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ABSTRACT: 

Liquid-liquid phase equilibria were calculated to investigate the potential separation of value-

added components from products obtained by lignin depolymerization. In this study, the ability 

of the group-contribution model was evaluated in the prediction of mutual solubility, and liquid-

liquid phase equilibria of phenolic compounds. The phase equilibria behavior of quaternary 

systems was evaluated by the NIST-UNIFAC model so that the predicted results were in good 

agreement with the available experimental data. In sequence, the partition coefficient of 29 

lignin-derived molecules with complex and polar functional groups, was predicted by the model 

with good accuracy (RMSE=0.7424). The ability of binary, ternary, and quaternary solvent 

systems was evaluated in the counter-current chromatography (CCC) separation of the products 

reported in the literature that are obtained through lignin depolymerization processes. Based on 

the empirical solvent selection criteria for CCC measurements, promising solvent systems were 

found for some of the lignin products. The difficult separation of some products in other cases 

can be attributed to the very similar chemical structure of the monomers. Finally, it was found 

that the NIST-UNIFAC model could qualitatively predict the solvent systems from the Arizona 

series; suitable for the separation of 4-hydroxybenzoic acid, vanillin, acetovanillone, 

syringaldehyde, acetosyringone, vanillic acid, and syringic acid. 

KEYWORDS: lignin separation, solvent screening, counter-current chromatography, liquid-

liquid equilibria, NIST-UNIFAC model 
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1. INTRODUCTION 

Global warming and environmental concerns encourage most countries to move towards 

renewable energies.
1
 In addition, shortages, and increasing energy consumption of fossil fuels 

contribute to a worldwide increasing the cost of these fuels. To solve these challenges the 

majority of stockholders turn to use sustainable energies.
2
 Another important aspect is the 

substitute petroleum-based chemicals.
3
 One of the valuable and renewable carbon sources to 

achieve this aim is lignocellulosic biomass containing cellulose, hemicellulose, and lignin.
4
 

Lignin, as a second major component of lignocellulose,
5
 is the largest source of aromatic 

molecules on the planet and has the highest great potential to serve as starting material to 

produce bio-based products.
6, 7

 The lignin products typically require upgrading to obtain a 

valuable product with high purity.
7, 8

 To achieve high yield and effective selectivity of aromatic 

monomers production from lignin, there are several different catalytic techniques including 

depolymerizing lignin.
9, 10, 11

 There are several procedures to separate the desired lignin 

monomers such as liquid-liquid extraction with different solvents
11

, countercurrent 

chromatography (CCC)
12

, and Centrifugal Partition Chromatography (CPC) which are effective 

techniques for separating the chemicals from the complex product mixture.
13-15

  

Although these experimental techniques are applicable, lignin derivates are mainly aromatic and 

polar complex molecules with similar structures, making these techniques more expensive, time-

consuming, and complicated. Therefore, predictive thermodynamic models are vital to be used in 

phase equilibria calculation to reduce experimental separation costs. Also, the search for cleaner, 

more sustainable solvents will always be an art of balancing tensions.
16

  

Developing a predictive thermodynamic model with reliable results for novel molecules, in 

particular for systems with no experimental data, is challenging. 
15, 17-19

 The predictive 

thermodynamic models are based on the excess Gibbs free energy (G
ex

) and equation of state 

(EoS). The most widely used predictive thermodynamic activity coefficient models, in particular 

for polar components, are based on the G
ex

. Of the predictive activity coefficients models, group 

contribution-based models provide almost consistent results compared to the experimental data. 

The UNIFAC (UNIQUAC Functional-group Activity Coefficients) type models including 

UNIFAC,
20

 UNIFAC-LLE,
21

 UNIFAC-LBY,
22

 and UNIFAC-DMD
23

 have attracted researchers 

and practitioners in the conceptual design of the process. The UNIFAC-DMD model and its 

revised and extended group-group interaction parameters
24-28

 are a powerful predictive model in 

all types of phase equilibria calculations, including VLE, LLE, SLE, etc. Despite all these 

advantages, most of the parameters of the UNIFAC-DMD model are available to consortium 

members.
29

 Also, segment-based activity coefficient models such as the NRTL-SAC
30

 and 

UNIQUAC-SAC
31

 have been developed to be used for very polar and complex pharmaceuticals. 

However, these models require some experimental data to obtain the segment numbers of each 

molecule.  For lignin and bio-oil-based products, predictive models such as COnductor like 

Screening MOdel for Real Solvents (COSMO-RS) have been used by Shen and Van Lehn.
17

 In 

another study, the COSMO-RS model has been used for solvent selection in the biphasic 

isolation of Hydroxymethylfurfural (HMF).
18

 Wang et al.
15

 have used the COSMO-RS as a 

https://en.wikipedia.org/wiki/UNIQUAC
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prediction model for the extraction of Furfural/HMF. Although the COSMO-RS model has been 

used by some researchers,
15, 17, 18

 it could not predict phase equilibria of even some simple 

systems. For instance, the phase splitting between water and furfural
15

 and also different phase 

compositions for molecules with multiple conformations are in contradiction with the unique 

experimental results. Blumenthal et al.
32

, also, have used the COSMO-RS model to find the 

optimal solvent for the extraction of 5-hydroxymethylfurfural. In 2023, König-Mattern et al.
19

 

used the COSMO-RS model in screening more than 8000 solvent candidates for the dissolving of 

lignocellulosic biomass. Also, the COSMO-RS model does not satisfies the thermodynamic 

consistency test for VLE data.
33

 To our best knowledge, the UNIFAC-type models perform 

superior in phase equilibria calculation including VLE,
34

 LLE,
35

 SLE,
36

 and infinite dilution 

activity coefficient
34, 37

 compared to the COSMO-based models such as COSMO-RS and 

COSMO-SAC. Won Kang et al.
38

  have developed the NIST-UNIFAC model and have shown 

that it performs superior to the most widely previously predictive used models.  

Also, some measurements are challenging because of safety regulations or are particularly costly 

or very difficult in extreme conditions.
39

 Besides the limited time, the cost of a large number of 

measurements is expensive for companies. In addition, due to the unavailable experimental data, 

correlative models such as the NRTL, and UNIQUAC are inapplicable. So, the predictive models 

with only a limited number of group interaction parameters can be used in these conditions and 

in the conceptual design of products and processes to save cost and time. Finally, when there is 

no reliable thermodynamic choice, the use of predictive thermodynamic models is the only 

possible solution for the pure component and the mixtures.  

This study aims to investigate the capability of the NIST-UNIFAC model to describe liquid-

liquid equilibria in comparison with the available experimental LLE, and partition coefficient 

data in the literature. Several relevant group contribution parameters have been 

optimized/reoptimized to improve the predictability of the NIST-UNIFAC model for the target 

compounds of this study. The resulting model was used for solvent screening in the CCC 

separation of lignin-derived products described in the literature.40-43 This paper aims to 

demonstrate how a modified predictive model can better predict the solvent system for a liquid-

liquid extraction technique to purify lignin compounds. Using counter-current chromatography 

(CCC) to fractionate lignin depolymerization products is quite novel; even if it is only at the 

solvent system modeling stage. 

2. METHOD 

The thermodynamic calculations are based on the NIST-UNIFAC activity coefficient model. The 

interaction parameters between some groups of the NIST-UNIFAC model were re-optimized or 

optimized (section 2.1). The chemical structure of the molecules that have experimental44 logP 

data and that were used in the optimization procedure is shown in Figure 1. The obtained 

interaction parameters in this step are used in the calculation of the involved molecules in this 

study. The activity coefficient of each species, including solvents and lignin-related compounds, 

was calculated using the NIST-modified UNIFAC activity coefficient.
38
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Figure 1. The chemical structure of the lignin-related compounds

44
 

 

2.1. Revision of the NIST-UNIFAC Model 

Usually, as the group number increases in the group contribution models, the number of 

available experimental data sets decreases. So, the accuracy of some of the obtained interaction 

parameters is questionable. This is true in the case of ACOH, ACCHO, and ACCOOH groups 

occurring in the lignin-related compounds. Also, some of the needed interaction parameters 

between the groups were not initially determined by Kang et al.
38

 Therefore, the interaction 

parameters of the NIST-UNIFAC model, between CH2 (G1), ACH (G3), ACCH2 (G4), OH 

(G5), CCOO (G11), CH2O (G13), CCl2 (G22), c-CH2 (G42) occurring in the solvents and 

ACOH (G8), ACCHO (G57), ACCOOH (G58) occurring in the lignin-related compounds were 

revisited. The interaction parameters between G1,58, G5,58, G11,57, G11,58, G11,57, G11,58, G11,57, and 

G11,58 were undetermined in the original version of the NIST-UNIFAC model. So, these 

interaction parameters were tuned using the logP/logD experimental data.
44

 The available NIST-

UNIFAC model interaction parameters or zero value were used as the initial value in the 

optimization procedure. The fminsearch function of MATLAB software was used in the fitting 

of the interaction parameters. The details of the original and revised interaction parameters of the 

NIST-UNIFAC model are provided in Table S1 of Supporting Information 2.  

2.2. LLE Calculations 
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The liquid-liquid equilibrium calculations in the present study are divided into four subsections 

(Table S1 of Supporting Information 1) including the mutual solubility of organic 

solvents+water at 298.15 K, the mutual solubility of organic solvents+water at different 

temperatures (usually up to the upper critical solution temperature (UCST)), liquid-liquid phase 

equilibria of ternary components mainly used in separation of lignin-derived molecules, and 

finally phase equilibria of quaternary solvent systems such as Arizona (heptane-ethyl acetate-

methanol-water), HEMWat (hexane-ethyl acetate-methanol-water), PEMWat (pentane-ethyl 

acetate-methanol-water), CyEMWat (Cyclohexane-ethyl acetate-methanol-water), and 

IsooEMWat (Isoocatne-ethyl acetate-methanol-water).
45

 The Arizona and HEMWat are standard 

mixtures; their composition is varied to change the polarity of both the mobile phase (mainly 

water+methanol), and stationary phase (mainly hexane/heptane+ethyl acetate), so that the 

volume of the stationary and mobile phase remains constant and equal. 16 different solvent 

compositions numbered sequentially from -7 to 8, and 23 different solvent compositions labeled 

from Z to A (except E, I, and O) in the order of increasing polarity are defined in HEMWat and 

Arizona series, respectively. Having a wide range of polarity, these solvents are used to separate 

molecules with different polarities.
46

 However, because of the limited design space of these 

series, one can change the composition, and the types of the solvent (PEMWat, CyEMWat, 

IsooEMWat,
45

 HIMWat, TEMWat,
17

 and limonene/methanol/water as a green mixture
47

) to find 

optimal space to separate a mixture containing molecules with different polarities. These 

solvents are widely used in counter-current chromatography to separate the mixture of molecules 

with complex structures such as products obtained through the lignin depolymerization process.
17

 

These mixtures are obtained via the lignin depolymerization process.
40-43

 The chemical structure 

of these products is shown in Figure S1 of Supporting Information 1. The NIST-UNIFAC 

activity coefficient model and the Rochford-Rice algorithm were used in the LLE calculations to 

obtain the organic and aqueous phase composition. See Supporting Information 1 (S.1.) for the 

calculation procedure of the partition coefficient. Although the performance of the COSMO-RS
48

 

model was evaluated in the liquid-liquid phase equilibria calculation of Arizona, HEMWat, 

PEMWat, PEMWat, and IsooEMWat systems. The average value of RMSE for the COSMO-RS 

model is equal to 0.0665 that is approximately twice of the NIST-UNIFAC model RMSE, equal 

to 0.0334. The details of the comparisons are provided in Supporting Information 1 (S.5.). If 

experimental data and group interaction parameters are missing, the COSMO-base models are 

recommended.
49

 

2.3. Selection Criteria 

Based on Friesen et al.,
46

 there is a sweet spot in the KD value to separate the component of a 

mixture using the (CCC) technique. Small values of KD provide low peak resolution, while large 

values of KD tend to produce excessive sample band broadening and extended run time. 

Therefore, 0.4<KD<2.5 (-0.4<logKD<0.4) is the working definition of the sweet spot. Of the 

processing variables, the type of the solvents and their composition affect the value of KD. 
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Another essential factor in liquid-liquid separation is selectivity, Sij; defines the extent of 

separation of components i and j in a mixture. Sij is expressed as: 

i j

ij D DS K K  (1) 

where i

DK  and j

DK  stand for the partition coefficient of component i, and j, respectively. A larger 

value of the selectivity and also i j

D DK K  is desired because of provides solutes with a large 

value in elution time in CCC. Sij>1.5 or log Sij>0.17 is sufficient to separate two solutes from 

each other.
17, 46, 50

 When there are more than two solutes in the feed, first, the values of their KD 

are sorted in increasing order. Then, Sij is calculated for two binary solutes, providing n-1 Sij for 

a feed containing n solute. KD and Sij values must meet the aforementioned criteria to separate the 

solutes from each other. Finding a solvent mixture may be difficult to meet these separation 

criteria. Therefore, a loose criterion (-0.9< logKD<0.9 and logSij >0.15) is also acceptable.
17

 

3. RESULTS and DISCUSSION 

It must be stressed that the phase composition of the constituent solvents in each phase strongly 

affects the infinite dilution activity coefficient of the solute that must be separated from the 

mixed depolymerization product ( i
 ). The value of i

  is the most important factor in the 

calculation of the partition coefficient (equation 4 of Supporting information 1). As upper and 

lower phase composition is determined by the NIST-UNIFAC model, evaluating the predictive 

capability of the model step by step from simple to complex systems is a crucial procedure in 

this study. The details and results of the mutual solubility, binodal curve, ternary LLE 

calculations, quaternary LLE calculations, and partition coefficient are given in Supporting 

Information 1 (S.2. to S.6.). The Root Mean Square Error (RMSE) of the model for the mutual 

solubility, binodal curve of water+furfural, ternary LLE of water+guaiacol+esters (methyl 

acetate, ethyl acetate, n-propyl acetate, and n-butyl acetate), ternary LLE of 

water+guaiacol+alcohols (1-pentanol, 1-hexanol, 1-heptanol, 1-octanol) is equal to 0.0664, 

0.0064, 0.3230, 0.1548, respectively. Also, the model provides excellent results for the 

prediction of the mole fraction of the components in the quaternary systems. For instance, the 

total RMSE of the mole fractions for Arizona, HEMWat, PEMWat, CyEMWat, and IsooEMWat 

systems are equal to 0.0281, 0.0026, 0.0546, 0.0449, and 0.0170, respectively.  These promising 

results indicate that the NIST-UNIFAC model can be used to predict the partition coefficient of 

the lignin-derive molecules in the separation of produced monomers in the lignin 

depolymerization process. 

In another study, the NIST-UNIFAC model is evaluated for predicting the logKD of 29 lignin-

derived molecules (Figure 1) against the experimental data
44

 at 298.15 K. A number of 10 binary 

solvent systems, including organic solvent+water has been used by Tshepelevitsh et al.
44

 in the 

experimental procedure. Figure S6 A) and B) in supporting information 1 present the 

experimental and predicted logKD of lignin-derived molecules, before, and after refitting some of 
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the NIST-UNIFAC interaction parameters, respectively. The results of the model with 

RMSE=0.7424 is better compared to RMSE=1.2942 before and after interaction parameter 

refitting, respectively.  

Also, Figure S7 shows the predicted and experimental
51

 value of logKP for coumarin and vanillin 

using the HEMWat series. The results are near the diagonal line indicating the predictive power 

of the model with RMSE equal to 0.5148.  

3.1. Solvent Screening 

3.1.1. Binary Solvent Screening for Separation of the Products from Barta, Liu, 

Luterbacher, and Stahl 

The results of the previous sections confirm the predictive ability of the NIST-UNIFAC model 

in describing the composition of the liquid phases in LLE calculations and also the partition 

coefficient of lignin-derived molecules with complex chemical structures having phenolic, 

carboxylic, etc. functional groups. This model has been evaluated by V. Jasperson et al.
52

 in the 

liquid-liquid prediction of molecules related to the catalytic fast pyrolysis of biomass, including 

2-ethylphenol, 3-ethylphenol, and 4-ethylphenol, 2-methoxyphenol, 3-methoxyphenol, and 4-

methoxyphenol, benzofuran, and 1H-indene for the temperature range of 300-360 K. Their 

results were in quantitative and in some cases in qualitative agreement with the experimental 

data. Therefore, we are going to evaluate the NIST-UNIFAC model with some revised 

interaction parameters to find a binary solvent mixture than can separate the components of 

four sets. These sets are products from Barta
40

 (P1=C2-((1,3-dioxolan-2-yl)methyl)phenol, 

P2=C2-((1,3-dioxolan-2-yl)methyl)-2-methoxyphenol and P3=C2-((1,3-dioxolan-2-yl)methyl)-

2,5-dimethoxyphenol), Liu
41

 (vanillin, p-hydroxybenzaldehyde and syringaldehyde), 

Luterbacher
42

 (4-ethylsyringol, 4-propylsyringol and 4-propanolsyringol), and Stahl
43

 (syringyl 

diketone, guaiacyl diketone, syringaldehyde and syringic acid) obtained from the lignin 

catalytic depolymerization. The binary solvent sets were selected from the list of 62 solvents 

approved by the Food and drug administration (FDA), that form a liquid-liquid system. A 

number of 1830 binary states is possible, but based on the NIST-UNIFAC model, only 160 

binary mixtures meet equation 6 of Supporting Information 1 at T=298.15 K. These binary 

mixtures, together with the equilibrium mole fractions at T=298.15 K are provided in 

Supporting Information 3. These binary solvents (160 of 1830) are shown with a black square 

in Figure S8 of Supporting Information 1. The value of predicted logKD versus the number of 

160 binary solvent systems is shown in Figure 2. As is shown in this Figure (black rectangles), 

two binary solvent sets (64, and 153) can meet both separation conditions as -0.4<logKD<0.4, 

and logSij>0.17. These sets are DMSO+diethyl ether, and sulfolane+triethyl amine. If the loose 

condition (orange region) is considered, the model provides 22 binary solvents (Supporting 

Information 3). The predicted results for the other three sets of lignin-derived products are 

provided in Supporting Information 3. For the products published by Liu et al,41 the model also 

predicts two binary immiscible solvents that can meet the separation criteria. These are 

chlorobenzene+formic acid, and sulfolane+triethylamine. If the loose criteria are considered, 

the model suggests 21 binary solvents. Because of the very similar chemical structures of the 

products described by Luterbacher et al,42 the model could not find any binary solvents capable 

of separating the components. However, the model suggests 7 binary solvents that meet the 

loose criteria. The product published by Stahl et al43 is a four components mixture that makes it 
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difficult to find a binary solvent to meet both the logKD, and logSij criteria. In this case, the 

model found 3 binary solvents with ideal criteria. The binary solvents that provide loose 

separation are highlighted with blue color in Supporting Information 3. It must be stressed that 

these results are predicted by the model, and they require experimental validation in future 

work. Shen and Van Lehn
17

 have tested a limited number of binary solvents using the COSMO-

RS model and showed that the tested binary solvent systems are insufficient to achieve the 

efficient separation of mixtures of lignin-derived products. Using a systematic solvent 

screening approach suitable binary solvents may be available.  

 
Figure 2. Predicted logKD (partition coefficient) for the product from Barta in 160 binary solvent mixtures 

that form a liquid-liquid system. Possible solvent systems chosen for one-step liquid-liquid extraction are 

enclosed in rectangles. The green region indicates the ideal -0.4<logKD<0.4 criterion, and the orange region 

indicates the loose 0.9<logKD<0.9 criterion. 

3.1.2. Ternary Solvent Screening 

One approach to finding a ternary solvent mixture is to start from the binary solvents that were 

predicted by the model in the previous section (64, and 153). For instance, the separation of the 

product from Barta using DMSO+diethyl ether, and sulfolane+triethyl amine in combination 

with the third solvent is considered. For a ternary solvent mixture against a binary solvent 

mixture, however, the composition of feed forms a degree of freedom. It is suggested to start 

from the binary solvent mixture and increase the mole fraction of the third solvent up to the 

plait point (in type I ternary systems) or another binary solvent mixture (in type II ternary 

systems). In other words, almost all of the ternary systems that form two liquid phases are type 

I or II. Figure S9 of Supporting Information 1 shows the predicted ternary system by the NIST-

UNIFAC model, a) type I (DMSO+DEE+MTBE), and b) type II (DMSO+DEE+isopropyl 

benzene). Type I systems show the plait point where the two liquid phases become identical. 
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Tie lines connect two liquid phases that are in equilibrium. So, the two-phase region was 

automatically divided into some tie lines from binary solvent to the plait point (in type I 

systems), and from binary solvent to another binary solvent (in type II systems). The tie line 

number, hereinafter in the figures, stands for the number of tie line in the two-phase region in 

ternary systems. Although the partition coefficient can be calculated in the two-phase region, 

all feed compositions that are located on the specific tie line provide the same partition 

coefficient. So, one point from each tie line is sufficient. Having the tie lines, the partition 

coefficient is calculated. Starting from a good binary solvent and adding another third solvent 

gives two states. For type I systems, the selectivity (Sij) reduces as the system approaches the 

plait point (Figure 3 a). Also, for the type II system, adding the third solvent not only causes the 

kD value to exit from the green region but also decreases selectivity (Figure 3 b). Nevertheless, 

one can find a wide range of ternary solvent compositions that meet the good criteria of 

separation.  

  
Figure 3. The predicted partition coefficient of product from Barta by the NIST-UNIFAC model, a) type I 

(DMSO+DEE+MTBE), and b) type II (DMSO+DEE+isopropyl benzene). 

In contrast, starting from an unsuitable binary solvent and adding another third solvent to change 

the composition can provide a ternary mixture that meets the good separation criteria. For 

instance, water+ethyl acetate could not separate the product from Barta, but the model suggests 

that adding solvents such as cyclohexane, n-heptane, n-hexane, methylcyclohexane, and pentane 

(alkanes and cycloalkanes homologs) to this binary mixture can provide a sweet spot that meets 

the good separation criteria (Figure 4b).  These ternary systems also are type II. Although it is 

possible to find a ternary solvent system where the partition coefficients fall in the green region 

for Type I ternary systems, our calculations showed that finding such cases is almost unlikely, at 

least for the water+ethyl acetate system (Figure 4a).  
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Figure 4. The predicted partition coefficient of product from Barta by the NIST-UNIFAC model, a) type I 

(water+ethyl acetate+N-methyl-2-pyrrolidone), and b) type II (water+ethyl acetate+n-hexane) 

The data of Figure S9 of Supporting Information 1, Figure 3, and Figure 4 are given in 

Supporting Information 4. It seems that the number of ternary solvent systems that can separate 

the product from Barta is high, but because of the high computational time; here, we have 

tested some random sets of the ternary systems. For products published by Liu et al,41 the model 

predicts two good binary solvents (Supporting Information 5). So, the same description given 

for the product from Barta (starting from a good binary solvent)  is valid for the product from 

Liu. However, starting from water+ethyl acetate as an unsuitable binary solvent and adding the 

third solvent that forms the LLE system, the model predicts 15 ternary systems that the 

partition coefficient of the product from Liu falls in the green region. Among these 15 ternary 

systems, only 2 of them met the logKD, and logSij criteria, including water+ethyl 

acetate+ethylene glycol and water+ethyl acetate+ N-methyl-2-pyrrolidone (Supporting 

Information 5). Figure 5 presents the predicted partition coefficient of the product from Liu by 

the NIST-UNIFAC model, a) type I (water+ethyl acetate+ethylene glycol), and b) type II 

(water+ethyl acetate+N-methyl-2-pyrrolidone). The data of logKD, and logSij are provided in 

Supporting information 5. 
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Figure 5. The predicted partition coefficient of product from Liu by the NIST-UNIFAC model, a) type II 

(water+ethyl acetate+ethylene glycol), and b) type I (water+ethyl acetate+N-methyl-2-pyrrolidone) 

In the case of the products from Luterbacher et al,41 similar to the binary solvent systems, the 

model could not find any third solvent in combination with water+ethyl acetate to fall in the 

green or orange melon region. This can be attributed to the very similar chemical structure of the 

product components. However, one may find another suitable ternary solvent using screening the 

fully feasible ternary solvent systems. For instance, the model predicts that the system of 

water+n-butanol+ethylene glycol can meet the loose criteria of separation.  

Finally, for the products published by Stahl et al,43 no third solvent was found in combination 

with water+ethyl acetate or water+butanol to meet -0.4<logKD<0.4, and logSij>0.17 or -

0.9<logKD<0.9, and logSij>0.15. Using water+n-butanol+1,2,3,4-tetrahydronaphthalene, 

although the model predicts that the logKD values fall in the green region, the selectivity criterion 

does not establish. Figure 6 shows the predicted partition coefficient of these solvent systems 

using the NIST-UNIFAC model. It must be emphasized that the products from Stahl have two 

types of compounds so that syringic acid with -COOH group differs from syringyl diketone, 

guaiacyl diketone, and syringaldehyde (similar compounds) with –OMe, and –OH groups. So, 

finding a ternary mixture that simultaneously separates the four molecules is so difficult and may 

be impossible.  
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Figure 6. The predicted partition coefficient of a) product from Luterbacher

42
 by water+n-butanol+ethylene 

glycol and b) product from Stahl
43

 by water+n-butanol+ethylene glycol using the NIST-UNIFAC model 

3.1.3. Quaternary Solvent Screening 

The performance of quaternary solvent systems, including Arizona and HEMWat, was 

investigated to separate the components of the four products as presented in Figure 7. The 

values of logKD and logSij values were calculated using the NIST-UNIFAC model. None of the 

Arizona series were able to fall in the ideal range for P1-3, but the R solvent system (one of the 

Arizona solvent compositions) satisfies both the partition coefficient and selectivity. Also, in 

the case of the product from Liu, only loose criteria were satisfied by the H, ad J systems in the 

Arizona series. However, in the case of the products from Luterbacher and Stahl similar to the 

binary and ternary solvents, none of the Arizona series was suitable to satisfy the ideal and 

loose condition.  
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Figure 7. The predicted partition coefficient (using the NIST-UNIFAC model) of products from a) Barta

40
, 

b) Liu
41

, c) Luterbacher
42

, and d) Stahl
43 in the Arizona series. 

 

Using the HEMWat series for the product from Barta, only one composition, namely -5, was 

found to be suitable to loosely separate the mixture components. Also, the model predicts that 

+4, and +5 HEMWat systems provide loose separation of the product from Liu. Similar to the 

binary, and ternary solvent systems, none of the HEMWat series (-7 to +8) could separate the 

products of Luterbacher and Stahl, even with loose conditions.  

In addition to the conventional four solvent systems, namely Arizona and HEMWat, the system 

of HIMWat (Hexane+Isopropyl acetate Methanol+Water) was also investigated this study. One 

composition of this system (-6) could separate the product from Barta monomers based on the 

loose criteria. Also, the product from Liu could be separated into its individual components by 

three predicted compositions by the NIST-UNIFAC model, including +2, +4, and +5. Similar to 

the previous systems the HIMWat was not useful for the products from Luterbacher and Stahl. 

From this series, the system of HMMWat (Hexane+Methyl isobutyl ketone+Methanol+Water) 

was also checked. Results showed that the products of Barta and Liu, both can be loosely 

separated by the -6 composition of the HMMWat series. No option was suggested for the 

products from Luterbacher and Stahl. 

In the second step, n-Hexane was replaced by the toluene to investigate the TXWate series 

(where X is ethyl acetate, isopropyl acetate, and methyl isobutyl ketone). 

In the case of the TEMWat series, the model predicts that the products from Barta, Luterbacher, 

and Stahl can not be separated products into their monomers, even inside the orange region. 

While the model suggests that the product from Liu can be loosely separated by the +4, and +5 

solvent systems of the TEMWat series. Further, the system of TIMWat (Toluene+Isopropyl 

acetate+Methanol+Water) was checked by the model. No option was suggested for the product 

from Barta, but the model predicted that +2, and +4 satisfy only the loose criteria. Also, no 

composition in the TIMWat series was found to be useful for the products from Luterbacher and 

Stahl. To investigate the third alternative, ethyl acetate was exchanged in TEMWat by methyl 

isobutyl ketone (MIBK) as a ketone solvent (TMMWat=Toluene+Methyl isobutyl 

ketone+Methanol+Water). No composition in the TMMWat series was found for all products. It 
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must be emphasized that the used feed composition for HIMWat, HMMWat, TEMWat, 

TIMWat, and TMMWat series are the same as the HEMWat series, namely from -7 to +8. 

Table 1. The Summary of Quaternary Solvent Systems, Namely Arizona, 

HEMWat, HIMWat, HMMWat, TEMWat, TIMWat, and TMMwate for the 

Separation of the Products from Barta, Liu, Luterbacher, and Stahl.  

  Product 

  Barta Liu Luterbacher Stahl 

Solvent  

System series 

Arizona R H, J - - 

HEMWat -5 +4, +5 - - 

HIMWat -6 +2, +4, +5 - - 

HMMWat -6 -6 - - 

TEMWat - +4, +5 - - 

TIMWat - +2, +5 - - 

TMMWat - - - - 

In this section, seven quaternary series including Arizona, HEMWat, HIMWat, HMMWat, 

TEMWat, TIMWat, and TMMWat were checked whether they are able to separate the 

components of the products from Barta, Liu,  Luterbacher, and Stahl by the NIST-UNIFAC 

model. The results are summarized in Table 1. Although the results for Barta‘s, and Liu‘s are 

promising, more feasible quaternary series should be checked for the products from 

Luterbacher, and Stahl. This procedure is time-consuming and can be computerized using in-

house developed software.  

3.1.4. Separation of Lignin Depolymerization Monomers 

Alderich et al. 
13

 have obtained 4-hydroxybenzoic acid, vanillin, acetovanillone, syringaldehyde, 

acetosyringone, vanillic acid, and syringic acid from depolymerization of lignin in the presence 

of NaOH, and Cu
2+

  as the catalyst. They used the Arizona series followed by 

dichloromethane/methanol/water (10:6:4) to separate the vanillin, syringic acid, syringaldehyde, 

vanillic acid, and p-hydroxybenzoic acid from the crude mixture. Their experimental data 

showed that the logKP of the vanillin, acetovanillone, and syringaldehyde, acetosyringone are 

almost the same. So, the separation of these components from each other is difficult or even 

impossible by the centrifugal partition chromatography technique. They showed that the L as a 

solvent system in the Arizona series (2:3:2:3 of pentane/ethyl acetate/methanol/water) can only 

separate vanillin and syringic acid (ΔlogKP>0.2). In sequence, the 4-hydroxybenzoic acid, 

vanillic acid, and syringaldehyde have been separated from each other using a composition of 

halogenated solvents (CH3Cl, CH2Cl2)+CH3OH+H2O.
53

 In the present study, the prediction 

power of the NIST-UNIFAC model was tested on this mixture. The result is shown in Figure 8. 

Although the model could not predict the exact value of experimental logKP values, the model 

qualitatively suggests that the systems of K to P in the Arizona series are suitable for the 

separation of these monomers. The result of the model is consistent with the J to N  solvent 

systems tested by Alderich et al.
13

 Therefore, the model can significantly reduce the cost and 

time of the experimental procedure. 
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Figure 8. The predicted partition coefficient of the lignin depolymerization monomers by Arizona series and 

the NIST-UNIFAC model. 

4. CONCLUSION 

In summary, the results showed that the NIST-modified UNIFAC model could be successfully 

used for the calculation of liquid-liquid phase equilibria of conventional solvent systems and also 

complex lignin-derived molecules containing multiple functional groups. The model can be 

tuned to be used for solvent screening with the aim to separate value-added depolymerization 

monomers of lignin-derived products. Using the given procedure in the study, the feasible 

solvent mixture region including two, three, four, and also higher order solvents can be 

constrained into the tailor-made solvent systems. The partition coefficient of the lignin-derived 

entities not only depends on the solvent types but also the solvent compositions as another 

degree of freedom, considering 62 FDA-approved solvents lead to a more complex solvent-

composition region. This project serves as a base for future studies and provides an important 

opportunity to advance the development of predictive models to be used in biomass processing. 

To find more reliable predicted results it is recommended that the NIST-UNIFAC model be 

refitted to the partition coefficient data.  
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