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ABSTRACT 
The global reliance on fossil-based solvents has driven the search for sustainable alternatives. 
This study employs the IBSS® CAMD tool to evaluate building blocks derived, directly or indirectly, 
from agricultural residues - specifically orange and coffee wastes-, to replace toluene in furfural 
extraction. A three-stage methodology was implemented: (1) identification of potential building 
blocks from residues, (2) multi-objective optimization using genetic algorithms and group contri-
bution models for properties calculation, and (3) analysis of the resulting candidates based on 
performance indicators. A total of 13 families were evaluated, generating millions of candidates. 
Target properties included minimization of Hansen Solubility Parameters (HSP) distance, boiling 
point above 250°C, melting point below 10°C, flash point above 61°C, and octanol-water partition 
coefficient (log(kow)) below 3. The most promising candidates were derivatives of glycerol (per-
formance: 0.9986), limonene (0.9937), and furfural (0.9931), which exhibited low bioaccumulation 
potential, non-flammability, and liquid phases at typical usage temperatures. Notably, all the top-
performing molecules derived from these building blocks outperformed toluene (performance: 
0.6724) in terms of the selected properties. The findings highlight the dual benefits of addressing 
agricultural waste management challenges while advancing sustainable industrial practices. Fur-
ther studies are required to confirm their stability and scalability for industrial applications. 
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INTRODUCTION 
Brazil has an outstanding agricultural production 

that reaches 94 million ha [1], which represents 11% of 
the nation’s total territory. The country stands as the 
world’s leading producer of several key commodities, in-
cluding coffee and oranges. However, alongside such in-
tensive production comes an increasing concern about 
the sustainable management of the vast amounts of ag-
ricultural waste generated throughout the supply chain 
[2]. 

In 2023, Brazil’s coffee production reached 3.5 mil-
lion metric tons [3], primarily through the dry processing 
method, where coffee cherries are dried immediately af-
ter harvest [4]. Notably, 90–99% of the fruit mass is clas-
sified as waste [5]. Also, in 2023, Brazil produced 18 

million metric tons of orange, of which 72% [6] was des-
tinated for orange juice production. During this process, 
50–60% of the fruit mass becomes waste, primarily com-
posed of seeds and peel [7]. 

Agricultural wastes from coffee and orange produc-
tion are typically disposed in fields, repurposed as animal 
feed or incinerated [7]. These practices contribute to en-
vironmental impacts and these approaches overlook the 
significant potential of these residues. Rich in bioactive 
compounds, such as antioxidants and fibers, coffee and 
orange byproducts offer untapped opportunities for sus-
tainable valorization [2].  

The residues contain building blocks that can be ex-
tracted or produced from them and one that stands out 
is furfural. Furfural is produced via the dehydration of xy-
lose, a sugar present in the hemicellulose fraction of 
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lignocellulosic biomass. It has a wide range of industrial 
applications, including the production of plastics, phar-
maceuticals, agrochemical products, non-petroleum-de-
rived chemicals and it is a precursor for various furan-
based chemicals and feedstocks [8].  

Although the synthesis of furfural dates to 1921, the 
process still faces challenges, including low efficiency 
(~50%) and high energy demands, especially when dis-
tillation is employed as a purification method. Therefore, 
liquid liquid extraction (LLE) appears as a possible purifi-
cation method and the main solvent used is toluene, a 
fossil-based toxic solvent [9].  

The procedure for solvent selection plays a crucial 
role in determining the efficiency and viability of the pro-
posed new solvent. In this study, Computer Aided Molec-
ular Design (CAMD) was chosen as an effective early-
stage tool for discovering new molecules, which lever-
ages the simplicity of semi-empirical quantitative struc-
ture-property relationships (QSPRs) in conjunction with 
genetic optimization algorithms [10]. 

An in-house CAMD tool called IBSS® was employed. 
This tool was developed in compliance with a model 
driven software engineering approach, and it is based on 
different analysis models (UML and BPMN) and object-
oriented implementation models dedicated to Mi-
crosoft.NET framework (C# and VB.NET) [11]. IBSS® has 
been successfully applied in various contexts, such as 
identifying solvents for the perfume industry [12], devel-
oping greener solvents for photovoltaic panel production 
[13], and substituting hexane in metabolite extraction 
from biomass feedstock [14]. 

The objective of this work was to evaluate solvents 
derived from coffee and orange residues, to extract fur-
fural from an aqueous solution with methanol and acetic 
acid, in substitution to toluene.  

METHODOLOGY AND PROBLEM 
FORMULATION 

To accomplish the goal of finding a suitable bio-
based solvent to replace toluene for furfural extraction, a 
three-stage methodology, depicted in Figure 1, was pro-
posed based on the work of Heintz et al. [15].  

Molecular Fragments Literature Review 
The first stage entailed a literature review to identify 

potential building blocks derived, directly or indirectly, 
from coffee and orange residues. From an initial pool of 
46 building block families, 13 were selected for further 
evaluation: furoate, geranyl, glucaric acid, glutamic acid, 
hydroxymethylfurfural, hydroxypropionic acid, levulinic 
acid, limonene, 5-methylfurfural, oleic acid, succinic acid, 
glycerol, and furfural itself. Considering the derivatives 
from the abovementioned building block families, 103 dif-
ferent fixed fragments were analyzed. 

 
Figure 1: Methodology for solvent selection using IBSS® 
tool. 

IBSS® Optimization 
 The second stage corresponded to the IBSS® opti-
mization, which involves essentially six key components: 
(1) building block library construction, (2) molecular rep-
resentation, (3) properties setup, (4) properties calcula-
tion, (5) performance criteria for molecule evaluation, and 
(6) optimization [15]. The output consisted of a .txt file 
generated for the 200th generation of each fixed frag-
ment studied, containing the calculated properties, per-
formance metrics, and molecular graph structures of the 
individuals, ranked based on their performance. 

Building block library construction 
After the literature review, a preliminary verification 

was conducted to determine whether the molecules se-
lected were already present in the IBSS® library. For 
those not included, new entries were created by assign-
ing an ID, constructing the molecular graph, and defining 
functionalization points. 

The newly fixed building blocks were drawn, and 
their SMILES representation were determined, which was 
entered in “evaluation mode” in the tool, to determine the 
molecular graph. 

This process resulted in the creation of 7 new fami-
lies of building blocks, comprising a total of 39 new fixed 
building blocks molecules. 

 Molecular representation 
The selected molecular representation model is the 

molecular graph. In this representation, the diagonal ele-
ments represent non-hydrogen atoms, and the off-diag-
onal elements represent chemical connections. One of 
the implemented molecules is represented in Figure 2 as 
an example.  
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Figure 2: Molecular representation of Limonene. 

Properties set up 
IBSS® tool allows users to specify the properties de-

sired to calculate the performance, assigning their 
weights, target values, tolerances, and value of perfor-
mance in the tolerance value.  

The target properties chosen, detailed in Table 1, 
were defined based on the recommendations of Heintz 
et al. [15]. And the tolerance value reflects the confi-
dence in the model prediction value, which can be as-
sessed with help of the model accuracy and/or the prop-
erty measurement standard deviation [16]. There were 
also included the standard deviation for the predictions. 

The most critical property is the Hansen Solubility 
Parameter (HSP) distance, which accounts for three key 
interaction forces: D (London dispersion forces), P (di-
pole-dipole polarity interactions), and H (hydrogen bond-
ing). The strategy was to minimize the HSP distance of 
the candidate molecules from furfural. To reflect practical 
considerations, the HSP distance between toluene and 
furfural (13.9) was set as the tolerance value, given that 
toluene is a viable solvent for furfural extraction.  

For each configuration of fixed-building blocks and 
kmax (maximum number of fragments added in the fixed 
building block structure, varied from 4 to 8), a different 
input XML file was created. These files included the tar-
get properties (Table 1) and the variable fragments (-

CH2-, -CH--, --C--, CH2=, -CH=, --C=, CH=-, -C=-, 
NH2-, -NH-, -N--, NH=, N=-, OH-, -O-, O=). 

Properties calculation 
Using group contribution methods for property esti-

mation, the tool is able to predict the melting point, boil-
ing point and log(kow) with models developed by Huk-
kerikar et al. [16]; HSP distance with molecular breaking 
by Hiroshi Yamamoto [17] and flash point with a model 
created by Catoire, Paulmier and Naudet [18].  

Performance criteria for molecule evaluation 
The performance of each candidate molecule is cal-

culated from a performance function (Eq. 1), and it con-
siders deviation of the predicted property values from 
their target values (Eq. 2).  

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝑀𝑀𝑀𝑀𝑖𝑖) =  
∑ 𝑤𝑤𝑝𝑝.𝐹𝐹𝑝𝑝.(𝑀𝑀𝑀𝑀𝑖𝑖)
𝑛𝑛𝑝𝑝
𝑝𝑝=1

∑ 𝑤𝑤𝑝𝑝
𝑛𝑛𝑝𝑝
𝑝𝑝=1

   (1) 

𝐹𝐹𝑝𝑝(𝑀𝑀𝑀𝑀𝑖𝑖) = 𝑒𝑒𝑒𝑒𝑒𝑒. �ln(𝑣𝑣𝑣𝑣𝑣𝑣) . �𝑃𝑃−𝑥𝑥
𝑇𝑇𝑇𝑇𝑇𝑇

�
2
�  (2) 

In the equations, 𝑀𝑀𝑔𝑔𝑖𝑖  is the molecular graph, 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is 
the calculated performance, 𝑛𝑛𝑝𝑝 is the number of target 
properties, 𝐹𝐹𝑝𝑝 is the performance function, 𝑤𝑤𝑝𝑝 is the 
weight of property 𝑝𝑝, 𝑇𝑇𝑇𝑇𝑇𝑇 is the tolerance set, 𝑥𝑥 is the tar-
get value for property and 𝑃𝑃 is the property value.  

Optimization 
The problem solved by IBSS® is a multi-objective 

optimization since multiple properties are considered in 
the performance equation. A genetic algorithm is used, 
which modifies the molecular graphs through mutation, 
crossover, deletion, and insertion. Newly generated mol-
ecules have their performance calculated and are ranked 
accordingly. The molecules with the best performance 
are selected for the next generation. The parameters of 
the genetic algorithm, presented in Table 2, were used in 
this study.  

Results Analysis 

Table 1: Target properties setup. 

Property Weight Unit Target  Tolerance Cor Perf Justification SD Ref 
HSP Dis-
tance  MPa/    Good solubility - [] 

Melting 
Point  °C <    Liquid at usage 

temperature  K [] 

Boiling 
Point  °C >   Liquid at usage 

temperature  K [] 

Flash 
Point  °C >   Non flammable - [] 

Log (Kow)  - <   Low potential of 
bioaccumulation  [] 

1Cor. Perf. = Corresponding Performance; 2SD = Standard Deviation 
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The third stage involved an evaluation of the results 
to identify the most promising candidates. A total of 16 
thousand molecules were generated in the final genera-
tions and more than 3 million properties were calculated 
throughout the study. The main results are presented be-
low. 

Table 2: Parameters of the genetic algorithm. 

Property Value 
Elitism  
Population size  
Number of generations  
Crossover probability % 
Mutation probability % 
Insertion probability % 
Deletion probability % 

RESULTS 
The computational exploration conducted using the 

IBSS® CAMD tool enabled the evaluation of millions of 
potential molecules, leading to the identification of prom-
ising alternatives to toluene for LLE of furfural. The best 
molecules for each fixed building block derived from or-
ange and coffee wastes were ranked based on their per-
formance and the outcome is presented in Table 3.  

A set of alternative methods was tested for predict-
ing properties: log(KoW), melting point and boiling points 
were predicted using a method by Marrero&Gani [19]; 
and HSP Distance was calculated using a method by 
Hukkerikar et al. [16]. The average variation in the calcu-
lated performances was 13%. This highlights the robust-
ness of the property predictions, despite the inherent 
limitations of group contribution methods. Further analy-
sis could explore how these variations impact the selec-
tion of candidate molecules in practical applications. 

The results indicate that derivatives of glycerol, lim-
onene, and furfural performed best. Nevertheless, 13 
configurations exhibited high performances (above 
0.9800), a promising outcome that suggests multiple al-
ternative solvents worth exploring.  

Toluene was evaluated in IBSS®, in evaluation 
mode, applying the same target properties outlined in Ta-
ble 1. The calculated performance was 0.6724, lower 
than the performance of the generated molecules pre-
sented in Table 3. This low value is primally driven by the 
low flash point (8°C), low boiling point (116°C) and high 
HSP distance (13.9 MPa1/2), indicating that the bio-based 
molecules generated have strong potential to serve as 
superior solvents for furfural extraction. 

Analyzing the results in Table 3, it is not possible to 
establish a direct connection between number of radicals 
and performance, but it is noticed that for limonene, hy-
droxypropionic and glutamic acid, an increase in the 
number of functionalization points was positive to the 

performance and the opposite behavior was identified for 
glycerol, hydroxymethylfurfural, methylfurfural, geranyl 
and succinic acid.  

Also, it is observed that the biggest molecules, in 
general, did not score high performances. The average of 
non-hydrogen atoms for the molecules with perfor-
mances greater than 0,9 was 14, while for the molecules 
with performances less than 0,9, it was 26.  

Three of the best 26 molecules presented in Table 
3 were selected and their properties are detailed in Table 
4. The values of the properties are highlighted in green if 
they meet the target value, or in blue if they don’t meet 
the exact target but fall within the acceptable range de-
fined by the target plus the tolerance. 

Table 3: Best molecules generated for each building 
block. 

Fixed Building Block 
(FP Kmax) 

B P Fixed Building 
Block (FP Kmax) 

BP 

Glycerol ( )  Geranyl ( )  
Glycerol ( )  Methylfurfural ( )  
Limonene ( )  Glycerol ( )  
Furfural ( )  Glutamic Acid ( )  
Furoate ( )  HMF ( )  
Limonene ( )  Glutamic Acid ( )  
HP ( )  Succinic Acid ( )  
HMF ( )  Glycerol ( )  
Levulinic Acid ( )  Succinic Acid ( )  
HP ( )  Glucaric Acid ( )  
Succinic Acid ( )  Oleic Acid ( )  
Glutamic Acid ( )  Glycerol ( )  
Limonene ( )  Succinic Acid ( )  
Methylfurfural ( )  Oleic Acid ( )  
HMF ( )  HP ( )  
Geranyl ( )  - - 

1BP = best performance 
2FP = functionalization points 
3HP = hydroxypropionic 
4HMF = hydroxymethylfurfural 
 In all three cases, the Hansen Solubility Parameter 
(HSP) distances were significantly smaller than the tolu-
ene-furfural distance of 13.9. Additionally, their melting 
and boiling points suggest that these solvents would re-
main liquid under ambient conditions and based on their 
flash point they are classified as non-flammable. Further-
more, their low log(Kow) values indicate minimal bioac-
cumulation concerns, supporting their suitability as sus-
tainable solvent alternatives. 

As shown in Figure 3, the maximum performance of 
the best molecule, derived from glycerol with one func-
tionalization point, improved as generations progressed. 
This trend demonstrates the effectiveness of the genetic 
algorithm in identifying better-performing individuals 
across the tested generations. Furthermore, the results 
reveal that as kmax increases, the maximum 
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performance also improves in this case, highlighting the 
algorithm’s enhanced flexibility to create diverse molec-
ular structures with higher potential. 

 
Figure 3: Performance evolution across generations for 
glycerol derivative with 1 functionalization point and 
representation of the best molecule generated. 

From the list in Table 3, some molecules were se-
lected and drawn based on the molecular graph provided 
as an output of IBSS®. These molecules are depicted in 
Figure 4. The chemical structures are diverse, and it is 
important to emphasize that further investigations are 
needed into process design, stability, and the viability of 
the proposed molecules. Nevertheless, this study high-
lights the potential of utilizing residues from high-de-
mand fruits to design environmentally friendly solvents 
with superior performance characteristics. 

CONCLUSION AND NEXT STEPS 
The results demonstrate that the IBSS® CAMD tool 

is an effective approach for designing bio-based solvents 
with specific properties to replace toluene in LLE of 

furfural from aqueous solutions. Through multi-objective 
optimization, alternative solvents were efficiently ranked 
based on a global performance value. For all the building 
blocks studied, molecules with enhanced desired prop-
erties compared to toluene were obtained, highlighting 
the derivatives of glycerol, limonene, and furfural itself. 
While this early-stage methodology shows significant 
promise, further studies are required to assess the sta-
bility and feasibility of synthesizing these molecules.  

Nonetheless, those findings demonstrate a valuable 
pathway for developing alternative solvents derived from 
orange and coffee waste, offering a sustainable solution 
to reduce reliance on fossil-based solvents. 
 

 
Figure 4: Molecular representation of molecules 
generated by IBSS®. 

Table 4: Comparative analysis of molecules derived from limonene, furfural and hydroxymethylfurfural. 

Property Limonene Derivative Furfural Derivative Hydroxymethylfurfural 
Derivative 

Fixed building block 
structure 

R2

R3

R1

 O R

O

 
O

OR O

 
New molecule structure 

 
  

Fixed building block Limonene Furfural Hydroxymethylfurfural 
Number of FP*    
Kmax**    
Performance    
Melting point (°C)    
Boiling point (°C)    
Flash point (°C)    
HSP distance (MPa)/    
Log (kow)    

*FP: functionalization point 
**Kmax: maximum number of fragments allowed to be added in the fixed building block  
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