaves 

acetone [71]. 

 

Figure 15 The transfer hydrogenation of 2-propyl levulinate produces a mixture of GVL, 2-propanol and acetone 

 It was also shown that 2-propanol could be used for converting LA to GVL (Fig. 16) 

[72], resulting a mixture of four components if excess hydrogen-donor is applied. 

 

Figure 16 The conversion of LA via transfer hydrogenation with 2-propanol 
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Research shows that methyl levulinate could be converted to GVL by using 2-propanol 

as hydrogen-source, where similarly, a quaternary mixture is formed when achieving 100% 

conversion and an excess amount of donor (Fig. 17) [73]. 

 

Figure 17 Catalytic conversion of methyl levulinate to GVL with 2-propanol 

Similarly, to methyl levulinate, ethyl levulinate could also be converted to GVL by 

transfer hydrogenation (Fig. 18) [74]. 

 

Figure 18 Conversion of ethyl levulinate to GVL with 2-propanol as hydrogen donor  

It can be seen that in all cases the resulting mixture would than presumably contain 

three equimolar and one smaller components GVL, the corresponding ROH and acetone in 

equimolar amounts, and possibly the remaining excess of the H-donor. 

Formic acid 

Since formic is acid already formed with LA in the biomass conversion route it was 

found a convenient method to apply it directly as a hydrogen source in the hydrogenation of 

LA (Fig 19). The H2-loss of formic acid leaves carbon-dioxide, therefore GVL and water are 

generated in equimolar amount, and only the possible excess of FA could be left in the liquid 

mixture [75]. 

 

Figure 19 Transfer hydrogenation of LA to GVL applying formic acid as H-donor 

It was also reported that ethyl levulinate could be converted to GVL applying formic 

acid as H-donor [76], which implies that other levulinate esters could be converted by using 

this hydrogen source. However, in this case if an excess amount of formic acid is applied, the 

generated alcohol and the remains of formic acid could undergo esterification, resulting the 

corresponding formate ester in the product mixture. The formation of esters could be evaded 

by continuing the decomposition of formic acid to carbon-dioxide and hydrogen, removing all 
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the formic acid from the mixture, resulting a binary mixture of the corresponding ROH and 

GVL, while losing the excess of the H-donor. 

It is also possible to produce 2-butyl levulinate from LA as an intermediate molecule 

for the production of GVL, which would provide 2-butanol as a side-product [77]. It is also 

possible to apply 2-butanol as a hydrogen-donor. Both cases would result in the formation of 

2-butanol-GVL-containing mixtures, however the investigation of such mixtures was out of 

the scope of this work. 

1.4 Vapor-liquid equilibrium of binary mixtures 

The proper designing of a thermal separation unit for liquid mixtures requires the 

knowledge of the mixture’s thermodynamic data. In the case of designing a distillation unit, 

the fundamental data includes: vapor pressures of pure components and vapor-liquid 

equilibrium data. The latter are especially important for mixtures that may form azeotropes. 

Without experimental data, we can only rely on calculations from the vapor pressures of pure 

components or on group-contribution calculations. These can however provide unsatisfactory 

data in many cases, namely, the former is unavailable to predict azeotrope formation and liquid-

liquid equilibria. 

The knowledge of possible azeotrope formation is fundamental in the design of 

separation units, since the separation of such mixtures require special technique and design 

considerations. To gather reliable data for calculations and design, the vapor-liquid equilibrium 

of the mixtures have to be experimentally investigated. In industrial separation units, columns 

are operated under constant pressures and therefore for the proper design and calculations 

isobaric vapor-liquid equilibrium data have a high application value. Nowadays among the 

reported VLE data both isothermal and isobaric ones could be found; however, in the present 

study I restrict to isobaric data and therefore the equilibrium measurement methods capable of 

isobaric experiments are reported in detail. 

1.4.1 Apparatus for binary vapor-liquid equilibrium experiments 

The most widely applied experimental designs for retrieving VLE data, are the circulation 

stills. These operate with continuous vapor-liquid separation under steady-state conditions, and 

the vapor phase is recirculated and mixed into the liquid mixture. Experiments showed that the 

applied stills have to satisfy certain criteria in order to gather reliable and useful data. While 
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designing an experimental method for VLE measurements, the following criteria should be 

considered [78]: 

• Accurate determination of temperatures and pressures is required. 

• Fluctuations in composition and flow of the streams have to be avoided or minimized. 

• Neither overheating in the boiling chamber nor partial condensation on the wall of the 

temperature measuring chamber have to be allowed. 

• No droplet from the liquid phase should appear in the vapor sampling chamber, 

therefore efficient vapor-liquid separation is required. 

• Reaching the equilibrium state after altering the liquid composition should require short 

time. 

• Sample analysis should require small amounts of vapor and liquid. 

• Sample gathering should be performed without interrupting the equilibrium state, 

therefore the sampling should be fast. 

• Sample analysis should be simple and fast, with minimal sample preparation. 

• Simple equipment design should be made, avoiding unnecessary parts and connections. 

• The accumulation of components should be avoided by mixing. 

• The recirculated vapor and liquid should be well mixed before re-boiling (prevent the 

evaporation before boiling). 

Among circulation stills, three groups can be considered, depending on which streams are 

circulated in the equipment and in what physical state they are when reintroducing them to the 

main liquid mixture before re-boiling: 

The simple vapor recirculation methods apply a vapor pump which drives the vapor stream 

directly back under the main liquid phase, where it will condensate and mix before evaporating 

again (Fig. 20a). These methods cannot be used in most cases – due to their limitations – for 

gathering equilibrium data, e.g. vapor phase is hard to sample by this method and the liquid 

phase could only be sampled from the boiling chamber. Their application is mainly limited to 

cryogenic conditions in the 1-50 MPa pressure range, where they were found to be one of the 

most accurate procedures.  

In other cases, the vapor phase can be condensed separately before reintroducing it to the 

liquid phase (Fig. 20b). The condensed vapor phase can therefore be sampled and then remixed 

without requiring a circulating pump.  Among the various types of such stills, most are based 



 - 22 -  
 

on the basic apparatus designed by OTHMER in 1928. Over the years, this model has been 

modified by many researchers to overcome some of its difficulties, but many of them were not 

successful. More reliable results could be achieved with stills that were equipped with a Cotrell 

thermal lift pump. 

Both presented methods – the vapor- and condensate recirculating processes – could only 

remove the vapor phase to a separate sampling chamber, therefore by these methods the liquid 

sample representatives could only be gathered directly from the boiling or mixing chambers of 

the equilibrium stills. 

However, usually these samples were found to be not representative of the real equilibrium 

composition, therefore the improved models applied the removal of both the vapor and liquid 

phases at the equilibrium state. These equipment usually have an equilibrium chamber where 

the two phases can separate and can be led to different samplers for analysis. After that, these 

stills circulate both the liquid and condensed vapor phases in the system during operation and 

both are mixed before boiling. 

The first liquid phase and vapor condensate recirculation method was designed by COTRELL 

as an ebulliometer (Fig. 20c). The thermal lift pump allowed to deliver both the boiling liquid 

and vapor phase to a thermometer well, allowing to determine its temperature. The design was 

based on the lifting of liquid droplets up through a thin tube by vapor bubbles, thus after 

efficient circulation, a real equilibrium vapor-liquid composition would arrive to the 

thermometer. 

 

Figure 20 The three main types of VLE stills: Vapor recirculation still with a pump (Pu); the vapor condensate 
recirculation still with sampling of the vapor phase after condensation (q2); the vapor condensate and liquid 

recirculation still with an equilibrium chamber (E) for separating the liquid and vapor phases from each other. V and L 
show the sampling of each phases in the designs, T and P show the temperature and pressure measurement points [78]. 

(Reused with permission of Elsevier) 
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Therefore, the temperature of the vapor-liquid separation must be determined, while 

both phases were removed from the boiling system. If the two phases could be separated, these 

methods would provide equilibrium data pairs with corresponding temperature and pressure 

values. The original Cotrell ebulliometer was modified by ŚWIĘTOSŁAWSKI AND ROMER [79], 

which was the main inspiration for most novel stills (Fig. 21). The first apparatus using an 

equilibrium chamber for vapor-liquid separation was designed by GILLESPIE (Fig. 22a). With 

this design, samples could be gathered without interrupting the boiling in the tube, therefore 

more accurate data could be achieved [78]. 

 

Figure 21 The ebulliometer designed by Świętosławski and Romer (A – condenser; B – vapor sampler; C – 

thermometer; D – liquid container; E – boiler tube; F – stopcock) [80] 

However, the proper liquid sampling was not solved in the Gillespie still, therefore 

further modifications were required. The Otsuki-Williams still (Fig. 22b) is very similar to the 

Gillespie-type, but it has a separate sampling chamber for the liquid phase before reentering 

the container. The performed thermodynamic consistency tests showed that these vapor 

condensate and liquid recirculation methods are more reliable overall, providing better VLE 

data. 
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Figure 22 The Gillespie (a) and the Otsuki-Williams (b) still – the latter having a separate liquid sampler instead of 
sampling from the boiler tube [78] [81](Reused with permission of Elsevier) 

Through the years many derivations of the Gillespie, the Otsuki-Williams apparatus 

had been designed, to overcome certain operational problems. Most of these equipment had 

stopcocks at the bottom of the sampling chambers. The stopcocks are mainly sealed with grease 

(which have high refractive index and boiling point), that could be dissolved in the applied 

liquids. 

Through the operation of equilibrium stills the condensate and liquid phases have longer 

time to interact with the applied grease, therefore allowing it to dissolve in the mixture. 

Dissolving can have effect on the equilibrium itself or could alter the refractive index of the 

sample. These both lead to the acquisition of false equilibrium data that is not visible through 

calculations. Although these problems only occur when one of the components can dissolve 

the grease, the problem of greased stopcocks should be completely avoided in order to gather 

reliable data.  

To overcome the described problem, the apparatus was redesigned by MANCZINGER 

AND TETTAMANTI (Fig. 23a) [81]. In their construction, the bottom stopcocks were removed 

from the equilibrium still and detachable top condensers were applied. When sampling is 

required, these condensers can be removed from the sampling units, and samples can be 

gathered with syringes or pipettes. For sealing by reduced pressure experiments, grease is still 

applied at the connection of the top condensers, however the interaction of little vapor does not 

allow the grease to accumulate in the liquid phase, since the interaction time is short, and the 

a) b) 
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interacting quantity of the solution is little. Alternatively, PTFE sealing could also be applied 

to completely avoid the use of greases. Experimental comparisons showed that more reliable 

data could be gathered with this equipment design. 

The presented design had the advantage of having less removable parts, meaning it can 

be sealed for vacuum experiments more easily. However, the removal of stopcocks makes 

sampling harder, whenever sampling is required, the system’s pressure has to be elevated to 

atmospheric pressure and therefore the continuous boiling of the mixture has to be stopped. 

The equipment was also designed in stainless steel version to investigate vapor-liquid equilibria 

under elevated pressure (Fig. 23b). [82] 

  

Figure 23 The equilibrium still designed by Manczinger and Tettamanti (a) and its stainless steel variant (b) for high 
pressure experiments [81] [82] 

Some of the nowadays common applied equilibrium stills include modified Rose-

Williams stills [83], which are also the derivations of the described Gillespie still [84] [85]. 

Other widely applied stills are the Labodest still provided by Fischer Gmbh. [86], or the 

modifications of the Othmer still [87] to name a few. Most of today’s equilibrium stills rely on 

the base designs provided by GILLESPIE AND OTHMER, therefore most of their derivations could 

be considered as reliable apparatus designs. The described Gillespie-derived, Manczinger-

Tettamanti still was chosen primarily for our experiments due to its simple construction, 

capability for experiments under reduced pressures and easy maintenance. DVORAK AND 

a) b) 
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BOUBLIK suggested that in the case of applying mixtures with high relative volatility, intense 

stirring should be provided in both sampling chambers, otherwise the samples will not show a 

real equilibrium composition [88]. 

1.5 Thermodynamic consistency of VLE data 

For all gathered experimental data, their reliability should be checked to see if they fulfil 

the laws of thermodynamics. In the equilibrium experiments usually, the thermodynamic 

consistency shows the reliability of data. For these analysis consistency tests can be performed. 

Such consistency tests are based on the Gibbs-Duhem equation. 

∫ 𝑙𝑛
𝛾1

𝛾2
𝑑𝑥1

𝑥=1

𝑥=0

= ∫
𝜐𝐸

𝑅𝑇
𝑑𝑝

𝑝(𝑥=1)

𝑝(𝑥=0)

− ∫
ℎ𝐸

𝑅𝑇2
𝑑𝑇

𝑝(𝑥=1)

𝑝(𝑥=0)

 
(1) 

where 𝛾1 and 𝛾2 are the activity coefficients of the components, 𝜐𝐸 is the molar excess volume 

and ℎ𝐸 is the molar excess enthalpy. In the case of isobaric experiments, the ∫
𝜐𝐸

𝑅𝑇
𝑑𝑝

𝑝(𝑥=1)

𝑝(𝑥=0)
 part 

of the equation is 0, while in the case of isothermal conditions ∫
ℎ𝐸

𝑅𝑇2 𝑑𝑇
𝑝(𝑥=1)

𝑝(𝑥=0)
 is 0. Under 

isothermal conditions the former (pressure) part could be considered 0, due to it being a small 

value, however in the case of isobaric conditions the latter part cannot be neglected similarly. 

The general equation of the equilibrium could be expressed as follows: 

�̂�𝑖 ∙ 𝑦𝑖 ∙ 𝑃 = 𝛾𝑖 ∙ 𝑥𝑖 ∙ 𝜑𝑖
0 ∙ 𝑃𝑖

0 ∙ 𝑒
[
𝑉𝑖

𝐿(𝑃−𝑃𝑖
0)

𝑅𝑇
]
 

(2) 

where �̂�𝑖 is the fugacity coefficient of i in the mixture, 𝜑𝑖
0 is the fugacity coefficient of pure i 

at the saturation pressure and operation temperature, 𝑃𝑖
0 is the saturation pressure at the 

operation temperature and the 𝑒
[

𝑉𝑖
𝐿(𝑃−𝑃𝑖

0)

𝑅𝑇
]
 is the Poynting correction factor, which is significant 

only at higher pressures, but is usually close to 1. 

At moderate pressures, assuming that nonidealities are concentrated to the liquid phase, 

the equation could be simplified to: 

𝛾𝑖 =
𝑦𝑖 ∙ 𝑃

𝑥𝑖 ∙ 𝑃𝑖
0 

(3) 

for calculating activity coefficients to experimentally gathered data. 
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1.5.1 Basic consistency considerations 

Considering the Gibbs-Duhem equation, certain preliminary tests can be performed on the 

equilibrium data before applying consistency tests: 

For a preliminary test of the gathered equilibrium data, the activity coefficients could be 

investigated based on the following equation (for binary mixtures): 

𝑥1𝑑 ln 𝛾1 + 𝑥2𝑑 ln 𝛾2 = 0 (4) 

Based on the equation, the activity coefficients could be plotted against the 

composition. The equations show that both activity coefficients must deviate from Raoult’s 

law similarly, meaning that if the activity coefficient of component 1 shows a positive deviation 

from ideality, the 2nd should similarly show positive deviation. However, it should be noted, 

that due to the calculation of activity coefficients based on the vapor pressures of the 

components at different temperatures, the equations used for approximation (Antoine, Cox, 

etc.) could have a major effect on the resulting activity coefficient plot. 

The effect of these parameters can be clearly demonstrated if the activity coefficients 

are calculated by sets. In the work of KAMIHAMA et. al. [89] the Antoine parameters that were 

applied for calculating the experimental activity coefficients are given. Based on their 

experimental T-p-x-y data for the system ethanol-ethylene glycol, the activity coefficients 

could be reproduced, and the activity coefficients show similar, positive deviation from 

ideality, fulfilling the discussed criteria. 

However, if another Antoine coefficient set calculated by NIST based on the data of 

JONES AND TAMPLIN [90] that is considered suitable for the temperature range of 323–473 K is 

applied for ethylene glycol, the gathered activity coefficients show a deviation from the criteria, 

by decreasing below 1. This would suggest that the experimental data are not consistent (Fig. 

24). 
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Figure 24 Comparison of 2 calculated from the data of Kamihama by different Antoine parameters (• - parameters from 
the work of KAMIHAMA, ○ – parameters from JONES AND TAMPLIN) 

Another parameter that could have an effect on the calculated activity coefficients, is 

the overall pressure. Since usually the pressure is given with uncertainty, some amount of 

deviation is acceptable. However, it should be considered that even giving the atmospheric 

pressure as 101.325 kPa or 101 kPa results 0.3% difference in the experimental activity 

coefficients, which especially nearing 1 could show inconsistency. Also, it should be noted that 

the presented parameters could even have effect on the monotony of the activity coefficients, 

as visible in the presented chart, which is also considered as an inconsistency of experimental 

data. 

Various papers reported the calculation of the activity coefficients alternatively, by activity 

coefficient models. This however does not represent the equilibrium data, since the models 

only fit to the T-p-x-y data as good as possible, however many of the fits could have an 

inacceptable quality. By using these model generated parameters in consistency test, data sets 

that are not really consistent could be classified as consistent. These model calculated activity 

coefficients could only be considered as a representative of the experimental data if the quality 

of the fitting was investigated and found appropriate. 

The equation 

𝑥1

𝑑 ln 𝛾1

𝑑𝑥1
+ 𝑥2

𝑑 ln 𝛾2

𝑑𝑥1
= 0 

(5) 

shows that if we calculate the slopes of the tangents at each liquid phase composition, then the 

results should add up to 0. This requirement is often called the point-to-point or slope test of 
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the experimental data. The equation means that the two activity coefficients are coupled, 

therefore if one would show a maximum, then at the same composition the other should show 

a minimum. It is also a practical to check if the activity coefficients are running to 1 as 

approaching the pure components (𝑥1 = 1 – the volatile component, 𝑥1 = 0 – the less volatile 

component). 

These properties should always be fulfilled with only a minimum error by every data 

set, however to analyse thermodynamic consistency, certain additional tests could also be 

performed. By experimental isothermal data, the enthalpy of mixing should be taken into 

account, especially in the case of mixtures having greater difference in their boiling points. In 

many cases, this has to be evaluated or approximated by certain methods. 

The presented preliminary tests could basically show the following problems: 

• activity coefficients do not change monotonically, 

• deviation change (some data above, some below 1), 

• the two activity coefficients are not coupled, 

• activity coefficients are calculated by models that do not represent the data well. 

Since most of the thermodynamic consistency tests are relying on calculated activity 

coefficients, the presented preliminary tests should be performed before applying other tests, 

since they might not show such deviations.  

1.5.2 The integral test of Herington 

One of the most commonly applied consistency test is the integral test described by 

HERINGTON, which was proposed for both isothermal [91] and isobaric data. [92] The integral 

test is composed of two parts in the case of isobaric data, first the ln(𝛾1 𝛾2⁄ ) 𝑣𝑠. 𝑥1 plot is made, 

from which the 

𝐷 = 100
∫ ln(𝛾1 𝛾2⁄ ) 𝑑𝑥

1

0

∫ |ln(𝛾1 𝛾2⁄ )|𝑑𝑥
1

0

 
(6) 

ratio can be calculated. For the experimental data a polynomial curve could be fitted and 

extrapolated to x1=0 and x1=1, in order to gather the mathematical and absolute integrals in the 

whole concentration spectra. It should be noted that the value D compares the positive and 

negative areas of the plot, therefore a similar D value could be achieved from plots that are 
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actually different. In the following chart the two available VLE data for ethylene glycol and 

ethanol are plotted (Fig. 25) [93] [89]. 

 

Figure 25 The ln(1/2) vs x1 plot of isobaric VLE data for ethylene glycol and ethanol by Li (○) [93] and Kamihama (●) 
[89]. 

The chart clearly shows that the fitted curves would be greatly different, however a 

smaller difference would be visible between the data sets when the calculated D values are 

compared. The extrapolation of the fitted curves raises a drawback of the area test. When the 

experimental data do not cover most of the concentration range, a larger part has to be 

extrapolated, which could have a heavy effect on the overall area and therefore the final 

consistency results would be greatly affected. Although, the quality of the fitting is also having 

a crucial effect, if the data fulfil the preliminary activity coefficient tests described above, 

usually a good fit could be achieved. In the case of isothermal data, the value of D should be 

under 10% to be considered as consistent. In order to be applicable for isobaric data, the 

possible effect from the heat of mixing should be taken into account. 

In Herington’s proposed test, another parameter is described, based on the boiling 

points of the pure components. This J parameter is aimed to be related to the value of 

|∆𝐻𝑚 ∆𝐺𝑚
𝐸⁄ |. In the original article, this value was chosen to be 3.0 based on 15 known binary 

mixtures. Therefore, the value J can be calculated simply as: 

𝐽 = 50 ∙ |
∆𝐻𝑚

∆𝐺𝑚
𝐸

| ∙ (
|∆𝑇𝑚𝑎𝑥|

𝑇𝑚𝑖𝑛
) = 150 ∙ (

|∆𝑇𝑚𝑎𝑥|

𝑇𝑚𝑖𝑛
) 

(7) 

from ∆𝑇𝑚𝑎𝑥 is 𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛 (in non-azeotropic mixtures the difference between the pure 

components’ boiling points). ∆𝐻𝑚 is the maximum enthalpy of mixing, while ∆𝐺𝑚
𝐸  is the 
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maximum Gibbs free energy of mixing. If the |∆𝐻𝑚 ∆𝐺𝑚
𝐸⁄ | for the investigated mixture is 

available, the J parameter could be calculated based on that, providing  more reliable results. 

These parameters; however, are currently not present for GVL-containing mixtures and 

probably would not represent well in the whole temperature range. By Herington’s suggestion, 

thermodynamically consistent data sets of binary mixtures should have a smaller D value than 

J, however in practice a 10% error was suggested to be acceptable, therefore 𝐷 − 𝐽 ≤ 10. 

The ln(𝛾1 𝛾2⁄ ) 𝑣𝑠. 𝑥1 plot itself is also a valuable pre-test of consistency, since the 

relationship should yield a smooth curve, from which deviating points could be reconsidered. 

If the relationship shows deviation that means the activity coefficients do not change 

monotonically in the concentration range and therefore some of the values are false. 

Since the Herington-test applies an empirical value of 3.0, it is not considered as a 

strongly reliable test for consistency, however in the original article if the criteria is fulfilled it 

is only considered probably consistent. There had been many efforts to find a more suitable 

method which could include the effect of the heat of mixing in consistency tests. 

1.5.3 Modification of the Herington-test 

WISNIAK suggested the modification of the Herington integral test to overcome some 

of its flaws. The investigation based on multiple binary mixture data showed that the ratio of 

∆𝐻𝑚 ∆𝐺𝑚
𝐸⁄  exceeds 3.0 in many cases, therefore the basic concept of the value J should be 

revised as follows: 

𝐽𝑀 = 34 ∙ |
∆𝐻𝑚

∆𝐺𝑚
𝐸

| ∙ (
|𝑇1

° − 𝑇2
°|

𝑇𝑚𝑖𝑛
) 

(8) 

where 𝑇1
° and 𝑇2

° are the boiling points of pure components, and 𝑇𝑚𝑖𝑛 is the minimum 

temperature that is reached during the experiments. The presented modification would however 

require the knowledge of the ∆𝐻𝑚 ∆𝐺𝑚
𝐸⁄  ratio. 

Based on the investigation of multiple binary mixtures, WISNIAK found a good 

relationship between the values of ∆𝐻𝑚 and ∆𝐺𝐸. Therefore, if the experimental data for ∆𝐻𝑚 

is not available, it could be estimated from the value of ∆𝐺𝑚
𝐸  (the maximum value of ∆𝐺𝐸) as 

follows: 

∆𝐻𝑚 = −237.02 + 1.3863 ∙ ∆𝐺𝑚
𝐸  (9) 
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which allows the better approximation of their ratio, that could be replaced in the Herington 

equation. The maximum value of ∆𝐺𝐸 could be determined from the calculated activity 

coefficients. By making the ∆𝐺𝐸 − 𝑥 plot, from a polynomial fit to the data the maximum could 

be determined by derivation [94]. 

The advantage of the Herington integral test is its simple implementation and that the 

overall data set could be investigated, instead of individual points. It is important to emphasise 

that due to its errors, the Herington test’s result should be handled with care, meaning some 

assumptions could be made based on the activity coefficient plot and the result, but by itself it 

is not sufficient enough to decide whether a data set is thermodynamically consistent or not. 

There are alternative and more precise consistency tests available in the literature, however the 

Herington-test is still a good filter for indicating greater errors in the experimental data and it 

is still a commonly applied test. 

1.5.4 The L-W test of Wisniak 

WISNIAK proposed an alternative test for experimental equilibrium data [95]. The main 

advantage of the presented method is that it provides both an area and a point-to-point test, 

based on the similar data that are used in the Herington test. The proposed method is based on 

the following equation: 

𝐿𝑖 =
∑ 𝑇𝑘

°𝑥𝑘∆𝑠𝑘
°𝑛

𝑘=1

∆𝑠
− 𝑇 =

𝐺𝐸

∆𝑠
−

𝑅𝑇𝑤

∆𝑠
= 𝑊𝑖 

(10) 

where 𝑇𝑘
° is the boiling temperature (K) at the given pressure, 𝑥𝑘 is the mole fraction in the 

liquid phase and ∆𝑠𝑘
°  is the molar entropy of vaporization of component k at an investigated 

pressure calculated as from the molar enthalpy of vaporization (∆ℎ𝑘
° ) and the boiling 

temperature (𝑇𝑘
° ): 

∆𝑠𝑘
° =

∆ℎ𝑘
°

𝑇𝑘
° 

 
(11) 

The following relation shows that the heat of vaporization of pure components could be 

used to estimate the heats of vaporization in the investigated concentration spectra: 

𝑙𝑛
𝑃

𝑃𝑘
°

=
∆ℎ𝑘

° (𝑇𝑘
° − 𝑇)

𝑅𝑇𝑘
°𝑇

=
∆𝑠𝑘

° (𝑇𝑘
° − 𝑇)

𝑅𝑇
 

(12) 

based on the Clausius-Clapeyron equation. The mixtures overall entropy of vaporization (∆𝑠) 

could be calculated based on the pure components vaporization entropies: 
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∆𝑠 = ∑ 𝑥𝑘∆𝑠𝑘
°

𝑛

𝑘=1

 
(13) 

The value 𝑤, the weighted volatility is calculated as follows: 

𝑤 = ∑ 𝑥𝑘ln (
𝑦𝑘

𝑥𝑘
⁄ )

𝑛

𝑘=1

 
(14) 

The excess of the Gibbs function (𝐺𝐸) is described by: 

𝐺𝐸 = 𝑅𝑇 ∑ 𝑥𝑘ln 𝛾𝑘

𝑛

𝑘=1

 
(15) 

The values of 𝐿𝑖 and 𝑊𝑖 could be calculated for each experimental data point, and a 

point-point test could be performed by considering their ratio 
𝐿𝑖

𝑊𝑖
⁄ , which according to the 

author should be within the range of 0.92 and 1.08. If the 𝐿𝑖 and 𝑊𝑖 parameters are plotted 

against 𝑥1, both data sets could be fitted with a corresponding polynomial and could be 

integrated in the whole concentration spectra, thus providing the values L and W. According 

to the author the integral test would be in the form of: 

𝐿 = ∫ 𝐿𝑖𝑑𝑥1

1

0

 𝑎𝑛𝑑 ∫ 𝑊𝑖𝑑𝑥1

1

0

= 𝑊 
(16) 

where by thermodynamic consistency L=W. However, this statement is rarely fulfilled by real 

experimental data, due to measurement uncertainties and possible errors, therefore D could be 

defined as follows: 

𝐷 = 100
|𝐿 − 𝑊|

𝐿 + 𝑊
 

(17) 

which should not exceed 3 if the heats of vaporization at different temperatures are available, 

and 5 if they need to be estimated from the pure component’s data in the experimental 

concentration spectra. 

The original article discussing the L-W test consisted the investigation of 56 data, however 

only 3 of them had a Tmax value greater than 50 and only one greater than 80. 

Other commonly applied consistency tests include 

• the Fredenslund test [96], which however is not recommended when mixtures have a 

higher separation factor, 
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• the Kojima test [97], which is a combination of three consistency tests: point-to-point, 

area and infinite dilution tests. This test is considered as a complicated method and its 

strong reliance on highly diluted data, whereas the experimental errors are usually 

greater, 

• the van Ness point-to-point test [98], which is mainly capable of deciding whether the 

experimental data are well fitted by the calculated values,  

juts to name a few. However, many of these methods require other experimental data beside 

composition, temperature and the constant pressure, including the enthalpy of mixing, which 

are in many cases not available. 

1.6 Modelling of vapor-liquid equilibria 

The experimentally gathered VLE data could hardly be used directly, due to the wide 

application of computer-based design. In order to gather applicable equilibrium curves from 

experimental data points, binary interaction parameters for various equilibrium models should 

be calculated. In the case of binary liquid mixtures, different equilibrium models can be 

applied. The simplest method is based on Raoult’s law, meaning that the mixture is considered 

ideal, therefore no interaction between molecules is assumed. The partial pressures of the 

components’ can be calculated as 

𝑝𝑖 = 𝑝𝑖
∗𝑥𝑖 . (18) 

The sum of partial pressures (𝑝𝑖
∗) give the overall pressure of the binary system. In 

practice, equilibrium can rarely be modelled such way, since many molecules form secondary 

interactions with each other. This effect results in the alteration of their volatility and therefore 

the overall equilibrium and separation. The deviation from ideality is expressed by activity 

coefficients in the liquid phase, while fugacities can be applied in vapor or gaseous phase. 

For the calculation of vapor-liquid equilibria in the whole concentration range, based 

on the experimental data, various models could be chosen to calculate the activity coefficients 

for liquid phase compositions. These could be either equations of state (e.g. Soave-Redlich-

Kwong or Peng-Robinson equation of state) or activity coefficient models. Among the different 

available activity coefficient models nowadays in the publication of thermodynamic data and 

in process simulation software, mainly the Wilson, NRTL and UNIQUAC models are applied 

if nonideality is present in the investigated mixture. These models are also called local 

composition models and all of them are correlative models. The UNIFAC model is similarly a 
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local composition model, however it is considered a predictive activity coefficient model. 

Local composition models incorporate the interactions that could occur between similar and 

different molecules present in the mixture. 

1.6.1 Wilson model 

The activity coefficient model presented by WILSON [99] aims to incorporate pure 

component molar volumes and two adjustable interaction parameters for calculating the excess 

Gibbs energy of the binary solution and therefore modelling the equilibrium. The activity 

coefficients could be calculated by the following equation: 

ln (𝛾𝑘) = 1 − 𝑙𝑛 (∑ 𝑥𝑖𝛬𝑘𝑖

𝑖

) − ∑ (
𝑥𝑗𝛬𝑗𝑘

∑ 𝑥𝑖𝛬𝑗𝑖𝑖
)

𝑗

 
(19) 

where the values of 𝛬𝑖𝑗 could be calculated from liquid molar volumes of the pure components 

(Vi , Vj) and 𝜆𝑖𝑗 and 𝜆𝑗𝑖 are the binary interaction parameters of the Wilson model given in 

cal/g mol. 

𝛬𝑖𝑗 = (𝑉𝑗 𝑉𝑖⁄ ) ∗ 𝑒𝑥𝑝[−(𝜆𝑖𝑗 − 𝜆𝑗𝑖)/𝑅𝑇] (20) 

The main limitation of the Wilson model is that it could not model liquid-liquid equilibrium, 

however due to the simpler formula of the equations, it is commonly used when no liquid-

liquid equilibria is observed. 

1.6.2 NRTL model 

The Non-random two-liquid model (NRTL) [100] is based on 

ln(𝛾𝑖) =
∑ 𝑥𝑗𝜏𝑗𝑖𝐺𝑗𝑖

𝑛
𝑗

∑ 𝑥𝑘𝐺𝑘𝑖
𝑛
𝑘

+ ∑
𝑥𝑗𝐺𝑖𝑗

∑ 𝑥𝑘𝐺𝑘𝑗
𝑛
𝑘

(𝜏𝑖𝑗 −
∑ 𝑥𝑚𝜏𝑚𝑗𝐺𝑚𝑗

𝑛
𝑚

∑ 𝑥𝑘𝐺𝑘𝑗
𝑛
𝑘

)

𝑛

𝑗

 
(21) 

where 𝐺𝑖𝑗 = exp (−𝛼𝑖𝑗𝜏𝑖𝑗),  and the non-randomness parameters are commonly considered 

equal: 𝛼𝑖𝑗 = 𝛼𝑗𝑖. The temperature dependent 𝜏𝑖𝑗 could be calculated by the extended Antoine 

equation format: 𝜏𝑖𝑗 = 𝐴𝑖𝑗 +
𝐵𝑖𝑗

𝑇
+ +𝐶𝑖𝑗 ln(𝑇) + 𝐷𝑖𝑗𝑇, where 𝐴𝑖𝑗 , 𝐵𝑖𝑗, 𝐶𝑖𝑗 and 𝐷𝑖𝑗 are constants. 

In the case of regressing binary data with NRTL, 3, 5, 7 or 9 parameters could be 

achieved. In most cases the three-parameter version is appropriate for modelling vapor-liquid 

equilibria, in these cases the value of 𝛼𝑖𝑗 , 𝐵𝑖𝑗 𝑎𝑛𝑑 𝐵𝑗𝑖 are used. In many cases the value of 𝛼𝑖𝑗 

is set to a fix value of 0.2, 0.3 or 0.48, and then the regression only includes two parameters. 
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1.6.3 UNIQUAC model 

The Universal quasichemical model (UNIQUAC) [101] combines together an entropic 

(also called combinatorial contribution) and an enthalpic (residual contribution) term for the 

calculation of activity coefficients. The first term is the effect coming from molecule shape 

(that could be calculated from group contributions), the second term from interactions between 

molecules. 

ln(𝛾𝑖) = ln(𝛾𝑖
𝐶) + ln(𝛾𝑖

𝑅) (22) 

The combinatorial term could be expressed as follows: 

ln(𝛾𝑖
𝐶) = (1 − 𝑉𝑖 + ln(𝑉𝑖)) −

𝑧

2
𝑞𝑖 (1 −

𝑉𝑖

𝐹𝑖
+ 𝑙𝑛 (

𝑉𝑖

𝐹𝑖
)) 

(23) 

where z is the coordination number that shows the number of interacting molecules around the 

central molecule and is in many cases set to 10. The volume fraction per mixture mole fraction 

is 𝑉𝑖 =
𝑥𝑖𝑟𝑖

∑ 𝑥𝑗𝑟𝑗𝑗
, and the surface fraction per mixture mole fraction is 𝐹𝑖 =

𝑥𝑖𝑞𝑖

∑ 𝑥𝑗𝑞𝑗𝑗
. The r and q 

parameters are the molecule specific volume and surface area contributions. 

The residual term could be expressed as: 

ln(𝛾𝑖
𝑅) = 𝑞𝑖 (1 − 𝑙𝑛

∑ 𝑞𝑗𝑥𝑗𝜏𝑗𝑖𝑗

∑ 𝑞𝑗𝑥𝑗𝑗
− ∑

𝑞𝑗𝑥𝑗𝜏𝑖𝑗

∑ 𝑞𝑘𝑥𝑘𝜏𝑘𝑗𝑘
𝑗

) 

(24) 

where 𝜏𝑖𝑗 = exp (− ∆𝑢𝑖𝑗 𝑅𝑇⁄ ), where ∆𝑢𝑖𝑗 is the binary interaction parameter. The values are 

defined as ∆𝑢𝑖𝑗 = 𝑢𝑖𝑗 − 𝑢𝑖𝑖, incorporating the interactions between different and similar 

molecules.  

The basics of the UNIFAC model are derived from the introduced UNIQUAC model. 

While the UNIQUAC model requires experimental VLE data of the binary system to generate 

binary interaction parameters, the UNIFAC model estimates the equilibrium based on a 

database of group interaction parameters, without VLE information of the particular system. 

Binary interaction parameters for the three presented methods were available from ChemCAD® 

database for the non-GVL containing mixtures that were investigated in the software 

simulations. The data gathered from ChemCAD® are presented in the following table (Table 

3).  
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Table 3 Binary Interaction Parameters for the binary mixtures included in the calculations 

 Wilson NRTL UNIQUAC 

 ij ji Bij Bji ij Δuij Δuji 

Water – Formic acid 735.066 -906.174 -362.885 342.424 0.2921 -282.693 -91.7875 

Water – 2-propanol 1312 505.19 832.981 20.0554 0.3255 109.55 300.19 

Water – Acetone 1430 393.27 653.885 377.577 0.5856 -52.302 601.61 

Methanol – 2-propanol -38.4124 176.318 -69.3829 33.6303 0.3028 78.927 -53.0456 

Methanol – Acetone 592.638 -157.981 123.661 87.8485 0.3008 -101.228 434.944 

Ethanol – 2-propanol 80.0616 -80.2299 60.5697 -61.7059 0.3040 -350.681 480.803 

Ethanol – Acetone 292.508 151.089 171.575 45.5161 0.3005 69.3872 131.164 

2-propanol – Acetone 113.562 548.028 67.8121 233.952 0.3000 -25.5373 282.092 

 

In literature binary interaction parameters for different models could be found, however 

depending on what software environment is used to gather the data, results could be shown in 

different units. It should be noted that most commonly data are proved for Wilson, NRTL and 

UNIQUAC VLE in cal/mol according to the DECHEMA standard. In ChemCAD®, however 

data for Wilson and UNIQUAC VLE are presented similarly, in cal/mol, but for NRTL 

different units are given in K (similarly to DECHEMA NRTL and UNIQUAC LLE data). The 

conversion between DECHEMA and ChemCAD® NRTL is dividing the former by R (1.98721 

cal/mol K). 

1.6.4 Vapor phase association 

During the regression of data, certain effects should also be considered, e.g. that certain 

compounds show association in the vapor phase. This is quite usual among carboxylic acids, 

where dimer or other oligomer formation in the vapor phase could be detected. In this case the 

vapor phase could not be modelled as the mixture of the two pure components, but the effect 

of dimerization should be taken into account. The effect of association increases as the pressure 

is elevated and decreases as the temperature is elevated. 

If we suppose that vapor phase association could play an effect in the investigated 

binary mixture, e.g. when investigating carboxylic acids, a model should be chosen for 

correlating the vapor phase data. Such model could be the one proposed by Marek and Standart 

[102], where the dimerization is considered as a chemical reaction. They considered that apart 

from the dimerization, the vapor phase could be considered ideal, and therefore the equation of 

the equilibrium is corrected with factor 𝑍𝑖: 
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𝑦𝑖𝑍𝑖𝑃 = 𝑥𝑖𝛾𝑖𝑃𝑖
0 (25) 

The factor Z could be calculated for the associating substance based on dimerization 

(or oligomerization) constant of the reaction [103]. 

1.6.5 UNIFAC model 

The number of known chemicals with different structures is elevating, therefore the 

number of required, unique properties is also increasing. However, since these chemicals are 

composed of a limited number of functional groups, prediction models could be applied for 

calculating the equilibrium data. 

The chemical structure of molecules determine what type of secondary bonding could be 

formed between the components of the mixture. The UNIFAC method could be used to predict 

the behaviour of non-ideal mixtures. The method relies on semi-empirical basis, by predicting 

the possible interactions between molecules based on the functional groups of the participating 

molecules. For each molecule, a surface area (Q) and volume (R) contribution could be 

calculated based on the group surface area and volume parameters of the functional groups 

[104]. The desired molecules can be decomposed to groups that have available parameters, for 

example GVL could be explained as 1 (CH3), 2 (CH2), 1 (CH), 1 CO, and 1 O groups. 

Therefore, the calculated R parameter is 3.7120, the Q is 3.036 for GVL with the UNIFAC 

parameters. 

The parameters provided for the UNIFAC method were revised and extended several times 

in order to gather a wider spectrum of molecules that could be modelled without experimental 

VLE data, providing the Modified UNIFAC – Dortmund model. Certain molecules, including 

water, methanol and formic acid, have specific R and Q parameters [105]. The altered 

parameters result that. GVL could be divided into different subgroups in the Modified model: 

1 CH2COO, 1 CH2, 1 CH, and 1 CH3 groups. It should be noted that these methods perform 

best when a molecule has specific data. Due to its cyclic structure GVL could show deviations 

from the UNIFAC and Modified UNIFAC predictions, and therefore similarly to furfural, a 

specific group should be created, and specific R and Q parameters should be determined for 

more accurate predictions. For formic-acid and GVL the Modified UNIFAC model was 

applied, while the other mixtures were modelled by UNIFAC, due to the similarity of the 

equilibrium curves with the two models (Table 4.). 
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Table 4 R and Q parameters of the compounds included in the software modelling of separations (U – UNIFAC. MU – 
Modified UNIFAC) 

  GVL water Formic acid methanol ethanol 2-propanol acetone 

U R 3.1720 0.9200 1.5280 1.4311 2.1055 2.7791 2.5735 

Q 3.036 1.400 1.532 1.432 1.972 2.508 2.336 

MU R 3.1675 1.7334 0.8000 0.8585 2.4952 2.9605 2.3373 

Q 3.5468 2.4561 1.2742 0.9938 2.6616 3.3433 2.7308 

 

The separation of GVL from the listed components was predicted by UNIFAC or 

Modified UNIFAC, and the x-y plots were prepared (Fig. 26): 

 

Figure 26 Modified UNIFAC plots at p=101 kPa for binary mixtures of GVL and water (‒), formic acid (- -), acetone (…), 
methanol (- -), ethanol (‒) and 2-propanol (…). Chart b) shows the water-GVL system enlarged above 0.95 vapor fraction. 

The binary mixtures of GVL with formic acid, acetone, methanol, ethanol and 2-

propanol shows no formation of azeotrope and no liquid-liquid equilibria, thus predicting an 

easier separation. In the case of the water-GVL system however, both are present at greater 

liquid phase water-content. Similar results were gathered with UNIFAC model for other 

lactone-water mixtures, including -propiolactone, -butyrolactone, caprolactone and 

phthalolactone solutions, which suggests that the model predicts some type of interaction 

between the water and the ester group at water-rich compositions. 

1.6.6 Quality of the fitted equilibrium models 

As a first test of the model to experimental data fit, the y1 and T data could be calculated 

with the models for the experimental x1 data. This would allow their comparison based on e.g. 

average absolute deviations (AAD). 
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𝐴𝐴𝐷 =
∑ |𝑋𝑖 − �̅�|𝑛

𝑖=1

𝑁
 

(26) 

where �̅� is the mean of the gathered variable and 𝑁 is the number of data points.  

A different approach would be to see how well the generated model parameters 

represent a system, the relative volatilities calculated from the experimental data could be 

compared with the relative volatilities calculated from the model generated data [106]. Relative 

volatility could be calculated as follows: 

𝛼 =

𝑦1
𝑥1

⁄
𝑦2

𝑥2
⁄

 
(27) 

The results could then be compared by plotting versus the liquid phase composition. To 

allow certain error of the fitting, a 5-10% error could be added to either the experimental or the 

model data, depending on what the uncertainties of the experimental procedure were. It should 

be noted; however, the deviations of experimental points from the model data could have 

greater effect in investigating systems with smaller separation factors. Mixtures having greater 

difference in boiling points, could suffer a greater deviation, while having a smaller effect on 

the modelling of the separation itself, due to their higher separation factors [107]. 

Similarly, to consistency tests, it is possible that mixtures with high separation factors 

show a greater deviation from even the fitted models, due to the higher uncertainties of such 

data sets. However, when the separation is considered very easy (the relative volatilities are 

much larger than 1), the error in calculating the activity coefficients that are used for modelling 

the equilibrium could only have lower effects on the designing of a distillation column, 

therefore a probably larger deviation is acceptable than in the case of mixtures with lower 

relative volatilities.  
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2 Objectives 

As shown in the previous sections, the production of GVL from biomass-sources could be 

performed via different routes, including multiple process steps, where separation issues and 

possible recirculation routes could be identified between the steps of the conversion. These 

issues could include the separation of wastes, recirculation of solvents and catalysts and the 

separation and purification of main- and by-products. The overall flow scheme of the biomass 

conversion to GVL could be represented as depicted in the following chart (Fig. 27). 

 

Figure 27 The main steps and material streams of the biomass-based production of GVL 

The first step in the line is the conversion of biomass to levulinic acid with mineral acid 

catalyst. From the reaction mixture the product-containing phase can be separated by 

mechanical separation of solid by-products. After this, the final product could be recovered via 

solvent extraction which generates two liquid phases: 

• a product rich solvent phase, and 

• the aqueous solution of the homogeneous acid catalyst. 

Upon evaporation, the solvent and the product can be separated from each other. Since the 

solvent and the key product has a great difference in their boiling points, it can be assumed that 

the solvent will not be significantly contaminated if it was correctly chosen. The aqueous phase; 

however, could have significant contamination originating from the raw material or the side 
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reactions. To avoid the need for applying fresh catalyst solution, it should be investigated 

whether the aqueous phase could be directly reused or at least after certain purification, or not. 

By elevating the number of reuses, the waste to product ratio could be significantly decreased, 

since the main mass in the reaction is the catalyst solution. 

The conversion of the generated LA can be performed by different catalytic hydrogenation 

routes. Regardless to what route is applied, an equimolar amount of a certain by-product will 

form. The basic conversion of LA results in the formation of water-GVL system, however the 

separation of water is usually more energy demanding than other solvents. Therefore, different 

alternative routes can be applied to synthetize GVL from LA, including the esterification of 

LA to methyl-, ethyl- or 2-propyl-levulinate. These steps require only acidic conditions and a 

corresponding alcohol in equimolar amount. After the hydrogenation of the levulinate esters, 

the alcohols could be regenerated and an equimolar alcohol-GVL solution will be formed, from 

what the alcohol-content could be reused in a next esterification step. 

The reactions for hydrogenation could apply different hydrogen sources instead of 

molecular hydrogen. If a liquid compound is applied, it is usually introduced in excess amounts, 

therefore the remains of donor and the by-product generated by its hydrogen loss also need to 

be separated from the final mixture, if the by-product is not gaseous. The overall energy 

required to separate these mixtures can be compared by modelling the separation processes and 

comparing the required energy for producing one unit of GVL. A better view on the overall 

efficiency would be achieved if the separation of by-products is also modelled, since a by-

product and the remains of the donor could form azeotropic mixtures that could require a 

special separation unit. 

To improve the efficiency, decrease the material demand of the LA production process, the 

possible reuse of the aqueous acid phase was investigated. Due to the lack of equilibrium data 

for GVL-containing mixtures, their proper modelling could not be performed. Therefore, the 

vapor-liquid equilibrium data of multiple GVL-containing binary mixtures were investigated 

in a redesigned equilibrium still. The reliability of the gathered data should also be investigated 

along with the quality of model fits. Based on the gathered data and some safety and 

environmental considerations, the GVL producing routes could be compared.  
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3 Experiments  

The investigation of the identified separation steps consisted of multiple parts: the reuse 

of sulfuric acid was investigated in laboratory scale with a pure chemical substance and 

different biomass wastes. The evaporation process was performed after each extraction step, 

however previous analysis showed that the solvent does not get contaminated during the 

process, therefore the evaporation was not investigated further. 

Preliminary experiments showed that the equilibrium still that was first chosen has certain 

drawbacks, and therefore the effects of minor changes were investigated. Based on the results, 

the still was redesigned in AutoCAD. The equilibrium experiments were performed for 

multiple binary mixtures that contained GVL. Along with the equilibrium data for analytical 

purposes, the refractive indices were also determined for the same mixtures in the whole 

concentration range. The equilibrium data were further processed in ChemCAD® (version 

7.1.4.10142) and simulations of the separation processes were also performed in the same 

software environment. 

3.1 Materials 

The applied materials and their suppliers are listed in the following table (Table 5). Some 

of the applied liquid materials had a purity below 99.9%, therefore they were further purified 

by suitable methods described below. 

Table 5 List of applied chemicals and their chosen properties 

Chemical formula MW/g∙mol-1 Source 

Gamma-valerolactone C5H8O2 100.116 Sigma-Aldrich 

Methanol CH4O 32.04 Molar Chemicals 

Ethanol C2H6O 46.07 Molar Chemicals 

2-propanol C3H8O 60.10 Molar Chemicals 

1,2-ethanediol C2H6O2 62.07 Molar Chemicals 

Formic acid CH2O2 46.03 Molar Chemicals 

Sulfuric acid H2SO4 98.079 Molar Chemicals 

D-fructose C6H12O6 180.16 Molar Chemicals 

Ethyl acetate C4H8O2 88.11 Molar Chemicals 

Acetone C3H6O 58.08 Molar Chemicals 

Boric acid BH3O3 61.83 Molar Chemicals 

Dichloromethane CH2Cl2 84.93 Molar Chemicals 

Deuterated Chloroform CDCl3 120.38 VWR 
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The biomass wastes applied in the sulfuric acid recycling experiments were gathered 

from biomass wastes. Cooked tea leaves were gathered from used Sir Morton Earl Grey tea 

filters by removing the filter materials. The applied biomass waste mix  was prepared from 

several plants and fruits. It included the following components: apple peal, pea pod, potato 

peel, carrot peel, cooked tea leaves (as described above) and spent coffee grounds. All the 

materials were dried at 105 °C for 24 hours or if constant weight was not reached, further. The 

materials were grounded and equal amounts (mass) were mixed together to give a homogenous 

mixture of wastes. The 2.0 M sulfuric acid was prepared from 96% cc. sulfuric acid by dilution 

with distilled water. Water applied for the experiments was gathered by a laboratory water 

distiller unit. 

The initial purity of formic acid was ~96%, due to the hygroscopicity of formic acid. 

For removing the water-content of formic acid the method proposed by Schlessinger and 

Martin [108] was applied. The presented method applies boron-trioxide to remove the water-

content of formic acid, with which the degradation of formic acid could be avoided. For the 

drying, boron-trioxide was prepared from boric acid (purchased from Molar Chemicals) by 

heating to 350 °C for 2 h in an oven, applying a Ni container do to the aggressive behaviour of 

molten boron-trioxide. Upon dehydration, metaboric acid is produced ~170 °C, which will 

convert to glassy boron-trioxide above 300 °C upon further dehydration. The product was then 

allowed to cool in an exsiccator and was later crushed. 

Formic acid was mixed with boron-trioxide with a reflux condenser for 24 hours. As 

the water-content of the mixture is absorbed by boron-trioxide, it converts to white boric acid. 

The formic acid was then prepared by vacuum distillation as condensate. Before the distillation, 

a fresh portion of boron-trioxide was also added to the mixture. The distilled formic acid was 

stored under nitrogen atmosphere at 5 °C before application, and its purity was checked by 

refractometry before each application. 

The initial purity of GVL was ~98% as granted by the supplier, most of the impurity 

being water. Therefore, before the application of GVL, it was purified by vacuum distillation 

at 0.67 kPa. First the volatile components, mostly water, was gathered along with a portion of 

GVL. After that, GVL was also gathered as a condensate, leaving a yellow-brown coloured 

liquid mixture as a residue, which was still mainly composed of GVL. The initial purity of 1,2-

ethanediol was ~98% and therefore the volatile components were removed by vacuum 

distillation, under similar conditions as by the purification of GVL. The final water-content of 
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GVL, 1,2-ethanediol and formic acid were determined by Karl-Fisher titration, ensuring that 

the water-content could be efficiently decreased by the proposed methods. The initial purity of 

methanol, ethanol and 2-propanol were 99.99% as granted by the supplier, therefore no further 

purification was required. 

3.2 Instrumental and experimental methods 

A laboratory oven was applied for the preparation of boron-trioxide and for determining 

the ash-content of the biomass wastes applied in the sulfuric acid recycle experiments. For 

determining the ash-content, the initial materials were heated to 550 °C in ceramic containers 

for 12 hours. The residues were then cooled in an exsiccator. The components of the biomass 

waste mix were not investigated separately, only as a mixture. 

For analysing refractive indices, a thermostated Carl Zeiss Abbe refractometer (Type G) 

was applied. The calibration of the refractometer was performed by pure substances, including 

distilled water, acetone and distilled 1,2-ethanediol. For determining the refractive index-

concentration relationship, binary samples that cover the whole concentration spectra were 

prepared for the investigated liquid mixtures, including the mixtures of water, methanol, 

ethanol, 2-propanol and formic acid with GVL. The refractometer was thermostated at 20 and 

25 °C, to determine the possible effects of temperature change. For additional sample analysis 

at the VLE experiments gas chromatography, a HP 6890N instrument with HP-Innovax 

capillary column was applied for which samples were prepared by dissolving 10 L of VLE 

sample in 1 mL of dichloromethane. 

For determining LA-yields, a Shimadzu GCMS-QP2010 SE was applied for which 

samples were prepared by dissolving 100 L of the concentrated product in 1 mL of 

dichloromethane. The stability of GVL in different formic acid concentrations was investigated 

by NMR, applying a Bruker Avance-250 NMR spectrometer. For the analysis the samples were 

prepared with deuterated chloroform as solvent and benzene as standard. The methodology and 

equipment of the recycling and VLE experiments are discussed separately and more detailed. 

3.3 Sulfuric acid recycling 

The sulfuric acid recycling experiments were performed in Ace Glass Pressure Tubes 

with Ace-Thread PTFE bushing to allow higher temperature reactions, without the loss of 

significant water-content. For the experiments 500 mg of the chosen biomass was loaded in the 

reactor and was mixed with 10 mL of 2 M sulfuric acid. The tubes were then heated up to 170 
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°C by a conventional oil bath and stirred for 8 h by a magnetic stirrer. After the given reaction 

time, the reactors were removed from the bath and cooled to room temperature. The tubes were 

only opened after reaching 40 °C. The formed solid phase (humins) from the reaction mixture 

was filtered with a G3 type glass filter with vacuum, and the mixture was either extracted or 

directly reused. 

When extraction was applied, the solids were washed with ethyl acetate during the 

filtering step and the aqueous phase was extracted with ethyl acetate in four steps by using ~10 

mL solvent in each step. The solvent was then evaporated in a rotary evaporator to gather the 

final product, while the aqueous phase was either reused for further reactions or disposed. If 

the reaction mixture was not extracted after each reaction, more solvent was applied at the final 

extraction to allow a more efficient recovery of the products.  

The product yields were calculated by mg LA/mg dry biomass. The amount of LA 

includes also the amount of the formed ethyl levulinate (EL) in the post-extraction process 

(molproduct = molLA + molEL, from which the total product is calculated as mg of LA as follows: 

massLA= molproduct×Molar massLA). 

3.4 Apparatus design for vapor-liquid equilibrium 

Through our preliminary experiments, I applied the previously described Manczinger-

Tettamanti still. The preliminary experiments with mixtures having greater relative volatility, 

showed however certain operational problems. The liquid phase was found to be very hot when 

it arrived to the sampling chamber, which made sampling rather hard and since greater amounts 

of condensate were found on the inner wall of the top condenser, indicating that some of the 

volatile component can escape the system and the liquid data could not be reliable. This also 

suggested that during sampling some of the volatile component could also escape from the 

sampler as the top condenser is removed. To overcome the problem, external cooling with tubes 

was applied on the liquid sampler, which somewhat helped reducing the evaporation, and 

sampling became easier. 

Another drawback of the design was that since no stopcocks were applied, sampling at 

vacuum experiments could only be done after elevating the pressure back to atmospheric, 

allowing the condensers to be removed. To overcome this, sideway sampling valves were 

installed with silicone septum. Through the valves samples could be gathered without removing 
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the top condensers and elevating the pressure. It should be noted however, that the valveless 

design can be used for lower pressures than the valve design. 

When the concentration of the less volatile component increases, the flowrate of vapor 

phase could decrease to very low levels, therefore the equilibrium state could be only reached 

after longer time. In these cases, the composition in the vapor sampler might become 

inhomogeneous, and therefore false data would be gathered during sampling. As many authors 

indicate, the uniform concentration in the sampling units is crucial for gathering reliable VLE 

data, therefore adequate mixing is important in the sampler units. In the applied design, mixing 

could be provided by a magnetic stirrer at the vapor sampler. 

Due to the design, stirring could only be performed with a small stirrer (round bottom 

and long internal tube) by the vapor phase, and no stirring could be applied for the liquid phase, 

due to the internal tube design. The liquid phase however could be considered well mixed if 

the liquid flowrate was high enough. 

When the vapor phase contains more of the less volatile component, its temperature 

cannot be decreased efficiently by the vapor condenser and similar problem would occur like 

in the liquid sampler. This was visible as the vapor flowrate decreased and more vapor 

condensate appeared in the top condenser. The design was however not capable of applying an 

efficient external cooling for the vapor sampler, only a small cooling bath could be installed, 

but it did not show efficiency. 

The spherical design of the liquid container was also found to be a source of certain 

operational problems. When the pressure generated in the boiler tube pushes the liquid level 

higher in the container, the level can reach the top, where flowback could occur to the samplers. 

This was found to be a greater issue when the surface tension is higher (e.g. when using water). 

The flowback can form liquid plugs in the tubes that makes the recirculation harder, and even 

partial pressure differences could occur between the parts of the equipment. At higher 

temperatures, the liquid level could decrease below the liquid container itself and then after 

boiling elevate to the level of the top tubes. This problem could not be overcome without 

considering the complete change of the liquid container.  

The Manczinger-Tettamanti still with our modifications (Still A, Fig. 28) operated as 

follows: the liquid mixture was loaded with a syringe in container (M) through SV3 valve 

having a silicon septum. The heating of the mixture was provided by a resistance wire wrapped 
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around the boiler tube (B) and supplied by a toroid transformer. The inner wall of the boiler 

tube was fused with powdered glass to ensure steady and smooth boiling. The vapor-liquid 

mixture left the boiler-tube (B) and through Cotrell-pump (C) it reached the thermometer well 

(T), followed by flow to the equilibrium chamber (E) where the equilibrium vapor and liquid 

phases separated. The liquid phase flowed to liquid sampler (LS) – with external cooling by 

silicone tubes (LSC) – where samples could be taken through valve (SV1) by a syringe. The 

vapor phase condensed on the wall of the equilibrium chamber as well as in cooler (H1). The 

sample was taken from vapor sampler (VS) – which was continuously mixed with a magnetic 

stirrer (St) – via valve (SV2). The liquid and vapor condensate recirculated to M by overflow. 

The apparatus was connected to pressure regulation system at the end of coolers H2 and H3 at 

points P. 

 

Figure 28 Still A – having certain modifications to the original Manczinger-Tettamanti still: the main black body shows 
the glass equipment and the red show the additional parts 

Firstly, the modified equipment (still A) was tested with methanol–water binary mixture 

as a well-known and studied system (Fig. S1 and Table S1). Good reproducibility and 

correlation with published results [109] were obtained for VLE data at 101 kPa and for boiling 
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points of methanol vs pressures, as well. The gathered data are compared with many literature 

data, whereas good accordance is visible. Both the x-y and T-x-y plots show that the 

equilibrium still was still capable of such measurements, therefore the addition of sampling 

valves only made the experiments easier and had no negative effect on the apparatus’ 

functioning. 

Still A was applied for investigating the vapor pressures of pure compounds, due to its 

similar design to an ebulliometer. Through the still’s Cotrell-pump, the vapor forming at the 

boiling point can push greater amounts of liquid to the thermometer well, therefore the boiling 

temperature can be determined. 

Before applying the still for determining vapor pressures, the still was tested with 

methanol. The boiling temperatures gathered at different pressures were compared with data 

gathered from ChemCAD® and the experimental results were in good accordance. Since the 

equilibrium experiments were always started with pure compounds, their boiling temperatures 

were also compared with literature data at the investigated pressures, whereas also good 

accordance was found (Table 6). 

Table 6 Experimental and Calculated Vapor Presusre Data for methanol 

p/kPa TExperimental / K  TCalculated / K 

40.0 315.7  315.8 

46.7 319.0  319.2 

58.8 324.3  324.4 

67.6 327.5  327.7 

76.1 330.6  330.6 

 

To overcome the previously identified drawbacks of the original equilibrium still, it 

was redesigned based on Still A where the modifications were done and found useful. Since 

these small changes showed slight improvements, it was assumed that the new design would 

have further advantages. Based on the experimental results gathered by the modified still and 

literature suggestions, the still was redesigned in AutoCAD and produced by the Glass 

Workshop of BME. The final still plan is presented here (Fig. 29): 
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Figure 29 Schematic diagram of the VLE still; 1 – Liquid container. 2 – Boiler tube. 3 – Cotrell-pump. 4 – Thermometer 
well. 5 – Equilibrium chamber. 6 – Vapor condenser. 7 – Vapor sampler. 8 – Liquid sampler. 9 – Sampling valves with 

silicone septums. 10 – Condensers with vacuum connections. 

The redesigning included the following: 

• To reduce the possible evaporation of the components from the vapor and liquid 

samplers, duplicated sampler walls on unit 7 and 8 were applied to establish external 

cooling. 

• In the new design both samplers (units 7 and 8) were moved to the side of the 

equilibrium still, where magnetic stirrers could be installed below them. This required 

the change of the liquid overflow. 

• The bottom of the samplers were changed from round to flat in order to allow the 

application of greater magnetic stirrers. 

• The sampling valves (9) with silicone septum were also installed to this design in order 

to ensure sampling without removing the top condensers (10). 

• The sphere-shaped liquid container was replaced with a cylinder shaped one (1) in order 

to avoid backflow in the connecting pipes by high surface tension liquids. The cylinder 

form allows greater changes in liquid level, while still granting the hydrostatic pressure 

to prevent the liquid phase from flowing back. 
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• Additionally, the tubes connecting the liquid container and the samplers was changed 

to a tube with greater diameter, therefore the formation of liquid plugs (due to high 

surface tension) could be avoided. 

• The diameter of the thermometer well was reduced and the height was elevated. By the 

original design traditional thermometers were used, which had greater size, nowadays 

digital thermometers are applied which are thinner. If the well is too wide, temperature 

drop could be observed in the silicon oil between the wall and the thermometer. 

The operation of the new still was similar to the modified one, however here only 

approximately 100 mL of the corresponding mixture had to be loaded into the liquid container 

(1) through the top valve of the liquid container.  

3.5 Sample analysis for equilibrium samples 

Since the reliable equilibrium measurements require a fast analysis method, 

refractometry is used in many cases. Compared to other analytical methods, refractometry does 

not require sample preparation; therefore, samples can be analyzed within fewer steps and 

without adding other substances. The application of refractometry for binary sample analysis 

is only suitable if the two components have a greater difference between their refractive indices. 

Since GVL has a quite large refractive index, all the investigated volatile substances (water, 

methanol, ethanol, 2-propanol and formic acid) had a greater difference in refractive index, 

compared to GVL, therefore calibration curves could provide a good basis for calculating the 

concentrations of equilibrium samples, with relatively low error. 

During the refractometry analysis the Carl Zeiss Abbe Refractometer (Type G) had a 

factory accuracy of ± 0.0001 at 20 and 25 °C. Since the liquid mixtures of H2O – GVL, 

methanol – GVL, ethanol – GVL, 2-propanol – GVL and FA – GVL had no available refractive 

index data, series of samples in the whole concentration range were prepared and their 

refractive indices were determined at both 20 and 25 °C.  To ensure the reliability of the 

refractometry analysis, certain samples were analyzed with gas chromatography and 1H NMR 

methods, whereas no significant difference was found, therefore refractometry was considered 

suitable and easy for our experiments. 

3.6 Vapor pressure experiments 

The calculation of activity coefficients require the knowledge of vapor pressures at 

different temperatures under isobaric conditions. In order to calculate the pressures, usually 
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Antoine-parameters of the investigated substances is required, that are valid in the experimental 

temperature range. The Antoine parameters for water, methanol, ethanol, 2-propanol and 

formic acid were gathered from literature (Table 7). 

Table 7 Antoine constants of the investigated materials 

Antoine constants (for [kPa] and [K]) A B C 

Water [110] 4.22169 732.888 -42.98 

Methanol [111] 7.20409 1581.341 -33.5 

Ethanol [111] 7.24677 1598.673 -46.424 

2-Propanol [112] 7.12798 1505.52 -61.55 

Formic acid [113] 6.6906 1691.4745 -13.0 

 

Vapor pressure data for -valerolactone were provided by different researchers for certain 

temperature intervals along with data for normal- and alpha-valerolactone: 

- Simultaneously to the publication of our experimental data ZAITSEVA et. al. provided 

data for the temperature range of 338.1 to 470.2 K [114]. 

- HORVÁTH et al. provided data for the temperature range 293.1 to 353.1 K [3]. 

- EMEL’YANENKO provided data for the temperature range of 275.8 to 349.7 K [115].  

- SCHUETTE AND THOMAS provided data for normal-valerolactone, which based on the 

vapor-pressure data is for GVL. Their data were determined up to 433.1 K [116].  

- STULL provided data for α-valerolactone in the range of 310.7 and 480.7 K [117]. 

referring to Schuette’s and Thomas’ data and Anschütz’s and Reitter’s book [118] and 

- KLAJMON et al. provided data for the temperature range of 263.65 to 313.25 K [119]. 

To ensure that the calculations are based on data provided for the correct temperature range, 

the GVL’s vapor-pressure was experimentally determined in the equilibrium still. The gathered 

data were applied for calculating GVL’s constants with the Antoine-equation for 347–447 K 

range. During the measurements, the pressure in the system was set at different values and after 

the temperature stabilized, the temperature and pressure pairs were recorded. The equipment 

was filled with pure GVL and the pressure was decreased to 0.67 kPa. At this pressure any 

small amount of water would evacuate to the liquid nitrogen cooled trap, but in order to make 

sure that the GVL is absolutely pure, when the vapor sampler was nearly filled with condensate 

in the apparatus, the condensate (where the water content would appear) was removed 

completely. 
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4 Results and discussion 

As the present study focuses on the biomass-based production of GVL, the separation and 

recycle issues occurring in the acid catalysed LA production and the mixtures generated by 

hydrogenation to GVL were investigated. 

4.1 Sulfuric acid recycle in LA production 

Since the one-time application of sulfuric acid catalyst for biomass conversion was 

thoroughly investigated in multiple previous works for different biomass types, herein the 

possibility of direct sulfuric acid recycle was investigated, that does not require any 

purification.  

4.1.1 Identified recycle routes 

To reduce the environmental and economic impact of the biomass conversion, the 

separation or even recycling of the acid catalyst is fundamentally important and therefore its 

investigation is highly desired. In addition, the successful acid recycling could also result in 

lower environmental factor (E-factor) of the process. Accordingly, the overall flowsheet of the 

acid catalysed conversion was investigated, where two different extraction strategies for the 

recycling of the sulfuric acid containing aqueous phase was identified. The following chart 

shows the steps of producing LA from biomass wastes including the required material streams 

where the possible recycle routes are also shown (Fig. 30). 

 

Figure 30 Possible recycle routes in sulfuric acid catalyzed biomass conversion [120] 
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Through the process two main recyclable streams could be identified: the solvent 

applied for the extraction of products and the catalyst containing aqueous phase. The solvent 

applied for extraction can easily be reused since ethyl acetate can be condensed after 

evaporation. Analysis of the condensed solvent shoved that no detectable impurities 

accumulated from the reaction mixture. 

For the reuse of the sulfuric acid containing phase, two possible routes were proposed 

and separately investigated. Firstly, after the catalytic dehydration and subsequent removal of 

solid residues (humins), the aqueous phase containing LA was directly used in the next run 

(indicated as pre-extraction recycle). 

The recycling of the liquid phase after removal of solids resulted in an enriched amount 

of LA in each subsequent step, as expected. Due to the higher final concentration of LA, the 

extraction could be more efficient. It should be noted that the increased initial amount of solid 

substrate changes the acid to substrate ratio and significant humin formation would be 

expected.  On the other hand, after the removal of solids, the LA can be separated by an 

extraction step resulting an organic phase containing LA and an aqueous phase containing 

sulfuric acid. The latter can be used again as a catalyst phase in a subsequent step (indicated as 

post-extraction recycle).   

4.1.2 Recycling 

The conversion of several biomass-based wastes to LA by using both conventional and 

microwave-assisted heating methods were recently demonstrated. It was revealed that average 

yields of LA were between 8.16-12.8% for tea leave waste. Thus, I performed the conversion 

of 500 mg of D-fructose and 500 mg tea leave waste in 10 mL of 2 M sulfuric acid at 170 °C 

for 8 h using external oil bath resulting in 36.6-37.4 % and 9.2 % of LA yield, respectively. 

The ash-content of the biomass waste mix (BWM), which could affect the acid concentration 

was also determined and found to be 5.9 wt%, while for the cooked tea leaves it was 3.5 wt%, 

which was in good agreement with published results. 

Accordingly, the possible pre- and post-extraction methods of sulfuric acid containing 

phase were firstly investigated by the use of 500 mg of D-fructose for each cycle under identical 

conditions. Comparing the two recycle routes showed no significant change in the conversion 

rate for five cycles. The recycle of the aqueous sulfuric acid solution had expectedly no effect 
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on the conversion itself, since the acid only serves as a catalyst. As indicated, the maximum 

yield can be achieved within 1.8–2.2 mol×dm–3 acid concentration which is not affected during 

the procedure. The results gathered from the two recycle routes by five consecutive reuses are 

shown in the following figure. The results show that the two routes have approximately similar 

performance (Fig. 31). 

 

Figure 31 Product yields from D-fructose by the two acid recycle routes: pre-extraction route (white bars) and post-
extraction route (grey bars) 

However, by the post-extraction route involving LA removal by ethyl-acetate, the 1H-

NMR analysis suggested the formation of ethyl levulinate beside LA after multiple recycle 

steps, which was confirmed by the GC-MS analysis. The formation of ethyl levulinate is due 

to the presence of ethyl acetate in the recycled aqueous solution. Under the acidic conditions, 

the ethyl acetate can decompose to acetic acid and ethanol, which can react with LA under the 

similar conditions, and form ethyl levulinate. If the LA content is only extracted after multiple 

recycles of the sulfuric acid, the formation of ethyl levulinate can be avoided. The 1H-NMR 

and GC-MS analysis of these samples showed no presence of ethyl levulinate, only smaller 

amounts of ethyl acetate could be detected beside the expected compounds. 

The post-extraction method was further investigated with a chosen household waste, 

cooked tea leaves gathered from teabags. Similarly, to the model substrate, no significant 

change of product yields was detected for four recycle steps, as shown in the next figure (Fig. 

32). 
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Figure 32 Product yields from cooked tea leaves by post-extraction recycle 

For the deeper investigation of the pre-extraction recycle, the previously prepared 

BWM was used and consecutively 3, 6 and 8 reuses were performed without extraction. The 

results gathered after the final extraction clearly indicate that product yields have not been 

influenced by the recycling steps, yields varied between 8.5 and 10.5% for each case. After 

extracting the LA content of the pre-extraction recycle mixtures, the aqueous phases were once 

again reused in another reaction to monitor whether the acid is still applicable for consecutive 

conversion step. In these experiments, the yields were found to be increased in each case, and 

expectedly, appearance of ethyl levulinate was observed. The post-extraction yields were 

higher as the number of recycles increased. The increased yields were probably caused by the 

incomplete extraction of the product from the previous extraction step. The results from the 

recycles are shown in the next figure (Fig. 33). 
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Figure 33 Product yields from BWM with pre-extraction recycle (white bar) and one additional post-extraction step (grey 
bar) 

By the pre-extraction recycle routes, soaking the separated solids with extractant 

showed that less than 5% of the total LA can remain in the solid phases if they are not washed. 

However, if multiple pre-extraction recycle steps are performed, a greater quantity of LA might 

be recovered from them. In case of the post-extraction route, the humin was washed with ethyl 

acetate during filtration, therefore soaking is not required. Through the reactions about 0.5 g of 

liquid containing humin was produced by each reaction step for BWM. 

The environmental factor (E-factor) defined by Sheldon is one of the most important 

metrics of green chemistry [121] that is a basis of an advanced method developed for analysis 

of total energy efficiency, land use, and capital and raw material costs for the comparison of 

chemicals produced by petrochemical- and biomass-based routes [122]. It should be noted that 

generated waste is a crucial factor for recently defined sustainability metrics [123]. 

Consequently, by improving a technology the waste can be minimized or even eliminated 

increasing the sustainability index. For the production of LA E-factor can be easily calculated 

by dividing the amount of sulfuric acid with the amount of LA and humin, since the ethyl 

acetate is regenerated by condensation; this metric was selected to indicate the improvement in 

the acid catalysed dehydration. 

𝐸 =
𝑚𝐻2𝑆𝑂4

(𝑚𝐿𝐴 + 𝑚ℎ𝑢𝑚𝑖𝑛)𝑛
 

(28) 
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The amount of sulfuric acid required for the reactions is great compared to the two 

products. If the acid can be reused multiple times, the E factor would decrease significantly, 

meaning, the conversion becomes more environmentally benign. If the acid is used only once 

(n=1), the E factor is 20.5 by using BWM as biomass and calculating with 9.3% LA yield. 

However, if the number of reuses is 9, the E-factor decreases to 2.3. It should be noted, that 

even if the acid cannot be further applied for biomass conversion it might have other 

applications or with a regenerating process it could be reintroduced to the LA production. 

4.2 Preliminary test of consistency methods 

As presented in the introduction, in many cases, the consistency tests are limited to 

mixtures with smaller separation factors, since for mixtures having greater difference in their 

boiling points would be easily considered consistent, even though they could have greater error, 

or the consistency could not be achieved, due to the large T value. This effect is clearly visible 

by the original Herington-test, whereas the large T value results a large J value. This could 

result in many cases a greater negative value for D–J, therefore the results could easily fulfil 

the D<J criteria, however in many cases it is practically impossible to reach the |𝐷 − 𝐽| ≤ 10. 

This problem is somewhat compensated by the modification of the Herington test, since 

the different calculation of J results in moderate values even for mixtures that have larger T. 

However, the D value still requires extrapolation in the uncovered concentration spectra, which 

is usually larger as the separation factor is greater.  To see the effect of greater difference in 

boiling points on the consistency tests, certain literature VLE data were tested, whereas a 

minimum of 60 degrees was between the boiling points. Data were gathered from articles 

published in the Journal of Chemical and Engineering Data with publication dates between 

2012 and the beginning of 2018. A total of 29 VLE data sets were collected and investigated. 

The following figure shows the J values of the investigated mixtures along with their T 

values. As the data indicate, the larger T values would require a greater asymmetry in the 

ln() plots to gather larger D values and fulfil the criteria of the test (Fig. 34). 
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Figure 34 J values for the Herington test for the investigated literature data 

As the results show, the T of the components has a great effect on the Herington test. 

In the following the possible effect on the L-W test was investigated. The gathered data were 

also checked to see if they fulfil the described preliminary activity coefficient tests and as a 

comparison, the provided consistency test are also given in the table. For calculating the L and 

W values, the activity coefficients were calculated from the Antoine-equation parameters given 

by the authors or the missing data were gathered from the NIST online database. For each data 

set the average of the L/W values are given along with the ratio of points that passed the point-

to-point test to the whole data set. As for the area test, the L-W-D values are given. The results 

are presented in the following table (Table 8). 
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Table 8 Preliminary and L-W test of certain literature VLE data 

 
p 

(kPa) 

Tmax 

(K) 

Consistency 

tests applied* 

Observed 

inconsistency** 

L/W 

(Avg) 

Point-to-point 

(passed/all) 
L W D Ref. 

acetonitrile – diethyl succinate 10 121.7 - R 1.02 8/8 44.1 43.1 1.11 [124] 

2-propanol – dimethyl sulfoxide 101.3 108.1 H D, M 1.02 18/18 24.6 24.1 1.00 [125] 

isopropyl acetate – 

dimethyl sulfoxide 
101.3 101.9 H M, C 1.01 18/18 33.7 32.9 1.19 [125] 

cyclohexanone – benzene 101.3 75.3 H, I, N M, D, C 1.04 14/14 13.5 13.1 1.47 [85] 

diethyl carbonate – 

propylene carbonate 
101.3 114.9 H, P M 1.08 13/17 27.1 25.7 2.62 [126] 

ethanol – propylene carbonate 101.3 163.4 H, P M, C 1.05 15/17 63.5 61.1 1.97 [126] 

diethyl carbonate – 

propylene glycol 
101.3 60.8 H, P M 1.20 7/17 21.2 19.7 3.57 [126] 

1-propanol – 1-phenylethanone 95.2 103.6 H A 1.05 14/14 29.9 28.2 3.05 [127] 

2-propanol – 1-phenylethanone 95.2 118.4 H A 1.06 12/13 30.6 28.6 3.53 [127] 

2-methyl-1-propanol – 

1-phenyethanone 
95.2 92.6 H A 1.08 7/15 28.1 26.3 3.33 [127] 

2-butanol – 

1-phenylethanone 
95.2 101.3 H A 1.04 17/17 32.2 30.5 2.74 [127] 

acetaldehyde – 1-butanol 101.3 96.9 H, P R 1.02 16/16 25.1 24.7 0.66 [84] 

1-propanol – n-dodecane 40 107.2 - R2, M 1.01 8/10 44.1 43.0 1.23 [128] 

1-butanol – n-dodecane 40 86.6 - R2, M 0.59 8/15 32.4 29.6 4.61 [128] 

2-methyl-1-propanol – n-dodecane 40 96.1 - R2, M, D 1.04 9/9 35.0 33.5 2.16 [128] 
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N-methylethanolamine – 

N-methyldiethanolamine 
40.0 82.7 H, N M, D, C 1.00 12/12 19.3 19.3 0.03 [129] 

N-methylethanolamine – 

N-methyldiethanolamine 
30.0 81.5 H, N M, D, C 1.00 12/12 19.3 19.3 0.08 [129] 

N-methylethanolamine – 

N- methyldiethanolamine 
20.0 79.3 H, N M, D, C 1.00 12/12 19.0 19.1 0.11 [129] 

methanol – dibutyl carbonate 40.0 128.0 H, N M 1.03 12/12 40.9 39.9 1.24 [130] 

methanol – dibutyl carbonate 70.0 135.5 H, N M 1.05 12/12 41.0 39.5 1.95 [130] 

methanol – dibutyl carbonate 100.0 140.7 H, N M 1.06 11/12 43.2 41.2 2.38 [130] 

n-butanol – dibutyl carbonate 40.0 76.8 H, N - 1.03 12/12 14.2 13.7 1.68 [130] 

n-butanol – dibutyl carbonate 70.0 79.9 H, N - 0.92 9/12 13.9 14.6 2.53 [130] 

n-butanol – dibutyl carbonate 100.0 87.2 H, N - 1.04 12/12 15.4 14.8 2.15 [130] 

n-butanol – 1.4-butanediol 30.0 105.2 H, N M, D, C 1.02 11/11 30.7 30.2 0.89 [131] 

n-butanol – 1.4-butanediol 50.0 107.3 H, N - 1.02 12/12 28.6 28.0 1.01 [131] 

n-butanol – 1.4-butanediol 70.0 108.6 H, N - 1.02 12/12 28.9 28.3 1.05 [131] 

Ethyl acetate – 

propylenecarbonate 
101.3 164.4 H, N D, M 1.05 21/21 59.2 56.8 2.04 [132] 

Propyl acetate – 

propylenecarbonate 
101.3 140.2 H, N - 1.03 17/17 33.7 32.9 1.19 [132] 

* - H – Herington, N – van Ness, I – infinite dilution, P – point-to-point test 

** -   M – Monotonicity, C – activity coefficients not coupled, D – deviation difference, A – activity coefficients from model, R – activity 

coefficients not reported (R1, R2 - only one component’s activity coefficients reported)
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It can be seen from the results that all data sets pass the area test, most of them fulfilling 

the stricter criteria of 3. Besides, most of the gathered data shows average L/W values within 

the proposed 0.92-1.08 interval and therefore by the original criteria, they could be considered 

consistent. As a connection between the two tests, those sets that have individual points that 

fail the criteria, have higher D values. As a comparison, the L-W test was performed for the 

data calculated by UNIFAC model in ChemCAD® for the investigated mixtures and in most 

cases similar data results were gathered. In those cases when more experimental data were out 

of the criteria, the UNIFAC calculated data also showed a similar deviation. 

Recent investigation of the available consistency tests suggests that most of the nowadays 

available methods have certain drawbacks, meaning they are applicable for certain testing of 

experimental data, however by their use real thermodynamic consistency cannot be decided. It 

is suggested that multiple methods should be applied to filter erroneous data. Many of the 

available tests are suitable for isothermal data and if isobaric data would be investigated, certain 

simplifications or approximations should be applied, similarly to the method presented by 

HERINGTON [133]. 

4.3 Vapor-liquid equilibrium apparatus 

A preliminary test of the still’s operation was performed with the mixture of methanol 

and water. These data were compared with the available literature data [109] whereas good 

reproducibility was found. The experimental results and the equilibrium plot of the methanol-

water data are provided in the supplementary information.  

The new still’s suitability for mixtures having high separation factor (where the 

difference of boiling points is 50–130 °C) had to be tested before investigating mixtures with 

unknown data. For this purpose, the ethanol-ethylene glycol mixture was chosen, whereas 

independent literature data was available from less than 20 years (LI [93] and KAMIHAMA [89]). 

The data provided in 1975 by THORAT however showed greater difference form both our 

experimental and from the other two reported data, suggesting the pressure data was invalid, 

therefore it is not shown in the comparison. 

The results showed that the data provided by LI and KAMIHAMA could be successfully 

reproduced, thus the still was considered capable for investigating high separation factor 

mixtures, like ones containing GVL and less volatile components. The experimental data are 
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shown in the following table and the x-y and T-x-y charts are also shown as comparison (Table 

9 and Fig. 35). 

Table 9 Experimental Equilibrium Data for ethanol (1) – ethylene glycol (2) at p = 101 kPa 

T (K) x1 y1 T (K) x1 y1 T (K) x1 y1 

351.5 1.0000 1.0000 360.0 0.6892 0.9944 372.1 0.3606 0.9892 

352.5 0.9584 0.9993 360.9 0.6611 0.9936 373.3 0.3373 0.9887 

354.3 0.8925 0.9982 361.5 0.6462 0.9934 374.8 0.3107 0.9881 

355.5 0.8389 0.9970 362.1 0.6082 0.9932 378.3 0.2704 0.9858 

357.2 0.7884 0.9962 363.5 0.5671 0.9930 382.1 0.2276 0.9824 

358.6 0.7327 0.9951 366.3 0.4816 0.9915 384.8 0.2031 0.9733 

358.9 0.7248 0.9949 369.5 0.4097 0.9904    

 

 

Figure 35 x–y (a) and T–x–y (b) diagram for ethanol (1) – ethylene glycol (2) system at 101 kPa: (●) experimental and (○) 
literature data 

To investigate the thermodynamic consistency of the gathered data, the consistency 

tests discussed above were performed on the experimental, the two literature data sets and the 

results of UNIFAC modelling. As a preliminary test, the activity coefficients of the 

experimental and literature data were plotted. The comparison showed that the data of Li shows 

problems with monotonicity and the coefficients of ethylene glycol do not run to 1 at x1=0. The 

three data sets show similarity in the ethanol activity coefficient trends (Fig. 36). 

a) b) 
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Figure 36 The plot of calculated activity coefficients for the system ethanol-ethylene glycol for the data of Kamihama (○), 
Li (□) and the presented experimental data (●) 

For the integral test, the value of J was found to be 50.82, similarly as calculated by 

KAMIHAMA and LI. The D values were recalculated, and the results correspond the ones 

published by the authors. The results show that if Herington’s original criteria |𝐷| − |𝐽| ≤ 10 

or 2, as proposed by WISNIAK, is considered then all the data set could be consistent. However, 

if we consider the |𝐷 − 𝐽| ≤ 10 commonly applied criteria, neither would fulfil the 

requirements, including the UNIFAC modelling, due to the great value of J. 

Considering the similarity of the data, the experimental results are in good accordance 

with those provided by KAMIHAMA. It should be noted however, that when a polynomial is fit 

to the ln(𝛾1 𝛾2⁄ ) 𝑣𝑠. 𝑥1 plot, it has to be extrapolated between 0 and 1, which could highly affect 

the value of D when a greater range misses experimental data. Alternatively, the J values could 

be calculated for the data sets based on the calculated values of GE. Therefore, each data set 

would have an individual J and D value that should fulfil the original criteria to be considered 

as probably consistent. The results of the two variants are listed in the following table (Table 

10). 

10. Table Herington and modified Herington test of the available ethanol-ethyleneglycol data at p=101 kPa 

data gathered from D D-J JM D-JM 

UNIFAC model 31.73 -19.09 25.23 6.50 

KAMIHAMA (2012) 10.03 -40.79 7.21 2.82 

LI (2000) 19.14 -31.14 9.80 9.34 

present work 6.07 -44.75 8.69 -2.62 

As a comparison with the original Herington model, all data sets fulfil |𝐷| − |𝐽| ≤ 10 

and |𝐷 − 𝐽| ≤ 10 criteria, however all are above 2 including the UNIFAC based calculations. 
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Among the data, our experimental and the ones provided by Kamihama show the smallest D-J 

values. Since the preliminary consistency criteria are also fulfilled by these data, it is possible 

that the modified Herington test is applicable as a preliminary test to show the probable 

consistency of the set, as originally suggested by the author. Considering the L-W test, the 

calculated L/W values could be plotted for each data set (Fig. 37). 

 

37. Figure L/W – x1 plot of experimental (●), literature (Kamihama (○) and Li (□)) and UNIFAC (―) data of ethanol and 
ethyleneglycol at p=101 kPa 

The plot shows that as a complete data set, neither fulfills the proposed 0.92 ≤ 𝐿/𝑊 ≤

1.08 criteria, however between 0.3 and 1.0 concentration all three experimental sets fulfil the 

condition. It should also be noted that all the data shows a similar interval and average for L/W 

data. The summarized results of the point-to-point L-W and the integral L-W are shown in the 

following table (Table 11). 

11. Table L-W test of the available ethanol-ethyleneglycol data at p=101 kPa 

 𝐿/𝑊̅̅ ̅̅ ̅̅  𝐿/𝑊 Pass/all L W D 

UNIFAC 1.08 1.07-1.12 - 36.71 33.92 3.95 

KAMIHAMA (2012) 1.07 1.06-1.08 13/15 42.32 39.30 3.70 

LI (2000) 1.08 1.07-1.11 5/9 40.03 37.17 3.70 

present work 1.07 1.07-1.08 14/16 42.98 39.95 3.65 

 

The results show that the D values of all data fulfill the requirement to be below 5. It 

should also be noted that the three independent data for the same mixture results in D values 

within 0.05 to each other.  A more precise calculation could be performed by inserting the heats 

of vaporization for each component, however it would require the knowledge of these 
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parameters at multiple temperatures in the experimental range (between the boiling points of 

the components). If we consider that the data gathered from UNIFAC and other models should 

be thermodynamically consistent, it is possible that if the experimental data are close to them 

in the L-W test, the data are probably consistent, and the deviation could be due to an 

inadequate heat of vaporization or vapor pressure equations. 

It can be seen that three simultaneous equilibrium data of the same mixture provide 

similar results in the consistency tests, including the ones gathered from an estimating model. 

Their similarity indicates that even if they do not fulfill the consistency criteria, they cannot be 

considered thermodynamically inconsistent by these methods. However, if they fulfill the 

criteria, they still can contain errors. Overall it can be seen that by mixtures having a greater 

difference in boiling points, neither tests are fully capable to test the thermodynamic 

consistency with the conventional criteria. However, they are useful in identifying false data 

and showing where a repeated measurement is required. 

Performing the consistency tests on data gathered by estimation models, like UNIFAC 

we can consider the results consistent and independent of experimental data. Thus, if the data 

gathered from experimental data should provide similar data (or near to the provided data) in 

most cases, possible exceptions include a greater difference between the prediction and 

experiments, like the formation of azeotrope in one while showing normal separation in the 

other. The only common data that are used in the calculations are the vapor pressures/boiling 

temperatures (or the Antoine and Cox equation parameters), therefore their error can also have 

an effect in the final results, but the effect would be similar in the processing of experimental 

and estimated data. 

4.4 The vapor pressure of gamma-valerolactone 

For determining the vapor pressures and subsequently the Antoine-constants of GVL, its 

boiling points were experimentally determined at different pressures between 0.67 and 101.19 

kPa [65] (Table 12).  
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Table 12 Experimental pressure-boiling point pairs for GVL 

p/kPa T/K   p/kPa T/K   p/kPa T/K 

0.67* 347.1   17.33 416.4   62.26 459.2 

1.33* 356.0   24.00 426.5   73.06 465.3 

2.67* 370.4   31.60 435.3   80.53 469.0 

5.07* 384.5   39.46 442.7   101.19 477.8 

10.13 401.4   50.66 451.5     

Standard uncertainties u are: u(T) = 0.1 K; u(p) = 2 kPa 

considered erroneous data by POKORNY et. al. [134] 

 

Expectedly, the vapor pressure values were significantly lower compared to the 

conventional organic solvents and oxygenates used as octane booster i.e. methyl tert-butyl ether 

or ethanol. The constants for Antoine’s equation for GVL were calculated from the 

experimental data. 

log(𝑝𝑖
0) = 𝐴 −

𝐵

𝐶 + 𝑇
 

(29) 

It should be noted that there are alternative forms of the Antoine-equation including 

more parameters, however here I applied the three-parameter version. The regression applying 

minimization parameter p% resulted in A = 5.43786 (kPa), B = 1182.70387, and C = -

134.60760 (K). ZAITSEVA et. al. also provided experimentally determined Antoine-constants, 

and also calculated values for the vapor pressure data of SCHUETTE and EMEL’YANENKO. The 

comparison of these data showed that the vapor pressures provided by ZAITSEVA et. al. show a 

slight negative deviation from our data, while Schuette’s data shows a positive deviation. The 

data provided by EMEL’YANENKO shows negative deviation from all data (Fig. 38). 
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Figure 38 po – T plot for GVL (●: measured points; —: fitted Antoine-equation —: Zaitseva.  :Schuette.  

−∙−∙−: Emel’yanenko) 

4.5 Heat of vaporization for GVL 

From the experimentally gathered pressure and temperature pairs, the heat of 

vaporization (Hvap) value for GVL could be calculated based on the Clausius-Clapeyron 

(approximation, where ideal gas state and constant heat of vaporization is assumed) equation: 

𝑅 ∙
𝑙𝑛 (

𝑝1

𝑝2
)

(
1
𝑇2

−
1
𝑇1

)
= ∆𝐻𝑣𝑎𝑝  

(30) 

By generating the ln p – 1/T plot of the experimental data (Fig. 39), the heat of 

vaporization can be gathered by fitting a linear trend line based on linear regression. 

 

Figure 39 Experimental ln po – 1/T plot for GVL for determining heat of vaporization 
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From the equation of the line, the heat of vaporization is gathered by multiplying its 

slope with R. The heat of vaporization was found to be 51.5 kJ/mol. As a comparison, the 

following table shows the available heats of vaporization for GVL provided in the literature 

(Table 13): 

Table 13 Heat of vaporization values for GVL 

Hvap / kJ∙mol-1 Source 

53.5 MALANOWSKI [135] 

53.9 EMEL’YANENKO [115] 

54.8 LEITAO [136] 

54.6 ZAITSEVA [114] 

48.3 STULL [117] 

 

POKORNY et al. investigated the available vapor pressure data of GVL among other 

chemicals. [134] They provide additional vapor pressure data for lower temperature ranges, 

while they also investigated the consistency of all the previously available data, including the 

data from the present study. Their results suggest that 4 data points (between 347.1 and 384.5 

K) are probably inconsistent, while the remaining 10 were found consistent along with the data 

provided by ZAITSEVA et al. [114] The other available experimental data were considered 

inconsistent and therefore not applied in their work, where the vapor pressures between the 

consistent data were interpolated (Fig. 40). 

 

Figure 40 Comparison of experimental GVL vapor pressures by Pokorny et al. (Consistent data: Pokorny ▪; Zaitseva: ●; 
Havasi (present work – 10 data points): ▲; Inconsistent data: emtpy symbols /4 from present work; others from 

separate works/ [134] (Reused with permission of American Chemical Society) 
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The four data points that were found inconsistent were measured at lower pressures 

where the uncertainty and accuracy of the pressure indicator could result the inconsistency of 

data. The other data (between 10 and 101 kPa), along with the data of ZAITSEVA and POKORNY 

could be considered for further calculations. 

4.6 Refractive indices of GVL-containing mixtures 

Refractometry could be considered as a suitable analytical method for VLE experiments, 

since all components have a greater difference in refractive indices compared to GVL. 

Refractometry provides a fast and easy method for determining the composition of binary 

mixtures without requiring additional chemicals or knowing the exact amount of the sample. 

First, the refractive indices of water, methanol, ethanol, 2-propanol, formic acid and GVL were 

compared with literature data. Thus, the purity of the materials could also be tested (Table 14). 

Table 14 Refractive indices of pure components 

Chemical Refractive index at T=293.2 K 

experimental Literature 

Water 1.3332 1.3330 [137] 

Methanol 1.3290 1.3290 [137] 

Ethanol 1.3616 1.3612 [137] 

2-Propanol 1.3771 1.3771 [138] 

Formic acid 1.3714 1.3714 [139] 

GVL 1.4339 1.4336 [140] 

 

The experimental data are in good accordance with the ones provided in literature. From 

the pure components binary mixtures in the whole concentration range were prepared to 

determine the connection between refractive indices and concentration for all binary mixtures. 

The data were gathered at p=101 kPa and at T=293.2 and 298.2 K to see how temperature 

change effects the data. The determination of refractive indices had an uncertainty of 0.0001, 

while temperature had an uncertainty of 0.1 K (Tables S2–S6). 

The results show that the refractive indices change monotonically with the changing 

concentrations by all of the binary mixtures. Thus, refractometry could be considered suitable 

for analyzing binary vapor-liquid equilibrium data. The refractive indices of all binary mixtures 

show a nearly linear connection with the mass concentration (shown in Fig. S2 a-e). The 

experimental refractive index data sets are presented in the supporting information. The 
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refractive index-mole fraction plots are shown in the following figures (Fig. 41). The refractive 

index-mole fraction relations at 20 °C could be expressed as follows: 

𝑛𝐷 = 1.4339 + 0.0138𝑥𝑤𝑎𝑡. − 0.2308𝑥𝑤𝑎𝑡.
2 + 0.4695𝑥𝑤𝑎𝑡.

3 − 0.3530𝑥𝑤𝑎𝑡.
4  (31) 

𝑛𝐷 = 1.4339 − 0.0321𝑥𝑚𝑒𝑡ℎ. − 0.0.0807𝑥𝑚𝑒𝑡ℎ.
2 + 0.0.1066𝑥𝑚𝑒𝑡ℎ.

3 − 0.0985𝑥𝑚𝑒𝑡ℎ.
4  (32) 

𝑛𝐷 = 1.4339 − 0.0411𝑥𝑒𝑡ℎ. − 0.0182𝑥𝑒𝑡ℎ.
2 + 0.0013𝑥𝑒𝑡ℎ.

3 − 0.0142𝑥𝑒𝑡ℎ.
4  (33) 

𝑛𝐷 = 1.4339 − 0.0470𝑥2−𝑝𝑟𝑜𝑝. − 0.0288𝑥2−𝑝𝑟𝑜𝑝.
2 − 0.0067𝑥2−𝑝𝑟𝑜𝑝.

3  (34) 

𝑛𝐷 = 1.4339 − 0.0370𝑥𝑓𝑜𝑟𝑚𝑖𝑐 𝑎. + 0.0082𝑥𝑓𝑜𝑟𝑚𝑖𝑐 𝑎.
2 − 0.0336𝑥𝑓𝑜𝑟𝑚𝑖𝑐 𝑎.

3  (35) 
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Figure 41 Experimental Refractive Indices for the Systems water-GVL (a), methanol-GVL (b), ethanol-GVL (c), 2-propanol-

GVL (d) and formic acid-GVL (e) at T = 293.2 K (●) and T = 298.2 K (◯);. x1 : Mole Fraction of volatile component 

 

a) b) 

c) d) 

e) 
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4.7 Vapor-liquid equilibrium data 

During the experiments, the gathered equilibrium data were investigated with the 

preliminary consistency criteria to remove inconsistent data and remeasure missing parts of the 

concentration spectra. The experimental data along with the calculated activity coefficients are 

listed in the supporting information. 

4.7.1 Water-GVL 

The vapor liquid equilibrium of the system water-GVL was first investigated at p=101 

kPa (Table S7; Fig. 42). In this case no azeotrope formation was detected, however an inflection 

point (tangent pinch) was visible at the water-rich end. This could indicate the presence of an 

azeotropic composition at very low GVL compositions, however it was not detectable at the 

investigated pressure. 

 

Figure 42 x-y (a) and T-x-y (b) diagram for water (1) – GVL (2) system with Wilson, NRTL, UNIQUAC, UNIFAC and Ideal 
Vapor pressures models at p = 101 kPa ((●; ○) experimental data; - - Ideal Vapor Pressures; - - UNIFAC; - - Wilson; ― 

NRTL; ― UNIQUAC models) 

Possibly due to the surface tension of water, only a limited part of the concentration 

spectra could be investigated at atmospheric pressure, only between 0.4 and 1 x1 concentration. 

During the experiments water plugs could form in the vapor condenser of the equilibrium still, 

the greater vapor rates maintained a normal condensate flow to the vapor sampler. However, 

at lower rates, the plug could fluctuate in the condenser without reaching the sampler and 

therefore the experiments could not be continued after a point. This plug formation was not 

observed by the other compounds, including GVL. 

a) b) 
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Based on the results, water could be completely separated from GVL at even 

atmospheric pressure. However, due to the presence of the inflection point, a separate 

investigation between 0.98 and 1.00 x1 composition was performed, where temperature 

difference was not detectable due to the accuracy of the thermometer, however the composition 

differences of the vapor and liquid phases were clearly visible (Fig. 43). The separate 

experiment confirms the absence of azeotrope formation, but due to the absence of temperature 

data these points could not be involved in the fitting of activity coefficient methods. 

 

Figure 43 Investigation of the dilute end of the water-GVL system at p=101 kPa 

To provide more data for a better fitting with the thermodynamic models, the 

experiments were repeated under vacuum at p=51 kPa (Table S8; Fig. 44) and p=10 kPa (Table 

S9; Fig. 45). As the pressure was decreased, a more stable operation could be achieved with 

mixture, providing more reliable data sets. As expected, the experiments performed under 

reduced pressure also confirmed the absence of azeotrope in the dilute end, and since the 

experiments could be performed between 0.1 and 1 x1 concentration, while showing a sharp 

separation in most of the concentration spectra. In these cases, certain plug formation was also 

observed, however the reduced pressure helped maintaining a more stable flow to the vapor 

sampler and lower x1 concentrations could be reached. Based on the preliminary distillation of 

GVL, it could be confirmed that the GVL-water mixture does not form any azeotrope under 

the investigated pressures. It is possible however that under elevated pressures and azeotropic 

point could be visible, however for confirmation, further experiments should be performed, for 

which our experimental design was not suitable. 
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Figure 44 x-y (a) and T-x-y (b) diagram for water (1) – GVL (2) system with Wilson, NRTL, UNIQUAC, UNIFAC and Ideal 
Vapor pressures models at p = 51 kPa ((●; ○) experimental data; - - Ideal Vapor Pressures; - - UNIFAC; - - Wilson; ― NRTL; 

― UNIQUAC models) 

 

Figure 45 x-y (a) and T-x-y (b) diagram for water (1) – GVL (2) system with Wilson, NRTL, UNIQUAC, UNIFAC and Ideal 
Vapor pressures models at p = 10 kPa ((●; ○) experimental data; - - Ideal Vapor Pressures; - - UNIFAC; - - Wilson; ― NRTL; 

― UNIQUAC models) 

Our results were confirmed by the simultaneous work of ZAITSEVA et. al [114], whereas 

the isothermal VLE of the system water-GVL was investigated. They also found that an 

inflection point is present at the dilute end, however no azeotrope formation was detectable in 

their work. The system shows a positive deviation from the ideal behaviour in most of the 

concentration spectra, except at the water-rich end, which could be due to the formation of 

secondary hydrogen bonds between water and GVL molecules. Although GVL does not have 

polar hydrogens, it has two oxygen in the ring that could interact with water molecules and 

probably aid the evaporation of certain GVL molecules along with water. 

a) b) 

a) b) 
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4.7.2 Methanol-GVL 

The VLE of the system methanol and GVL was investigated at atmospheric pressure, 

due to the low boiling point of methanol (Table S10; Fig. 46). The experiments could be 

performed between 0.15 and 1 x1 concentration. The results show that no azeotrope is formed 

under the investigated pressure and the system shows a positive deviation from the ideal 

behaviour in the whole concentration spectra, indicating a sharp separation between the 

components. Although methanol has a polar hydrogen, no greater effect of secondary 

interactions is visible in the system. The results on the T-x-y plot shows that the system could 

be acceptably modelled by the UNIFAC model, possibly due to the simple structure of 

methanol. 

 

Figure 46 x-y (a) and T-x-y (b) diagram for methanol (1) – GVL (2) system with Wilson, NRTL, UNIQUAC, UNIFAC and Ideal 
Vapor pressures models at p = 101 kPa ((●; ○) experimental data; - - Ideal Vapor Pressures; - - UNIFAC; - - Wilson; ― 

NRTL; ― UNIQUAC models) 

4.7.3 Ethanol-GVL 

Similarly, to methanol, the ethanol-GVL system was also investigated at atmospheric 

pressure (Table S11; Fig. 47). In this case a similar range could be investigated. The ethanol-

GVL mixture also showed a positive deviation from ideal behaviour and no stronger secondary 

effect was visible between the components, therefore the separation could be considered sharp. 

Similarly, to the previous mixtures, no azeotrope formation was detectable at the system 

pressure. Unlike the mixture of methanol-GVL, the ethanol-containing mixture could not be 

well modelled by the UNIFAC model which showed an even sharper separation of the 

components. 

a) b) 
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Figure 47 x-y (a) and T-x-y (b) diagram for ethanol (1) – GVL (2) system with Wilson, NRTL, UNIQUAC, UNIFAC and Ideal 
Vapor pressures models at p = 101 kPa ((●; ○) experimental data; - - Ideal Vapor Pressures; - - UNIFAC; - - Wilson; ― 

NRTL; ― UNIQUAC models) 

4.7.4 2-propanol-GVL 

The mixture of 2-propanol and GVL was also investigated at atmospheric pressure 

(Table S12; Fig. 48), since the boiling point of the volatile component was close to the boiling 

point of ethanol. Similarly, most of the concentration spectra could be investigated, however 

data were found correct in the preliminary tests between 0.2 and 1 x1 concentration. 

 

Figure 48 x-y (a) and T-x-y (b) diagram for 2-propanol (1) – GVL (2) system with Wilson, NRTL, UNIQUAC, UNIFAC and 
Ideal Vapor pressures models at p = 101 kPa ((●; ○) experimental data; - - Ideal Vapor Pressures; - - UNIFAC; - - Wilson; ― 

NRTL; ― UNIQUAC models) 

No azeotrope formation was detectable at the investigated pressure, and similarly to the 

other alcohol-GVL systems, the mixture showed a positive deviation from ideal behaviour. The 

a) b) 

a) b) 
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separation is sharp, but similarly to the ethanol-GVL system, the mixture could not be modelled 

well with the UNIFAC model. 

4.7.5 FA-GVL 

The preliminary investigation of GVL-stability in different formic acid-GVL mixtures 

showed that the GVL-ring is remains stable regardless of formic acid excess. This suggested 

that the equilibrium of the formic acid-GVL mixture could be investigated. An example of the 

gathered NMR spectrum is presented in the supplementary information (Fig. S3). Due to the 

hygroscopic properties of formic acid, the formic acid-GVL system was investigated under 

vacuum, at p=51 kPa. At the selected pressure, nearly the whole concentration spectra could 

be investigated experimentally, between 0.05 and 1 x1 concentration (Table S13; Fig. 49). 

 

Figure 49 x-y (a) and T-x-y (b) diagram for formic acid (1) – GVL (2) system with Wilson, NRTL, UNIQUAC, UNIFAC and 
Ideal Vapor pressures models at p = 51 kPa ((●; ○) experimental data; - - Ideal Vapor Pressures; - - Modified UNIFAC; - - 

Wilson; ― NRTL; ― UNIQUAC models) 

Unlike the previously investigated mixtures, the formic acid-GVL system showed 

negative deviation from the ideal behaviour, indicating a harder separation. This could be 

possibly due to secondary bonding between the two molecules, although similarly to the other 

mixtures, no azeotrope formation was detectable at the investigated pressure. As expected, the 

greater negative deviation could not be modelled with the UNIFAC model, which also 

predicted a negative deviation from ideality. However, the results indicate that the two 

compounds could be separated from each other by conventional distillation processes. It is also 

visible that the vapor phase showed deviation from the ideal behaviour, a greater deviation 

could be observed as the formic acid-content is elevated. This deviation is most probably due 

a) b) 
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to the association of the formic acid molecules. Due to this effect, for data regression the 

Marek-Standart vapor phase association model was applied. 

Formic acid possibly forms some secondary bonds with GVL. Considering the 

functional groups of each investigated compound, the carboxylic groups seem to form 

interactions with GVL, while hydroxyl groups and water do not show such property. Hydrogen 

bonds might be formed in cases where a hydrogen atom is covalently bonded to an 

electronegative atom and it interacts with another molecule’s electronegative atom. In our case, 

oxygen is present in all molecules, serving as an electronegative atom. Except GVL, all 

molecules have one hydrogen bonded to an oxygen atom. All molecules have one interchain 

oxygen atom. GVL and formic acid also has an oxo-group. It is well known that formic acid 

tends to form cyclic dimers, even in vapor phase, which could also affect the difference from 

ideal behavior. We could assume from the molecular structures that hydrogen bond formation 

between a molecule of GVL and a molecule of water/methanol/ethanol/2-propanol/formic acid, 

however the results show that most mixtures separate more easily than expected from ideal 

vapor pressure calculations. 

4.8 Consistency of VLE data 

During the experiments activity coefficients were calculated for all determined equilibrium 

points. Thus during the preprocessing of the gathered points, the following were considered: 

- as the composition reaches the pure component, its activity coefficient should reach 1. 

- the tendency of activity coefficents has to show similar deviation from ideality (if the 

activity coefficient of one component is above 1, the other should also be above 1). 

- the activity coefficents of the two components are coupled. 

Any data that could not fulfill these, was considered erroneous and was removed from the 

final data set. 

4.8.1 Preliminary test of experimental VLE data 

Most of the experimental data showed positive deviation from the ideal behaviour, 

meaning in these cases the activity coefficients ran above 1 in the whole concentration spectra. 

In the case of formic acid and GVL, the mixture showed negative deviation, the activity 

coefficients were below 1 in the whole concentration spectra. 
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4.8.2 Herington test of experimental data 

After the preprocessing, the thermodynamic consistency of the data sets was first 

investigated with the original and modified Herington tests. The ln(1/2)-x1 plots and the fitted 

polinomials are attached as supporting information (Fig. S4a–S10a). The gathered results for 

D and J are shown in the following table (Table 15). 

Table 15 The results of the original and modified Herington test for the experimental data sets (* - data based on greater 
extrapolation)  

Mixture p/kPa Tmax/K Tmin/K D J JM D – J D–JM 

Water-GVL 101 107.0 373.2 60.56* 43.01 11.84 17.55 48.72 

Water-GVL 51 96.7 354.8 25.01 40.88 11.51 -15.87 13.50 

Water-GVL 10 81.8 319.6 21.98 38.39 11.20 -16.41 10.78 

Methanol-GVL 101 142.4 337.8 10.18 63.23 10.88 -53.05 -0.70 

Ethanol-GVL 101 128.7 351.5 18.60 54.97 11.69 -36.37 6.91 

2-propanol-GVL 101 125.0 355.2 18.21 52.79 10.63 -34.58 7.58 

Formic acid-GVL 51 99.3 352.2 33.39 42.25 15.12 -8.86 18.18 

 

It should be noted that the J values for all mixtures are high, due to the large difference 

between the boiling points of pure components. The D values also show greater values due to 

the high assimetry of the curves. Since in most cases the J values are higher than the D values, 

D–J will most likely be less than zero. 

In many literature data the authors consider the |𝐷 − 𝐽| to be less than 10 in order to 

fulfil thermodynamic consistency; however, the original work by Herington only states that 

𝐷 < 𝐽. The latter is fulfilled by all experimental data except the one provided for the 

atmospheric water-GVL data; however, if the former is considered, all data sets, are 

inconsistent by the Herington test, except the data for the formic acid-GVL system. It should 

be noted that in this case, the experimental data nearly covers the whole liquid concentration 

spectra, therefore only a small part of the ln(1/2)-x1 curve should be extrapolated. In the case 

of atmospheric water-GVL data, the experimental data covers ~60% of the liquid phase 

concentration spectra. 

The results gathered with the modified test shows that the mixtures containing alcohol, 

where the separation was sharper compared to the water and formic acid experiments, fulfil the 

criteria of 10, however the more strict rule is only fulfilled by the methanol-GVL mixture. It 

can be seen that the J values calculated for GVL-containing mixtures are all close to 11 except 
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for the formic acid containing mixture, and therefore a similar D value would be required to 

fulfill the criteria. 

Overall, the Herington test considers data as probably consistent and probably 

inconsistent, no strict decision could be based on them. In the presented case if a mixture is 

considered probably consistent by one Herington method, would be incosistent by the other 

(the mixture of formic acid-GVL is probably consistent by the original setting but inconsistent 

by the modified, for the alchol-containing mixture the reverse is true). The Herington test 

values were calculated due to their common application in filtering equilibrium data in the 

scientific community, e.g. in the results are accepted by the National Institute of Standards and 

Technology. 

4.8.3 L-W test of experimental data 

As an additional test, the L-W point-to-point and the integral tests were also performed 

for the equilibrium data sets (Fig. S4b–S10b). For each data set the UNIFAC calculated values 

were also tested for the L-W test as a comparison (𝐿/𝑊̅̅ ̅̅ ̅̅
𝑈, DU calculated for UNIFAC data). This 

comparison helps to identify whether such parameters like vapor pressure equations and 

enthalpy of vaporization cause most of the deviation or not. The following table shows the 

overall results for each experimental data set (Table 16). 

Table 16 Results of the L-W test on the inspected GVL-containing mixtures 

Mixture p/kPa 𝐿/𝑊̅̅ ̅̅ ̅̅  𝐿/𝑊̅̅ ̅̅ ̅̅
𝑈 Pass/All L W D DU 

Water-GVL 101 1.14 1.07 0/18 47.20 43.03 4.62 3.29 

Water-GVL 51 1.03 1.01 9/9 39.73 38.41 1.69 0.74 

Water-GVL 10 0.91 0.89 1/9 39.30 35.06 5.70 6.46 

Methanol-GVL 101 1.04 1.06 21/23 52.20 48.94 3.22 3.23 

Ethanol-GVL 101 1.07 1.08 26/34 44.36 40.42 4.65 4.35 

2-propanol-GVL 101 1.04 1.08 20/30 42.11 38.23 4.83 4.73 

Formic acid-GVL 51 1.11 1.26 15/35 11.60 10.06 7.11 5.74 

 

Since the mixtures show a greater difference between boiling points, the test 

incorporates a greater approximation as the heats of vaporizations are calculated based on vapor 

pressure equations by the Clausius-Clapeyron equation. These parameters are however usually 

more accurate when given for smaller temperature intervals, but the use of multiple parameter 

sets in the investigation of experimental data is not favourable. It should also be noted that the 

area test could show a similar deviation like the Herington test when data are only available in 



 

 - 82 -  
 

a limited concentration range. In these cases the polynomial fitted to the experimental data has 

to be extrapolated to the pure compounds. 

The results of the point-to-point test are highly dependent on what type of mixture is 

investigated. The alcohol-GVL systems show a good outcome in both the point-to-point and 

the area tests. In the case of methanol and ethanol the points that fail the test as higher GVL-

content is present in the liquid phase, while in the case of 2-propanol beside a similar deviation 

at the GVL-richer end, 2 data point fall below 0.92. Beside the overall results, the three 

mixtures containing alcohol showed a good accordance with the UNIFAC results, their plot 

run together, indicating that some of the deviations come from common parameters, e.g. heat 

of vaporization for pure components and vapor pressure equations. 

In the case of water-GVL mixture the criteria for D was fulfilled by the p=101 kPa and 

p=51 kPa data, while the p=10 kPa failed it. As a comparison, the point-to-point test was 

completely failed by the atmospheric data, while only 1 point fulfilled the criteria from the 

p=10 kPa data set. The p=51 kPa data completely fulfilled the criteria. These results and the 

comparison with UNIFAC calculated (where acceptable accordance was found) data also 

suggest that the common data has a great effect on the consistency results. 

The data gathered for the formic acid –containing mixture failed the area test and less 

than half of the data fulfilled the point-to-point criteria. In this case, the UNIFAC model 

showed a great difference, probably due to applying vapor-phase association, which was not 

incorporated in the experimental activity coefficients that were used in the calculations. The 

deviation from the consistency criteria could have multiple sources. As indicated previously, 

Vapor pressure equations and heats of vaporizations for the pure compounds could have a 

greater effect on the calculated parameters e.g. the entropy of vaporization, activity 

coefficients. 

The point-to-point test showed that some points at the dilute ends of the equilibrium 

curves showed greater deviation from the criteria. Beside the effect of literature data, these 

deviations could also be due to higher uncertainty of the analytical methods at the dilute ends. 

The comparison of experimental and UNIFAC L/W plots could be found in the supporting 

information for all investigated mixtures. 

Overall the applied consistency tests showed that most of the acquired data could be 

considered probably consistent, however due to their limitations, the greater boiling point 
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differences, and possible effect of incorporated literature data, no exact consistency or 

inconsistency could be declared. Since the preliminary tests were applied for filtering erroneous 

data, no basic inconsistencies could be found in the reported data. 

4.9 Regression of VLE data 

To correlate the gathered data Wilson, NRTL and UNIQUAC activity coefficient models 

were applied for regressing binary interaction parameters that were suitable for modelling the 

vapor-liquid equilibrium. The minimization of ChemCAD®'s objective function was utilized 

to obtain model parameters.  

𝑂𝐹 = ∑(𝑦𝑐𝑎𝑙𝑐.;𝑖 − 𝑦𝑒𝑥𝑝.;𝑖)
2

𝑁

𝑖=1

+ ∑(𝑇𝑐𝑎𝑙𝑐.;𝑖 − 𝑇𝑒𝑥𝑝.;𝑖)
2

𝑁

𝑖=1

 
(36) 

The interaction parameters for the desired activity coefficient models were gathered 

within 150 iterations of the software, the results are shown in the following table (Table 17). 

Table 17 Calculated Binary Interaction Parameters of Wilson (αij ; αji /cal g-1mol-1 – adjustable parameters). NRTL (τij / 
cal g-1mol-1). Dimensionless Interaction Parameter; αij. Constant Characteristic of the Nonrandomness of the Mixture), 

and UNIQUAC (ΔUij / cal g-1mol-1: binary interaction parameter) Models for FA (1) – GVL (2)   Note that parameters 
were regressed in ChemCAD®. DECHEMA form is different 

 Wilson NRTL UNIQUAC 

– GVL (6) 12  21 B12 B21 αij Δuij Δuji 

Water (1) – 1463.2 1225.0 907.42 -4.412 0.26684 -223.49 712.91 

methanol (2) – 592.35 -70.424 281.23 -33.653 0.35345 -146.67 544.09 

ethanol (3) – 61.671 793.95 691.78 -261.18 0.29280 364.17 -105.95 

2-propanol (4) – -76.896 889.44 793.53 -342.15 0.24002 549.94 -264.49 

Formic acid (5) – -151.58 406.17 469.77 -479.46 0.33560 502.33 -472.43 

 

The fit of the regressed parameters to the experimental data could be seen in the T-x-y 

plots of all mixtures, however a better overlook could be gathered if the relative volatility plots 

of the regressed Wilson, NRTL and UNIQUAC models are compared with experimental data 

points. Since in the present cases the separation factors are high, a certain deviation is visible 

between the regressed and the experimental data. When a separation factor near 1 is achieved, 

even a 5% error between the experimental and the fitted data, could show a greater deviation 

in the optimization of separation units. However, the presented GVL-containing mixtures show 

such high separation factors, that only large errors could have a greater impact on the 

optimization of a distillation unit, for example the number of required stages. This can be 

visualized by comparing the ideal, UNIFAC and the regressed models in a separation unit. 
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As a demonstration, two of the investigated binary liquids were separated in a Shortcut 

column in ChemCAD®, the mixture of 2-propanol-GVL and water-GVL. For a simple 

comparison both mixtures entered the column at T=25 °C and p=1 atm. In the column light key 

split was set to 0.995, heavy key split to 0.005, the reflux ratio was set to 1 and the column 

mode was set to Fenske-Underwood-Gilliland with Kirkbride feed tray location. The 

comparison of Ideal vapor pressure’s, UNIFAC and UNIQUAC models are listed in the 

following table (Table 18): 

Table 18 Comparison of predictive and experimental data based thermodynamic models (stage numbers are not 
rounded in order to visualize differences) 

 UNIQUAC UNIFAC Ideal Vapor Pressures 

Mixture 2-propanol- 

GVL 

water- 

GVL 

2-propanol- 

GVL 

water- 

GVL 

2-propanol- 

GVL 

water- 

GVL 

Number of stages 5.08 7.88 5.05 10.82 5.12 5.98 

Condenser duty (MJ/h) -805 -817 -805 -818 -808 -817 

Reboiler duty (MJ/h) 1262 1221 1255 1186 1309 1269 

Minimum stages 3.77 5.48 3.75 6.86 3.80 4.36 

Feed stage 3.04 4.44 3.02 5.91 3.06 3.49 

Rmin 0.03 0.181 0.03 0.36 0.03 0.07 

 

As the results show, the experimentally fitted UNIQUAC model shows a great 

similarity with the two predictive methods for the 2-propanol-GVL mixture. However, the 

water-GVL system shows a greater difference, due to its greater non-ideality and as indicated 

in the introduction the azeotrope prediction of the UNIFAC model. 

The quality of the model fits could firstly be represented by the differences between the 

experimental and the calculated y1 and T values. These data are presented in the supplementary 

information along with the experimental T-x-y values. For each calculated data set the average 

absolute deviation (AAD) was calculated (Table 19).  
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Table 19 AAD values of model fits to experimental data 

  Wilson NRTL UNIQUAC 

Mixture p/kPa T y1 T y1 T y1 

Water-GVL 101 0.1 0.0012 0.4 0.0016 0.3 0.0004 

Water-GVL 51 0.5 0.0011 0.8 0.0015 0.6 0.0007 

Water-GVL 10 0.7 0.0020 0.5 0.0014 0.6 0.0014 

Methanol-GVL 101 0.3 0.0009 0.2 0.0010 0.3 0.0009 

Ethanol-GVL 101 0.3 0.0007 0.2 0.0006 0.2 0.0007 

2-propanol-GVL 101 0.3 0.0008 0.3 0.0008 0.3 0.0008 

Formic acid-GVL 51 0.7 0.0019 0.6 0.0019 0.6 0.0013 

 

For the atmospheric data a better fit could be achieved based on the values of AAD. 

Comparing all the results suggest that the NRTL model could be fitted with the most error, 

while in most cases the UNIQUAC model outperformed the Wilson model. It should be noted 

however that even the UNIQUAC model shows a greater AAD for the water-GVL data at p=10 

kPa and for the formic acid GVL data. 

Additionally, the relative volatility plots of the model calculated, and the experimental 

data could be plotted. Literature data are usually plotted with error bars indicating a possible 

allowable deviation between the experimental data and the fitted models. This error is usually 

given as 5% for mixtures with lower relative volatility values (mainly below 5), however the 

presented GVL-containing mixtures all show greater values, therefore 10% error was shown. 

Since the relative volatilities could run as high as 200 in certain case, even this larger error 

could be too small, since the experimental relative volatilities were calculated by given 

uncertainties. Even a 0.0001 change in the experimental vapor phase composition (which is 

within the given uncertainty) could result a 5% deviation in the calculated relative volatility. 

The plots of relative volatilities for the investigated mixtures are shown in the following figures 

(Fig. 50a-f).
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Figure 50 Relative volatility plots of GVL-containing mixtures: water-GVL system at p=101 (a); 51 (b) and 10 kPa (c); methanol-GVL at p=101 kPa (d); ethanol-GVL at p=101 kPa (e); 2-propanol-GVL at 
p=101 kPa (f) and formic acid-GVL at p=51 kPa (g). (● – experimental data with 10% error bars; - - UNIFAC (Modified UNIFAC for formic acid-GVL); - - Wilson; ― NRTL; ― UNIQUAC models)

a) b) c) 

d) e) f) g) 
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The plots indicate that when the relative volatilities are smaller, the model calculations 

fit better the experimental data. The methanol-GVL mixture shows very high relative 

volatilities and in this case the models could not fit the data well, however considering the 

uncertainty of composition a greater deviation could be allowable. By the methanol-GVL 

mixture, the UNIFAC model shows a good fit with the calculated models. The results for the 

water-GVL mixture indicate that the models show a better fit as the pressure is closer to 

atmospheric. The models at p=10 kPa show greater deviation compared to the other pressures 

at the water-rich-end. 

The mixture of ethanol and GVL shows a slighter deviation compared to the methanol-

GVL system, however the dilute end shows a greater deviation. The 2-propanol-GVL mixture 

shows only deviation near the equimolar liquid composition. Near this concentration all GVL 

systems that contain alcohol show a greater deviation with the models from the experimental 

data. The formic acid-GVL mixture shows a good correlation with the Wilson model 

calculations, however the formic acid-rich end shows a greater deviation with the other models. 

The UNIFAC modelling of this mixture shows the greatest deviation among the investigated 

cases. The results show that the model fits cannot fulfil the 10% error criteria in many cases, 

which could be due to various effects. The greatest effect is the very high relative volatility of 

the mixtures, where as shown above, smaller uncertainties could result a greater deviation. It 

can be seen that even though the relative volatility plots of methanol and GVL show a greater 

deviation, the AAD values were small, which would indicate a good fit. 

The Shortcut column simulations also showed that even if the UNIFAC and UNIQUAC 

model calculations show a greater difference in the relative volatility plots, the simulation 

results are nearly similar. These suggest that the quality of the fits are good for modelling the 

equilibria of the investigated mixtures. 

4.10 Comparison of GVL production lines 

Although there are many different industrial routes for separating liquid mixtures, the 

most widely applied processes involve the distillation of components. Based on the 

thermodynamic data gathered for the binary GVL mixtures, the possible separation pathways 

can be optimized and their energy demand and parameters that affect equipment costs can be 

calculated and compared for achieving similar product purities and quantities. 
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Since all mixtures contain GVL as the desired product, we can optimize the routes for 

achieving similar amounts of GVL with similar amount of purities. Of course, the application 

of GVL has a great effect on what type and what quantity of impurity is allowed in the process. 

For example, if GVL would be used as a fuel additive, water-content could be a concern, while 

alcohols are tolerable in such applications. The similarity of the mixtures suggest that it is 

enough to model a distillation unit for each separation issue with a plated column and compare 

the energy demands, plate numbers and reflux ratios. 

Depending on the hydrogen source and the levulinate molecule, different by-products are 

formed with GVL, while donors can remain in certain amounts in the mixture. This results in 

multiple mixtures where two or three components are present together. Although there are 

many alternative routes starting from LA/methyl-/ethyl-/2-propy levulinate, and hydrogen/2-

propanol/formic acid donors, however those were out of scope in the present study. 

The experimental results suggested that GVL could be separated from short chained 

alcohols, formic acid and water without requiring special equipment or additional material 

streams. In many chemical technology, separation uses most if the overall costs, due to its great 

equipment, high energy demands and greater flowrates. Distillation processes have both 

heating and cooling at higher flows, therefore their modelling and the choice of the most 

efficient route is a crucial part of deciding which chemical reaction should be applied. 

To compare the different GVL producing routes, we have to compare the efficient 

separation of each route and consider their energy demands, the possible use and value of the 

by-products, along with their environmental effects. Seeing the different routes, GVL is the 

most highly desired product of the conversion, while by-products of water, methanol, ethanol, 

2-propanol, (acetone and carbon-dioxide) can form and liquid phased hydrogen sources (2-

propanol, formic acid) can remain in the liquid. 

4.10.1 The application of molecular hydrogen 

If molecular hydrogen is used for converting LA or its esters to GVL, an equimolar 

amount of water or alcohols are formed. In these cases, the separation is reduced to binary 

mixtures and since no azeotrope formation is detectable, the desired purity could be reached 

for both the primary and secondary products. This makes possible to directly reuse the 

generated water in the conversion of biomass to LA or the alcohols in the esterification of LA. 

The application of molecular hydrogen requires high pressure which is dangerous compared to 
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transfer hydrogenation under atmospheric pressure, while the high pressure requires more 

expensive equipment. Overall the following product mixtures could be identified when using 

molecular hydrogen: 

1. Water-GVL 1:1 (W-G) 

2. Methanol-GVL 1:1 (M-G) 

3. Ethanol-GVL 1:1 (E-G) 

4. 2-propanol-GVL 1:1 (P-G) 

4.10.2 Formic acid as a hydrogen source 

When the readily available formic acid is applied as a hydrogen source for 

hydrogenation, the product mixture could have different compositions based on what type of 

catalyst is appl ied. When the exact amount of formic acid is added, the product mixture would 

contain GVL and water in equimolar amount, while the formed equimolar carbon-dioxide 

leaves the system. If an excess amount of formic acid is applied, the reaction could be stopped 

when the LA is converted and then the excess of formic acid would remain in the product 

mixture. By using certain catalysts, the excess of formic acid could be decomposed to carbon-

dioxide and hydrogen after the conversion of LA and therefore an equimolar mixture of water 

and GVL would remain. 

The application of formic acid in the levulinate routes was not investigated, since 

literature data suggests that methanol and ethanol can readily form certain amounts of the 

corresponding ester, resulting in a quaternary mixture with formic acid, ester, alcohol and GVL. 

Although some formic acid esters have lower boiling points than their corresponding alcohols 

and acids, the lack of VLE data for formic acid ester-GVL mixtures and the unknown formation 

rate of  the esters, the modelling of these quaternary mixtures was not included in the present 

study. By using formic acid as a hydrogen donor the following new mixture could be identified 

when applying an excess of 20%: 

5. Water-GVL-Formic acid 1:1:0.2 (W-G-F) 

4.10.3 2-propanol as hydrogen source 

2-propanol could also be applied as a hydrogen source for converting LA or its esters 

to GVL via transfer hydrogenation. In these cases, the hydrogen loss of 2-propanol will 

generate acetone. If no excess amount of donor is applied and the conversion of LA or its esters 
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is assumed to be 100%, then an equimolar amount of GVL, primary by-product and acetone 

will form. 

If a 20% excess of the donor is assumed, then in the case of LA, methyl- and ethyl levulinate 

a quaternary mixture will be generated, while by 2-propyl levulinate, the amount of 2-propanol 

will be elevated. Therefore here the following separation routes could be identified: 

6. Water-GVL-Acetone 1:1:1 (W-G-A) 

7. Water-GVL-Acetone-2-propanol 1:1:1:0.2 (W-G-A-P) 

8. Methanol-GVL-Acetone 1:1:1 (M-G-A) 

9. Methanol-GVL-Acetone-2-propanol 1:1:1:0.2 (M-G-A-P) 

10. Ethanol-GVL-Acetone 1:1:1 (E-G-A) 

11. Ethanol-GVL-Acetone-2-propanol 1:1:1:0.2 (E-G-A-P) 

12. 2-propanol-GVL-Acetone 1:1:1 (P-G-A) 

13. 2-propanol-GVL-Acetone 1.2:1:1 (1.2P-G-A) 

In the following the comparison of the 13 identified mixtures is performed including the 

software modelling of the separations to gather the primary product and some notes on the 

hardness of the possible by-product separation. In the case of using 2-propanol as a donor, 

acetone is formed as a by-product, however its equilibrium with water, methanol, ethanol and 

2-propanol is well studied. Its equilibrium with GVL is unknown and due to the large difference 

between their boiling points I was to determine their VLE data. Simple purification of acetone-

GVL mixture however showed that acetone can be fully separated from GVL and since acetone 

only has an oxo-group and does not have a polar hydrogen, I assumed that GVL and acetone 

could not form stronger bonds with each other, unlike it was suspected in the case of water, 

alcohols and carboxylic acids. Therefore, I assumed that data regressed from UNIFAC model 

could well show the behaviour of the two liquids (Fig. 51). The UNIQUAC binary interaction 

parameters regressed from the UNIFAC model for acetone are ∆𝑢𝑖𝑗 = 465.6966 and ∆𝑢𝑗𝑖 =

−284.9461.  
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Figure 51 The equilibrium of acetone and GVL at p=101 kPa with Ideal Vapor Pressures (- -) and UNIFAC (―) models 

The UNIFAC model shows a slight positive deviation from the ideal behaviour and as 

expected a sharp separation is predicted. Among the selected mixtures multiple azeotropic 

mixtures could be found. However, since the modelling was performed at p=101 kPa, only the 

azeotropes present at this pressure could have an effect on the separations. The mixtures of 

formic acid-water, 2-propanol-water and acetone-methanol form azeotrope at this pressure. 

Azotrope would only be visible under elevated pressures by the mixtures of acetone-methanol, 

acetone-ethanol and acetone-water. Although no azotrope is formed, it should be noted that the 

mixture of ethanol and 2-propanol shows a low separation factor at p=101 kPa.  

4.10.4 Software modelling of selected routes 

For the modelling of the different separation routes, the same unit type (SCDS column) 

was selected in ChemCAD®, and the amount of GVL in the feed was similar in each case. The 

amount of other components was determined by the reaction equations, applying 20% excess 

of hydrogen donor where not molecular hydrogen was applied. 

The inputs are composed of 10 kmol/h of GVL, 10 kmol/h of the equimolarly formed 

by-product (water, methanol, ethanol or 2-propanol), equimolar 10 kmol/h of the acetone when 

2-propanol was used as a donor and 2 kmol/h of the remaining donor (formic acid and 2-

propanol) where they are applied.  For simple comparison the feed streams entered the columns 

at T=25 °C and p=1 atm in all cases. The purity of GVL was set to 99.5% while the achievable 

recovery of GVL was set to 99.5% due to the high separation factor of the components. The 

modelling was performed in all cases as follows: 
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• First, an initial stage number and feed stage were applied to perform the separation to 

the desired purity (initial stage number was set to higher e.g. 20 and initial feed was 

set to the middle stage – all units converged), 

• After this, a sensitivity study was performed to find what stage number is required. 

The number of stages were changed between 3 and 20 (where 3 stages were 

insufficient for the separation, higher starting value was required) and the change of 

reboiler duty with the stage number was plotted. As the stage number increases, the 

reboiler duty decreases. As an optimum, the stage from which the reboiler duty was 

nearly constant (<1% change with an additional stage) was chosen. 

• After setting the stage number, the effect of the feed stage was investigated. A 

sensitivity study was performed to see how the feed stage affects the reflux ratio. In 

all cases there was a feed stage, where the reflux ratio is minimal and therefore this 

solution was chosen. The reflux ratios of neighbour feed stages usually showed only a 

little difference. 

The main results of the modellings are listed in Table 20. 

Table 20 Main results of modelling the different separation routes 

 Stages Feed 

stage 

Reboiler duty 

(MJ/h) 

Condenser duty 

(MJ/h) 

Reflux 

ratio 

TCondensate 

(°C) 

TResidue 

(°C) 

W-G 7 6 1124 -781 0.957 100.0 168.6 

W-G-A 8 6 1204 -838 0.136 60.5 171.8 

W-G-A-P 11 9 1256 -864 0.049 61.5 177.4 

W-G-F 8 6 960 -525 0.161 100.9 203.2 

M-G 5 3 690 -355 0.002 64.6 175.7 

M-G-A 6 5 1117 -721 0.082 56.3 188.3 

M-G-A-P 6 3 1171 -755 0.002 57.5 191.3 

E-G 7 4 794 -396 0.019 78.4 189.4 

E-G-A 7 4 1140 -713 0.008 62.1 190.2 

E-G-A-P 7 4 1245 -800 0.011 63.0 191.4 

P-G 7 4 859 -413 0.028 82.6 194.1 

P-G-A 7 4 1200 -747 0.011 61.5 194.0 

1.2P-G-A 7 4 1302 -834 0.012 62.4 194.0 
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All the investigated routes produce 996.16 kg/h of GVL with 99.5% purity. The results 

show that from all routes GVL could be recovered with less than 12 stages and with a reflux 

ratio below 1. The highest stage number was required for the LA conversion with excess 2-

propanol, while the least was required for the molecular hydrogenation of methyl levulinate. 

Except the 2-propanol hydrogenation of LA, all mixtures could be separated with a maximum 

of 8 stages.  

Among the molecular hydrogenation routes the methyl levulinate conversion route 

demanded the least stage number and energy, as expected. As a comparison, when no 

esterification is applied (LA is hydrogenated directly), 2 more stages are required while the 

reboiler duty is elevated by more than 60%. The greater difference could be possible due to the 

inflection of the equilibrium curve at the water-rich end. The ethyl- and 2-propyl levulinate 

routes show similarity with each other, the latter being more energy demanding, but reboiler 

duty is only greater with 8%, while the stage number is similar. The overall order from the least 

to the most energy demanding method could be shown as: M-G < E-G < P-G < W-G. 

Considering the 2-propanol-based transfer hydrogenation routes, overall the ethyl- and 

2-propyl levulinate hydrogenations could be performed with the same equipment that were 

applied for the binary separations, the stage number and the feed stage was the same. In the 

case of methyl levulinate the stage number is elevated by 1 and the inlet has to be changed. 

When starting from LA, the stage number is higher compared to the other methods, however 

with such construction similar energy demand is achieved to the 2-propyl levulinate route. 

Overall when no excess donor is applied the following order could be set M-G-A < E-

G-A < P-G-A < W-G-A. The difference in reboiler duty for the latter two is only 0.3%, making 

them nearly similar, while the maximum difference is ~7%. However, when an excess of 20% 

is applied, the LA conversion is slightly better than the propyl-levulinate route: M-G-A-P < E-

G-A-P < W-G-A-P < 1.2P-G-A. The LA route here requires by 4% less energy for the reboiler, 

while the difference between the ethyl levulinate and LA route is only ~1%. The maximum 

difference is ~10% here. 

When no excess of formic acid is applied, the results are simplified to the W-G 

separation, which shows less energy demand for the reboiler than the W-G-A, E-G-A and P-

G-A routes, while requiring similar stage number. When excess of formic acid is applied, the 

system requires less energy compared to the 2-propanol routes with excess, the difference 
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ranging between 20 and 30%. This is due to the fact that the equimolar by-product of formic 

acid is gaseous while the acetone is in the liquid mixture and has to be removed as condensate. 

Overall the easiest separation is the binary methanol-GVL separation, while among the 

excess donor using the formic acid using process was found the least energy demanding. It 

should be noted however the purification of the side-stream could require special units or 

otherwise could cause a loss of esterification or hydrogenation materials. 

4.10.5 Other considerations in choosing the most suitable route 

Beside the main energy and cost demands of the separations, other parameters and 

properties could have greater effect on the applicability of the overall process. These could 

include the separation of by-products, the type of wastes, safety considerations, etc. 

Pressure 

The main difference in the application of hydrogen donors and molecular hydrogen, is 

the applied pressure. By high pressure hydrogenation reactions, special equipment are required 

to maintain the hydrogen pressure and the vessels have to withstand the effects of molecular 

hydrogen. Hydrogen is considered as a dangerous material, due to its flammability. Also, 

hydrogen can dissolve in various metals which can lead to hydrogen embrittlement. Thus, 

special alloys, safety equipment and industrial plants have to be used while dealing with 

molecular hydrogen. Therefore, its use is considered as an unfavourable route, and where 

alternatives are applicable, the alternative route should be used. This implies the superiority of 

transfer hydrogenation routes over the direct conversion of LA and its esters. 

The by-product streams 

All reactions have primary and secondary by-products. The molecules forming in 

equimolar amounts to GVL, could be considered the primary by-products. Water itself has a 

very little use in the biomass converting process and has a low value. The gathered water 

(which is 100 °C when using molecular hydrogen or no excess of formic acid is used in transfer 

hydrogenation) may be used for preheating certain streams in the separation process, or can be 

cooled down and not processed further, since it states no harm for nature. The possible use in 

recycling involves its application as solvent for diluting sulfuric acid at the conversion of 

biomass to LA. Methanol and ethanol are primary by-products of levulinate conversion to 

GVL. Methanol, ethanol and 2-propanol has a greater value in recycling compared to water. 

To produce levulinate esters for the process, these alcohols are required in equimolar amount 
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to LA at the acid catalysed step of the conversion. However, through their conversion to GVL 

(which can be performed at 100% yield in many cases) the same amount of alcohol is 

reproduced in the process. These can therefore be recycled directly in the biomass process if 

they are present without impurities that have negative effect on the esterification. 

The alternative hydrogen donors are usually applied in excess amount, and with 

sufficient reaction control, some of the excess amount could remain in the product mixture. 

The main difference between the applied chemicals is their origin. Formic acid is formed in 

equimolar amounts with LA during biomass conversion. Therefore when its recovery from the 

acid catalysed hydrolysis is well optimized, only a smaller amount is required to be added to 

the system. However, this additional amount can be regenerated at the end of the line and 

recycled into the GVL producing step. Since FA forms azeotrope with water, the harder 

separation might cause the regeneration harder and more expensive and possibly the 

distribution of diluted formic acid would be favoured. 

2-propanol is usually gathered from industrial sources for the transfer hydrogenation. 

Similarly to the FA route, the excess 2-propanol could be recycled from the end of the line. 

When 2-propanol is applied, it will appear in the condensate fraction along with the primary 

by-products: water, methanol, ethanol and more 2-propanol. 2-propanol forms azeotrope with 

water which suggests a harder separation, while the 2-propanol-ethanol mixture does not show 

azeotrope formation, but due to the close boiling points, the separation would be also harder, 

possibly vacuum would be required. As a comparison, the methanol-2-propanol mixture shows 

no azeotrope formation, and the separation could be considered easier compared to the others.  

When an alternative donor – formic acid and 2-propanol in the investigated cases – is 

applied for the reactions, their decomposition results in other materials in the process. The 

dehydrogenation of formic acid results carbon dioxide. Carbon dioxide itself has no use in the 

biomass conversion process and also has little value as a product. It can be considered as an 

environmental issue, meaning the product line has a carbon dioxide exhaust at the end. On the 

other hand, its separation does not require any special separation steps, it can be simply vented 

from the reaction chamber. When using 2-propanol, the dehydrogenation results in the 

formation of acetone in the mixture. When using reactions having higher temperature, the 

acetone could mainly be present in vapor phase, due to its low boiling point. Acetone forms 

azeotrope with methanol at atmospheric pressure, suggesting a harder separation at the end of 

line. Although it also forms azeotrope with water, ethanol and 2-propanol, this is only 
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detectable under elevated pressure, suggesting that these streams could be efficiently separated. 

Depending on what parameters are the most important the following GVL productions could 

be considered: 

• when the least reaction steps and easier separation is considered the molecular 

hydrogenation of LA could be suggested, 

• when the most important part is the separation, the methyl levulinate route could be 

proposed, 

• when high pressure hydrogenation is avoidable, the transfer hydrogenation of LA with 

formic acid could be suggested, but the transfer hydrogenation of levulinate esters 

with 2-propanol show similar energy demands, the main difference is the additional 

esterification, 

• when the by-product stream should also be separated, the transfer hydrogenation of 2-

propyl levulinate with 2-propanol could be proposed as only a ternary mixture is 

formed at the end from which none forms azeotrope at atmospheric and reduced 

pressures. 

Although the latter proposed method showed the greatest energy demand in the modelling 

step, the required stages were moderate compared to the other routes. The presented 

comparison could only be considered as a preliminary approach, the overall efficiency would 

require the incorporation of all energy streams including the conversion of LA to esters and the 

separation of catalyst. The separation of heterogeneous catalysts that are mainly applied for 

molecular hydrogenation is easily performed by filtering, while homogeneous catalysts that are 

in many cases applied for transfer hydrogenation could be recovered by extraction, which is 

more energy demanding due to evaporation.  
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5 Summary 

The presented work aimed on investigating certain recirculation and separation issues that 

occur in the production of GVL from biomass waste sources. 

The acid catalysed conversion of biomass to LA was investigated in order to identify the 

possible recycle streams that appear in the process. The aqueous catalyst solution was found as 

one of the greatest material streams and therefore its reuse was investigated in detail. The 

investigation led to proposing two alternative recycle routes – a post- and a pre-extraction route 

– that could be combined together in designing an efficient biomass conversion plant when 

batch mode is applied. The reuses were successfully prepared with the mixture of biomass 

wastes. The recycling of sulfuric acid was performed successfully maximally 9 times in the 

acid catalysed hydrolysis of biomass wastes without significant change in the yield of levulinic 

acid. 

For investigating the vapor-liquid equilibria of GVL-containing mixtures, a redesigned 

vapor-condensate and liquid recycling still was applied. Sample analysis was performed 

primarily via refractometry, for which refractive indices in the whole concentration spectra 

were determined for all the mixtures. The vapor pressures at different temperatures and an 

average heat of vaporization was determined for GVL. 

The vapor-liquid equilibrium of 5 GVL-containing mixtures was investigated under 

isobaric conditions. The equilibrium of water and GVL was investigated at p=101; 51 and 10 

kPa, where no azeotrope formation was detected, although the equilibrium curves showed an 

inflection and the mixture showed positive deviation from the ideal behaviour in most of the 

concentration-spectra. The equilibrium of methanol, ethanol and 2-propanol with GVL was 

investigated at p=101 kPa and sharp separation was detected in all cases. These mixtures show 

a positive deviation from the ideal behaviour. The mixture of formic acid and GVL was 

investigated at p=51 kPa and the mixture showed negative deviation from the ideal behaviour 

and the effect of vapor phase association was also detectable. 

The thermodynamic consistency of the gathered data was investigated by the original and 

modified Herington tests and the L-W test of Wisniak, along with certain preliminary tests. 

Based on the equilibrium data Wilson, NRTL, and UNIQUAC activity coefficient model 

parameters were regressed. The gathered parameters were applied for modelling the separation 

of 13 GVL-containing mixtures to compare the different GVL-production lines.  
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6 Összefoglalás 

A bemutatott munkában a lehetséges recirckulációs és szeparációs problémákat vizsgáltam 

a gamma-valerolakton (GVL) biomassza hulladékokból történő előállításának folyamatában. 

Először a levulinsav (LA) savkatalizált előállítása során felmerülő recirkulálási 

lehetőségek vizsgálatával foglalkoztam, ahol a nagy mennyiségű kénsav-oldat 

visszaforgatására két lehetséges utat – extrakció előtti vagy utáni visszaforgatás – sikerült 

azonosítani. Mindkét újrahasznosítási módszert sikerült biomassza hulladékkal többször is 

megvalósítani egymás után, összesen maximum 9 visszaforgatást megvalósítva, a LA 

hozamának jelentős megváltozása nélkül. 

A GVL-tartalmú biner elegyek gőz-folyadék egyensúlyának vizsgálatához egy 

újratervezett gőz-kondenzátum és folyadék cirkulációs készüléket alkalmaztam. A biner 

minták elemzéséhez törésmutató mérést alkalmaztam, amihez meghatároztam a vizsgált 

elegyek törésmutatóját a teljes összetétel tartományban. Meghatároztam a GVL forráspontjait 

különböző nyomásokon, valamint ezek alapján egy átlagos párolgáshőt. 

Öt különböző GVL-tartalmú biner elegy gőz-folyadék egyensúlyát vizsgáltam izobár 

körülmények között. A víz-GVL elegy egyensúlyát p=101; 51 és 10 kPa nyomásokon 

vizsgáltam, és nem tapasztaltam azeotróp képződését, viszont az egyensúlyi görbék inflexiós 

ponttal rendelkeznek. Az elegy nagyrészt pozitív eltérést mutatott az ideális viselkedéstől. A 

metanol, az etanol és a 2-propanol GVL-lel képzett elegyeinek egyensúlyát p=101 kPa 

nyomáson vizsgáltam. Az eredmények éles szeparációt mutatnak, azeotróp képződése nélkül, 

valamint pozitív eltérést mutatnak az ideális viselkedéstől. A hangyasav-GVL elegy 

egyensúlyát p=51 kPa nyomáson vizsgáltam. Az elegy negatív eltérést mutatott az ideális 

viselkedéstől, valamint a gőzfázisú asszociáció hatásai is detektálhatók voltak, ugyanakkor 

azeotróp képződése ebben az esetben sem tapasztalható. 

A kísérleti adatok termodinamikai konzisztenciáját az eredeti és a módosított Herington 

teszttel, valamint a Wisniak-féle L-W teszttel is vizsgáltam, előzetes konzisztencia-kritériumok 

figyelembevétele mellett. A kísérleti adatok alapján Wilson, NRTL és UNIQUAC aktivitási 

együttható modellekhez határoztam meg paramétereket, amelyek felhasználásával 13 

különböző GVL-tartalmú elegy elválasztását modelleztem, a különféle GVL-előállító 

folyamatok összehasonlításához.  
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Supplementary information 

 

Figure S1 y–x (a) and T–y–x (b) diagram for methanol (1) – water (2) system at 101.33 kPa; (●): experimental; (○) 
literature 

 

Table S1 Experimental Equilibrium Data for methanol (1) – water (2) at p = 101 kPa 

T (K) x1 y1  T (K) x1 y1 

339.2 0.8525 0.9443  351.8 0.2565 0.6621 

340.7 0.7740 0.9056  355.3 0.1709 0.5679 

341.6 0.7344 0.8972  361.5 0.0942 0.4172 

344.3 0.5796 0.8355  365.2 0.0568 0.2812 

345.2 0.5854 0.8287  368.1 0.0317 0.2027 

346.5 0.5066 0.7895  369.7 0.0249 0.1433 

347.2 0.4894 0.7856  371.0 0.0171 0.0916 

349.6 0.3602 0.7151  371.9 0.0085 0.0568 

 

Table S2 Refractive indices (nD) of water (1) – GVL (2) mixtures at 293.2 K and 298.2 K for GVL – H2O mixtures, p = 101 
kPa 

Water-content 

(mol/mol) 

nD 

293.2 K 

nD 

298.2 K 

Water-content 

(mol/mol) 

nD 

293.2 K 

nD 

298.2 K 

1.0000 1.3332 1.3327 0.8145 1.3913 1.3900 

0.9842 1.3420 1.3411 0.7705 1.3987 1.3970 

0.9682 1.3505 1.3499 0.7036 1.4062 1.4046 

0.9468 1.3591 1.3585 0.6167 1.4135 1.4119 

0.9211 1.3682 1.3671 0.4903 1.4204 1.4186 

0.8934 1.3761 1.3751 0.2908 1.4273 1.4259 

0.8595 1.3837 1.3826 0.0000 1.4339 1.4316 
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Table S3 Experimental Refractive indices (nD) of Methanol (1) – GVL (2) Mixtures at 293.2 K and 298.2 K, p = 101 kPa 

methanol- 

content 

(mol/mol) 

nD 

293.2 K 

nD 

298.2 K 

methanol- 

content 

(mol/mol) 

nD 

293.2 K 

nD 

298.2 K 

0.0000 1.4339 1.4316 0.7143 1.3831 1.3804 

0.2537 1.4222 1.4197 0.7396 1.3791 1.3769 

0.3108 1.4183 1.4163 0.7690 1.3756 1.3729 

0.3144 1.4181 1.4161 0.7817 1.3728 1.3708 

0.3827 1.4136 1.4116 0.8257 1.3670 1.3643 

0.4409 1.4093 1.4067 0.8362 1.3647 1.3627 

0.4927 1.4050 1.4029 0.8754 1.3579 1.3552 

0.5389 1.4018 1.3997 0.8882 1.3548 1.3527 

0.5945 1.3969 1.3948 0.9296 1.3468 1.3442 

0.6358 1.3925 1.3903 0.9362 1.3447 1.3427 

0.6768 1.3876 1.3849 1.0000 1.3290 1.3268 

0.7044 1.3842 1.3815    

 

Table S4 Experimental indices (nD) of Ethanol (1) – GVL (2) Mixtures at 293.2 K and 298.2 K, p = 101 kPa 

ethanol- 

content 

(mol/mol) 

nD 

293.2 K 

nD 

298.2 K 

ethanol- 

content 

(mol/mol) 

nD 

293.2 K 

nD 

298.2 K 

0.0000 1.4339 1.4316 0.6457 1.3976 1.3951 

0.1875 1.4254 1.4230 0.7024 1.3930 1.3907 

0.2488 1.4225 1.4200 0.7199 1.3915 1.3891 

0.2857 1.4205 1.4183 0.7983 1.3842 1.3823 

0.3591 1.4170 1.4144 0.8667 1.3775 1.3756 

0.4062 1.4138 1.4115 0.9299 1.3703 1.3683 

0.5219 1.4062 1.4041 0.9697 1.3655 1.3634 

0.5521 1.4045 1.4023 1.0000 1.3616 1.3596 

0.6172 1.4001 1.3979    
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Table S5 Experimental indices (nD) of 2-Propanol (1) – GVL (2) Mixtures at 293.2 K and 298.2 K, p = 101 kPa 

2-propanol- 

content 

(mol/mol) 

nD 

293.2 K 

nD 

298.2 K 

2-propanol - 

content 

(mol/mol) 

nD 

293.2 K 

nD 

298.2 K 

0.0000 1.4339 1.4316 0.5904 1.4037 1.4018 

0.0995 1.4292 1.4271 0.6605 1.3997 1.3978 

0.1165 1.4283 1.4262 0.7367 1.3950 1.3930 

0.1885 1.4249 1.4229 0.8101 1.3903 1.3883 

0.2516 1.4217 1.4198 0.8492 1.3879 1.3858 

0.2714 1.4208 1.4189 0.9016 1.3842 1.3822 

0.3166 1.4186 1.4165 0.9251 1.3828 1.3808 

0.3891 1.4149 1.4128 0.9679 1.3798 1.3778 

0.3895 1.4148 1.4128 1.0000 1.3771 1.3751 

0.5090 1.4082 1.4062    

 

Table S6 Experimental indices (nD) of FA (1) – GVL (2) Mixtures at 293.2 K and 298.2 K, p = 101 kPa 

FA-content 

(mol/mol) 

nD 

293.2 K 

nD 

298.2 K 

FA-content 

(mol/mol) 

nD 

293.2 K 

nD 

298.2 K 

0.0000 1.4339 1.4316 0.6258 1.4056 1.4036 

0.0697 1.4314 1.4292 0.6744 1.4021 1.4002 

0.1233 1.4295 1.4272 0.7799 1.3941 1.3921 

0.2013 1.4265 1.4245 0.8539 1.3875 1.3856 

0.3394 1.4210 1.4191 0.8902 1.3839 1.3821 

0.4898 1.4138 1.4118 0.9828 1.3739 1.3719 

0.5930 1.4078 1.4058 1.0000 1.3714 1.3699 
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Figure S2 Experimental Refractive Indices for the Systems water-GVL (a), methanol-GVL (b), ethanol-GVL (c), 2-propanol-

GVL (d) and formic acid-GVL (e) at T = 293.2 K (●) and T = 298.2 K (◯);. X1 : Mass Fraction of volatile component  

a) b) 

c) d) 

e) 
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Table S7 VLE data (T: temperature, x: liquid mole fraction, y: vapor mole fraction, : activity coefficient) of the system 
H2O (1) – GVL (2) at p = 101 kPa 

Experimental data Calculated data 

 Wilson NRTL UNIQUAC 

 T/K x1 y1 1 2 T/K y1 T/K y1 T/K y1 

373.2 1.0000 1.0000 1.0000  373.1 1.0000 373.1 1.0000 373.1 1.0000 

373.2 0.9986 0.9991 1.0005 22.0152 373.1 0.9980 373.1 0.9990 373.1 0.9986 

373.2 0.9983 0.9990 1.0007 21.0549 373.1 0.9975 373.1 0.9987 373.1 0.9983 

373.2 0.9967 0.9980 1.0013 20.7181 373.1 0.9954 373.2 0.9975 373.1 0.9968 

373.2 0.9917 0.9953 1.0036 19.3703 373.1 0.9898 373.2 0.9935 373.2 0.9919 

373.2 0.9891 0.9940 1.0049 18.9244 373.1 0.9873 373.3 0.9914 373.2 0.9894 

373.2 0.9862 0.9931 1.0070 17.0712 373.1 0.9842 373.3 0.9885 373.3 0.9862 

373.2 0.9849 0.9926 1.0078 16.7800 373.1 0.9829 373.4 0.9873 373.3 0.9849 

373.2 0.9815 0.9917 1.0087 15.2606 373.2 0.9795 373.5 0.9839 373.4 0.9812 

373.3 0.9775 0.9905 1.0097 14.4302 373.2 0.9758 373.5 0.9800 373.4 0.9771 

373.4 0.9720 0.9887 1.0101 13.7109 373.2 0.9712 373.6 0.9750 373.4 0.9719 

373.7 0.9275 0.9845 1.0430 7.1585 373.4 0.9279 374.2 0.9274 373.8 0.9254 

374.1 0.8270 0.9813 1.1497 3.5558 373.8 0.8286 374.9 0.8247 374.0 0.8259 

374.2 0.7943 0.9811 1.1927 3.0065 373.9 0.7956 375.1 0.7916 374.1 0.7933 

374.5 0.7222 0.9801 1.2968 2.3076 374.3 0.7232 375.2 0.7199 374.2 0.7218 

375.0 0.6641 0.9791 1.3844 1.9561 374.8 0.6649 375.4 0.6625 374.4 0.6642 

375.5 0.5990 0.9789 1.5081 1.6156 375.6 0.5985 375.6 0.5970 374.8 0.5983 

377.6 0.4780 0.9751 1.7512 1.3292 377.8 0.4770 376.9 0.4773 376.5 0.4779 

378.5 0.4481 0.9749 1.8112 1.2162 378.5 0.4459 377.4 0.4466 377.1 0.4470 

480.2 0.0000 0.0000  1.0000 480.5 0.0000 480.5 0.0000 480.5 0.0000 

Avergage absolut deviation (AAD) 0.1 0.0012 0.4 0.0016 0.3 0.0004 
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Table S8 VLE (T: temperature, x: liquid mole fraction, y: vapor mole fraction, γ: activity coefficient) data of the system 
H2O (1) – GVL (2) at p = 50.6 kPa 

Experimental data Calculated data 

 Wilson NRTL UNIQUAC 

 T/K x1 y1 1 2 T/K y1 T/K y1 T/K y1 

354.8 1.0000 1.0000 1.0000  354.7 1.0000 354.7 1.0000 354.7 1.0000 

354.9 0.9866 0.9930 1.0025 22.7322 354.8 0.9850 355.0 0.9892 354.9 0.9877 

354.9 0.9579 0.9868 1.0228 13.4997 355.0 0.9582 355.4 0.9603 355.3 0.9584 

355.0 0.9567 0.9867 1.0231 13.2214 354.9 0.9570 355.4 0.9590 355.2 0.9572 

355.5 0.8030 0.9826 1.1898 3.6995 355.3 0.8043 356.3 0.8012 355.7 0.8027 

355.8 0.7801 0.9824 1.2100 3.2946 355.4 0.7813 356.3 0.7784 355.7 0.7800 

357.3 0.4952 0.9775 1.7868 1.6884 358.0 0.4957 357.4 0.4962 357.5 0.4962 

359.2 0.4575 0.9753 1.7908 1.5568 358.8 0.4589 357.9 0.4598 358.1 0.4595 

361.8 0.3252 0.9720 2.2706 1.2355 362.8 0.3224 361.4 0.3244 361.8 0.3237 

372.4 0.1983 0.9526 2.4593 1.0329 371.2 0.1961 369.5 0.1998 369.6 0.1994 

451.5 0.0000 0.0000  1.0000 453.4 0.0000 453.4 0.0000 453.4 0.0000 

Avergage absolut deviation (AAD) 0.5 0.0011 0.8 0.0015 0.6 0.0007 

 

Table S9 VLE data (T: temperature, x: liquid mole fraction, y: vapor mole fraction, γ: activity coefficient) of the system 
H2O (1) – GVL (2) at p = 10.1 kPa 

Experimental data Calculated data 

 Wilson NRTL UNIQUAC 

 T/K x1 y1 1 2 T/K y1 T/K y1 T/K y1 

319.6 1.0000 1.0000 1.0000   319.1 1.0000 319.1 1.0000 319.1 1.0000 

319.6 0.9967 0.9986 1.0004 37.2178 319.1 0.9949 319.2 0.9970 319.2 0.9968 

319.8 0.9826 0.9947 1.0020 27.6600 319.2 0.9791 319.3 0.9828 319.3 0.9826 

320.0 0.9361 0.9889 1.0352 15.3649 319.3 0.9354 319.8 0.9352 319.7 0.9361 

320.3 0.7984 0.9823 1.1875 7.5764 319.5 0.8031 320.0 0.8015 320.0 0.8028 

320.3 0.7509 0.9839 1.2613 5.5782 319.6 0.7537 320.0 0.7527 320.1 0.7536 

321.2 0.4994 0.9832 1.8156 2.7055 320.9 0.5001 320.3 0.5015 321.2 0.5003 

323.1 0.3052 0.9767 2.6841 2.3278 324.4 0.3065 324.1 0.3076 325.0 0.3060 

329.8 0.1853 0.9686 3.1671 1.6324 330.1 0.1834 330.8 0.1827 331.1 0.1819 

340.1 0.1099 0.9389 3.2329 1.4446 338.5 0.1149 339.6 0.1119 339.3 0.1127 

401.4 0.0000 0.0000   1.0000 401.9 0.0000 401.9 0.0000 401.9 0.0000 

Avergage absolut deviation (AAD) 0.7 0.0020 0.5 0.0014 0.6 0.0014 
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Table S10 VLE Data (T, Temperature; x, Liquid Mole Fraction; y, Vapor Mole Fraction Data of Methanol (1) – GVL (2) at p = 
101 kPa 

Experimental data Calculated Data 

 Wilson NRTL UUNIQUAC 

 T/K x1 y1 1 2 T/K y1 T/K y1 T/K y1 

337.8 1.0000 1.0000 1.0000  337.6 1.0000 337.6 1.0000 337.6 1.0000 

337.8 0.9993 1.0000 1.0001 13.0377 337.7 1.0000 337.7 1.0000 337.7 1.0000 

337.8 0.9986 0.9999 1.0002 10.3208 337.7 0.9999 337.7 0.9999 337.7 0.9999 

337.8 0.9983 0.9999 1.0003 10.1445 337.7 0.9999 337.7 0.9999 337.7 0.9999 

337.8 0.9980 0.9999 1.0005 10.0898 337.7 1.0000 337.7 1.0000 337.7 1.0000 

337.9 0.9973 0.9999 1.0006 8.4656 337.7 1.0000 337.7 1.0000 337.7 1.0000 

337.9 0.9960 0.9999 1.0010 7.0325 337.7 1.0000 337.7 1.0000 337.7 1.0000 

337.9 0.9939 0.9998 1.0024 6.8036 337.8 0.9999 337.8 0.9999 337.8 0.9999 

338.4 0.9737 0.9994 1.0045 5.1489 338.3 0.9996 338.3 0.9996 338.3 0.9996 

338.9 0.9533 0.9992 1.0059 4.1283 338.8 0.9995 338.8 0.9995 338.8 0.9995 

339.3 0.9330 0.9990 1.0117 3.3668 339.3 0.9992 339.3 0.9992 339.3 0.9992 

340.6 0.8681 0.9987 1.0335 2.0986 340.8 0.9985 340.8 0.9985 340.9 0.9985 

341.2 0.8456 0.9985 1.0366 1.8994 341.3 0.9982 341.4 0.9982 341.4 0.9982 

345.1 0.6739 0.9975 1.1205 1.2049 345.5 0.9962 345.7 0.9962 345.8 0.9961 

345.9 0.6468 0.9973 1.1328 1.1306 346.3 0.9958 346.4 0.9958 346.5 0.9957 

348.8 0.5601 0.9962 1.1737 1.0913 348.9 0.9945 349.1 0.9945 349.2 0.9943 

351.6 0.4966 0.9949 1.1944 1.0844 351.2 0.9932 351.5 0.9932 351.4 0.9930 

353.4 0.4612 0.9940 1.2046 1.0799 352.7 0.9924 352.9 0.9923 352.9 0.9922 

355.1 0.4256 0.9929 1.2279 1.0760 354.3 0.9913 354.6 0.9912 354.5 0.9911 

356.6 0.3904 0.9919 1.2687 1.0733 356.2 0.9901 356.4 0.9900 356.2 0.9900 

365.2 0.2670 0.9850 1.3754 1.0460 365.0 0.9829 365.2 0.9827 364.7 0.9830 

368.0 0.2401 0.9821 1.3906 1.0436 367.6 0.9802 367.9 0.9800 367.3 0.9804 

372.4 0.2006 0.9768 1.4375 1.0355 372.4 0.9745 372.6 0.9743 371.9 0.9750 

375.1 0.1777 0.9729 1.4844 1.0330 375.7 0.9699 375.9 0.9697 375.2 0.9705 

Average absolute deviation (AAD) 0.3 0.0009 0.2 0.0010 0.3 0.0009 
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Table S11 VLE Data (T, Temperature; x, Liquid Mole Fraction; y, Vapor Mole Fraction Data of Ethanol (1) – GVL (2) at p = 
101 kPa 

Experimental data   Calculated Data 

 Wilson NRTL UNIQUAC 

 T/K x1 y1 1 2 T/K y1 T/K y1 T/K y1 

351.5 1.0000 1.0000 1.0001  351.5 1.0000 351.5 1.0000 351.5 1.0000 

351.5 0.9961 0.9996 1.0017 9.5441 351.6 0.9998 351.6 0.9998 351.6 0.9998 

351.6 0.9925 0.9995 1.0032 7.1855 351.6 0.9997 351.6 0.9998 351.6 0.9998 

351.8 0.9813 0.9989 1.0041 5.8956 351.9 0.9993 351.9 0.9994 351.9 0.9994 

351.9 0.9769 0.9988 1.0045 5.4403 352.0 0.9993 352.0 0.9993 352.0 0.9993 

352.0 0.9729 0.9987 1.0066 5.0639 352.1 0.9992 352.1 0.9992 352.1 0.9992 

352.0 0.9696 0.9985 1.0078 5.0408 352.2 0.9990 352.2 0.9991 352.2 0.9991 

352.1 0.9655 0.9984 1.0080 4.6523 352.2 0.9989 352.3 0.9989 352.3 0.9989 

352.4 0.9495 0.9980 1.0117 3.9732 352.6 0.9985 352.6 0.9985 352.6 0.9986 

352.7 0.9387 0.9978 1.0120 3.4750 352.8 0.9982 352.8 0.9982 352.8 0.9982 

352.9 0.9310 0.9977 1.0123 3.1635 352.9 0.9980 353.0 0.9980 353.0 0.9980 

353.3 0.9157 0.9974 1.0150 2.8927 353.2 0.9977 353.3 0.9977 353.3 0.9977 

353.7 0.8994 0.9972 1.0171 2.5890 353.5 0.9974 353.6 0.9974 353.6 0.9974 

354.1 0.8751 0.9970 1.0290 2.1534 354.0 0.9970 354.1 0.9969 354.1 0.9969 

354.5 0.8612 0.9969 1.0293 1.9960 354.2 0.9968 354.3 0.9967 354.4 0.9967 

354.9 0.8403 0.9967 1.0385 1.7825 354.6 0.9964 354.7 0.9963 354.8 0.9963 

355.4 0.8208 0.9966 1.0427 1.6186 355.0 0.9961 355.1 0.9960 355.2 0.9960 

355.9 0.8016 0.9964 1.0471 1.4879 355.3 0.9957 355.5 0.9956 355.5 0.9956 

356.7 0.7714 0.9959 1.0548 1.3979 355.9 0.9952 356.1 0.9951 356.2 0.9950 

357.4 0.7146 0.9950 1.1076 1.3290 357.2 0.9942 357.2 0.9941 357.4 0.9940 

358.2 0.6788 0.9944 1.1303 1.2555 358.0 0.9934 358.1 0.9934 358.2 0.9932 

359.5 0.6361 0.9934 1.1474 1.2236 359.2 0.9925 359.1 0.9925 359.3 0.9923 

360.7 0.6030 0.9925 1.1540 1.1876 360.2 0.9916 360.1 0.9917 360.3 0.9914 

362.2 0.5434 0.9910 1.2118 1.1491 362.2 0.9899 362.0 0.9900 362.2 0.9897 

363.4 0.5090 0.9899 1.2363 1.1280 363.5 0.9887 363.3 0.9889 363.5 0.9885 

364.6 0.4775 0.9886 1.2597 1.1217 364.8 0.9873 364.6 0.9876 364.8 0.9873 

366.7 0.4241 0.9862 1.3116 1.1065 367.4 0.9847 367.1 0.9850 367.3 0.9846 

368.5 0.3902 0.9843 1.3342 1.0899 369.3 0.9826 369.0 0.9829 369.1 0.9826 

369.2 0.3798 0.9835 1.3362 1.0856 369.9 0.9818 369.7 0.9821 369.7 0.9819 

372.9 0.3242 0.9788 1.3669 1.0667 373.7 0.9769 373.5 0.9773 373.5 0.9771 

379.3 0.2588 0.9693 1.3672 1.0463 379.5 0.9682 379.3 0.9686 379.1 0.9686 

381.7 0.2371 0.9651 1.3727 1.0358 381.8 0.9641 381.6 0.9645 381.4 0.9646 

383.8 0.2192 0.9612 1.3808 1.0261 383.9 0.9601 383.7 0.9606 383.5 0.9607 

386.8 0.1976 0.9553 1.3828 1.0106 386.8 0.9542 386.6 0.9547 386.4 0.9549 

390.0 0.1768 0.9478 1.3840 1.0018 389.9 0.9471 389.7 0.9475 389.5 0.9478 

Average absolute deviation (AAD)  0.3 0.0007 0.2 0.0006 0.2 0.0007 
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Table S12 VLE Data (T, Temperature; x, Liquid Mole Fraction; y, Vapor Mole Fraction data of 2-Propanol (1) – GVL (2) at p 
= 101 kPa 

Experimental data   Calculated Data 

 Wilson NRTL UNIQUAC 

 T/K x1 y1 1 2 T/K y1 T/K y1 T/K y1 

355.2 1.0000 1.0000 1.0000  355.6 1.0000 355.6 1.0000 355.6 1.0000 

355.7 0.9901 0.9995 1.0001 3.8168 355.9 0.9995 355.9 0.9996 355.9 0.9996 

355.8 0.9856 0.9993 1.0005 3.7117 356.0 0.9994 356.0 0.9994 356.0 0.9994 

356.1 0.9735 0.9988 1.0023 3.5213 356.2 0.9989 356.2 0.9990 356.2 0.9990 

356.4 0.9581 0.9983 1.0038 3.2252 356.6 0.9984 356.6 0.9985 356.6 0.9985 

356.6 0.9512 0.9981 1.0048 3.0675 356.7 0.9982 356.7 0.9983 356.7 0.9983 

357.5 0.9149 0.9971 1.0050 2.5920 357.4 0.9972 357.5 0.9973 357.5 0.9973 

357.8 0.9040 0.9968 1.0068 2.4700 357.6 0.9969 357.7 0.9970 357.7 0.9970 

358.1 0.8881 0.9964 1.0103 2.3347 357.9 0.9965 358.0 0.9966 358.0 0.9966 

358.5 0.8647 0.9959 1.0210 2.1638 358.4 0.9960 358.4 0.9961 358.5 0.9961 

358.9 0.8453 0.9955 1.0277 2.0291 358.8 0.9956 358.8 0.9957 358.9 0.9957 

359.4 0.8272 0.9951 1.0315 1.9271 359.1 0.9952 359.2 0.9953 359.2 0.9952 

359.7 0.8080 0.9948 1.0413 1.7936 359.5 0.9947 359.5 0.9949 359.6 0.9948 

360.0 0.7956 0.9946 1.0450 1.7422 359.7 0.9945 359.8 0.9947 359.8 0.9946 

360.1 0.7878 0.9944 1.0511 1.7095 359.9 0.9943 359.9 0.9944 360.0 0.9943 

360.5 0.7690 0.9942 1.0600 1.6092 360.2 0.9940 360.3 0.9941 360.4 0.9940 

360.9 0.7530 0.9939 1.0655 1.5402 360.6 0.9936 360.6 0.9938 360.7 0.9936 

361.4 0.7256 0.9935 1.0842 1.4374 361.2 0.9929 361.2 0.9931 361.3 0.9930 

363.3 0.6610 0.9922 1.1052 1.2666 362.7 0.9914 362.7 0.9916 362.9 0.9914 

364.0 0.6286 0.9918 1.1311 1.1715 363.6 0.9905 363.5 0.9908 363.7 0.9905 

365.0 0.5879 0.9910 1.1638 1.0993 364.8 0.9892 364.7 0.9895 364.9 0.9892 

365.5 0.5561 0.9901 1.2063 1.0897 365.8 0.9881 365.8 0.9884 366.0 0.9880 

367.2 0.5112 0.9887 1.2300 1.0357 367.4 0.9863 367.4 0.9866 367.6 0.9862 

369.3 0.4579 0.9862 1.2675 1.0293 369.6 0.9837 369.7 0.9840 369.8 0.9836 

369.6 0.4514 0.9859 1.2714 1.0263 369.9 0.9833 370.0 0.9837 370.1 0.9833 

371.6 0.4015 0.9832 1.3254 1.0181 372.4 0.9802 372.7 0.9804 372.7 0.9800 

377.4 0.3235 0.9751 1.3288 1.0107 377.3 0.9730 377.8 0.9728 377.6 0.9727 

378.5 0.3098 0.9733 1.3314 1.0101 378.3 0.9714 378.9 0.9711 378.7 0.9710 

384.5 0.2501 0.9621 1.3323 1.0089 383.6 0.9618 384.5 0.9608 384.1 0.9612 

387.4 0.2262 0.9560 1.3326 1.0049 386.2 0.9565 387.2 0.9551 386.7 0.9558 

387.8 0.2230 0.9552 1.3333 1.0019 386.6 0.9557 387.6 0.9542 387.1 0.9550 

Average absolute deviation (AAD)  0.3 0.0008 0.3 0.0008 0.3 0.0008 
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Table S13 VLE Data (T, Temperature; x, Liquid Mole Fraction; y, Vapor Mole Fraction) of FA (1) – GVL (2) at p = 51 kPa 

Experimental data   Calculated Data 

 Wilson NRTL UNIQUAC 

 T/K x1 y1 1 2 T/K y1 T/K y1 T/K y1 

352.2 1.0000 1.0000 1.0000  352.1 1.0000 352.1 1.0000 352.1 1.0000 

352.7 0.9856 0.9999 0.9995 0.4955 352.8 0.9999 352.8 0.9999 352.8 0.9999 

353.0 0.9779 0.9998 0.9986 0.4988 353.2 0.9998 353.2 0.9998 353.2 0.9998 

353.7 0.9621 0.9996 0.9912 0.5054 354.0 0.9996 354.0 0.9997 354.1 0.9997 

354.4 0.9499 0.9994 0.9805 0.5093 354.6 0.9995 354.7 0.9995 354.8 0.9996 

355.1 0.9349 0.9992 0.9731 0.5199 355.5 0.9992 355.5 0.9993 355.7 0.9994 

356.2 0.9158 0.9989 0.9574 0.5269 356.6 0.9989 356.7 0.9991 356.9 0.9991 

357.5 0.8924 0.9985 0.9409 0.5327 358.0 0.9985 358.1 0.9986 358.5 0.9986 

358.6 0.8720 0.9980 0.9285 0.5442 359.3 0.9980 359.4 0.9982 359.9 0.9981 

359.9 0.8579 0.9976 0.9043 0.5453 360.2 0.9976 360.4 0.9978 360.8 0.9977 

361.4 0.8361 0.9970 0.8835 0.5556 361.6 0.9969 361.9 0.9972 362.4 0.9970 

361.8 0.8297 0.9968 0.8788 0.5602 362.0 0.9967 362.3 0.9970 362.9 0.9968 

364.4 0.8046 0.9957 0.8335 0.5706 363.8 0.9957 364.1 0.9961 364.7 0.9957 

365.4 0.7909 0.9951 0.8211 0.5808 364.8 0.9951 365.1 0.9955 365.7 0.9951 

365.9 0.7849 0.9947 0.8142 0.5887 365.2 0.9949 365.6 0.9952 366.2 0.9948 

368.3 0.7565 0.9932 0.7828 0.5996 367.3 0.9933 367.7 0.9937 368.4 0.9931 

370.9 0.7211 0.9908 0.7566 0.6171 370.0 0.9910 370.5 0.9913 371.1 0.9906 

372.0 0.7052 0.9897 0.7475 0.6237 371.2 0.9897 371.7 0.9901 372.4 0.9892 

373.6 0.6804 0.9876 0.7367 0.6390 373.2 0.9874 373.7 0.9878 374.4 0.9868 

377.4 0.6366 0.9822 0.6997 0.6741 376.7 0.9824 377.4 0.9827 377.9 0.9815 

378.7 0.6289 0.9804 0.6806 0.6847 377.4 0.9814 378.0 0.9816 378.6 0.9804 

385.4 0.5522 0.9651 0.6299 0.7500 384.0 0.9679 384.8 0.9678 385.1 0.9662 

387.3 0.5275 0.9584 0.6202 0.7810 386.2 0.9621 387.0 0.9617 387.3 0.9601 

391.8 0.4812 0.9437 0.5918 0.7960 390.5 0.9484 391.4 0.9476 391.5 0.9460 

392.2 0.4773 0.9421 0.5889 0.7997 390.9 0.9471 391.7 0.9462 391.9 0.9446 

396.1 0.4350 0.9235 0.5707 0.8345 395.0 0.9305 395.8 0.9291 395.8 0.9277 

399.8 0.4026 0.9056 0.5492 0.8434 398.1 0.9148 399.0 0.9128 398.9 0.9118 

404.2 0.3570 0.8755 0.5342 0.8725 402.9 0.8869 403.7 0.8840 403.5 0.8837 

413.7 0.2646 0.7944 0.5169 0.8949 413.1 0.8018 413.9 0.7969 413.5 0.7989 

417.8 0.2280 0.7479 0.5119 0.9075 417.6 0.7531 418.3 0.7474 417.8 0.7507 

422.1 0.1916 0.6868 0.5050 0.9311 422.3 0.6929 422.9 0.6866 422.4 0.6912 

428.2 0.1444 0.5885 0.4992 0.9495 428.8 0.5922 429.3 0.5855 428.8 0.5915 

433.5 0.1066 0.4869 0.4972 0.9618 434.4 0.4871 434.8 0.4808 434.4 0.4874 

434.6 0.0991 0.4637 0.4968 0.9638 435.6 0.4631 436.0 0.4569 435.6 0.4636 

438.2 0.0760 0.3812 0.4931 0.9751 439.3 0.3812 439.6 0.3757 439.3 0.3821 

441.5 0.0536 0.2886 0.4928 0.9923 443.2 0.2888 443.4 0.2844 443.1 0.2900 

Average absolute deviation (AAD) 0.7 0.0019 0.6 0.0019 0.6 0.0013 
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Figure S3 'H-NMR Spectrum of the mixture of FA and GVL by a molar ratio of GVL:FA = 1:1.08 

 

 

Figure S4 Herington (a) (● experimental data; – fitted curve) and L-W test (b) (● experimental data; – UNIFAC data) for 
Water (1) – GVL (2) System at p = 101 kPa with Experimental Data (•) 

a) b) 
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Figure S5 Herington (a) (● experimental data; – fitted curve) and L-W test (b) (● experimental data; – UNIFAC data) for 
Water (1) – GVL (2) System at p = 51 kPa with Experimental Data (•) 

 

 

Figure S6 Herington (a) (● experimental data; – fitted curve) and L-W test (b) (● experimental data; – UNIFAC data) for 
Water (1) – GVL (2) System at p = 10 kPa with Experimental Data (•) 

a) b) 

a) b) 
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Figure S7 Herington (a) (● experimental data; – fitted curve) and L-W test (b) (● experimental data; – UNIFAC data) for 
Methanol (1) – GVL (2) System at p = 101 kPa with Experimental Data (•) 

 

 

Figure S8 Herington (a) (● experimental data; – fitted curve) and L-W test (b) (● experimental data; – UNIFAC data) for 
Ethanol (1) – GVL (2) System at p = 101 kPa with Experimental Data (•) 

a) 
b) 

a) b) 
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Figure S9 Herington (a) (● experimental data; – fitted curve) and L-W test (b) (● experimental data; – UNIFAC data) for 2-
propanol (1) – GVL (2) System at p = 101 kPa with Experimental Data (•) 

 

 

Figure S10 Herington (a) (● experimental data; – fitted curve) and L-W test (b) (● experimental data; – UNIFAC data) for 
Formic acid (1) – GVL (2) System at p = 51 kPa with Experimental Data (•) 

a) 
b) 

a) b) 




