
  

Molecular Dynamics Simulations of Furfural Derivatives 
at Conditions of Hydrothermal Carbonization

1. Introduction: 
Molecular dynamics simulations (MD) have been performed in order to study bulk liquids and aqueous solutions of furfural and 5-hydroxymethylfurfural (HMF) at conditions of hydrothermal 
carbonization (HTC). HTC is a process for biomass conversion that provides an alternative to conventional enrichment of organic compounds from petroleum. The conversion is carried out in 
water under high temperature (> 373 K) and pressure (10 – 50 atm). In the HTC liquid fractions furfural and furfural derivatives such as HMF are formed. These two compounds have been 
studied in the present work. Several dynamic and equilibrium properties have been computed including enthalpies of vaporization, free energies of vaporization, free energies of solvation, 
diffusion coefficients and rotational/reorientational correlation times. Solvation structure was examined using radial and spatial distribution functions (RDFs and SDFs). Thermodynamic properties 
from the simulations are in reasonable agreement with experimental data. The results give insight in the sructure and dynamics of aqueous solutions of furfural and HMF at subcritical and 
ambient conditions.   

2. Simulation details: 
The MD simulations were performed using the MDynaMix 
software.[1] Atomic interactions were described using the 
general AMBER force field (GAFF).[2] Free energies were 
calculated using the method of expanded ensembles.[3] 
Partial atomic charges were computed with the Gaussian 
09 software using Hartree-Fock method and 6-31G basis 
set.[4,5] 

     Figure 1: Molecular structures of HMF and Furfural.

      
        

 
           
                     

Δ H vap=−Einter+RT

3. Thermodynamic properties:
The model of atomic interactions was compared with 
experimental data.[6] Enthalpies of vaporization were 
calculated from the intermolecular interaction energy 
according to Eq. 2.

(2) 

       Figure 3: Enthalpy of vaporization as 
       function of temperature using atomic 
       charges scaled down by a factor α. 

4. Dynamic properties:
Diffusion coefficients of HMF and furfural were calculated 
from the mean square displacement using the Einstein relation 
Eq. 3.

(3)

Time correlation functions of the second order Legendre 
polynomials of molecular vectors were computed for all C-H 
bonds according to Eq. 4. These were integrated in order to 
obtain rotational/reorientational correlation times.  
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5. Radial and spatial distribution functions:

6. Conclusions:
Molecular dynamics simulations of furfural derivatives have 
been performed at conditions of hydrothermal carbonization. 
The model for atomic interactions that have been used give 
results in reasonable agreement with experimental data. The 
analysis of solvation structure using radial and spatial 
distribution functions show that the oxygen atom in the furan 
ring of furfural and HMF is less involved in hydrogen 
bonding interactions compared to the oxygen atoms in the 
carbonyl and hydroxy groups. Another observation was that 
the hydrogen bond formed between HMF molecules is more 
stable compared to the hydrogen bond formed between HMF 
and water. It has been shown that furfural molecules 
aggregate in aqueous solution given that the furfural:water 
ratio is sufficiently high and the temperature is low enough 
to not cause dissociation of the assemblies. The result 
suggests that the association is insensitive to pressure changes 
on the interval 1 - 50 atm. Exact conditions for the self-
assembly can be subject to further investigation. This work 
has shown that the aggregates exists at 298 K, 1 atm and 10 
% furfural:water ratio but are not formed when the 
temperature is increased to 502 K or when the furfural:water 
ratio is decreased to 1.5 %.     

Enthalpies of 
vaporization are within 
12 kJ/mol of the 
experimental values.[6]

Figure 12: RDF between 
oxygen in the carbonyl group 
in HMF and hydrogen in 
water.

Figure 14: RDF between the oxygen in 
the furan ring and hydrogen in the 
hydroxy group in HMF. 

Figure 13: RDF between oxygen 
in the carbonyl group and 
hydrogen in the hydroxy group 
in HMF.

Figure 15: Spatial distribution 
function showing the regions 
with highest probability to find 
water around furfural.

- The hydrogen bond formed between HMF molecules is stronger     
  than the hydrogen bond formed between HMF and water.

- Hydrogen bonding interactions are concentrated to the oxygen      
  atoms in the carbonyl and hydroxy groups in furfural and HMF. 
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Figure 4: Free energy difference of 
vaporization for HMF.

Figure 5: Free energy difference of 
vaporization for furfural.

Figure 2: Simulation set-up with high and 
low levels for simulation parameters (NPT)

Figure 6: Solvation free energy difference 
between organic and aqueous phase.

Free energies of vaporization and free energies of solvation 
were calculated using the method of expanded ensembles.

Enthalpies of vaporization are within 2 kJ/mol of 
experimental results for both compounds.[6,7]

Simulations were carried out in the NPT-ensemble. In 
order to investigate the effect of changing temperature, 
pressure and systems composition simulations were 
performed for high and low levels of these parameters. 
These were chosen so that the high levels correspond to 
conditions of HTC (TH = 502 K, PH = 50 atm) and the 
low levels correspond to standard conditions (TL = 298 
K, PL = 1 atm). In addition, simulations were performed 
at two different furfural:water ratios (NH = 10 %, NL = 
1.5 %). 

Performing simulations for all eight combinations of these 
parameters makes it possible not only to compare 
hydrothermal and standard conditions but also to 
investigate the individual effect of changing each 
parameter. 
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Model for atomic interactions:

7. References:

Solvation free energy 
differences for HMF 
between water and 
organic solvents are 
within 2.5 kJ/mol for 
1-butanol, 2-butanol 
and methyl isobutyl 
ketone. The 1-hexanol 
system deviates more 
roughly 3.7 kJ/mol. 
The three water 
models TIP3P, TIP5P 
and SPC/E performed 
similarly with 
differences within 1.3 
kJ/mol.[8] 

6. System snapshots:

Figure 19: 298 K, 1 atm and 10 % 
furfural:water ratio. 

Figure 18: 298 K, 1 atm and 1.5 
% furfural:water ratio. 

Figure 20: 502 K, 1 atm and 
10 % furfural:water ratio.

Figure 21: 502 K, 50 atm 10 
% furfural:water ratio. 

Figure 16: Spatial distribution 
function showing the water 
structure around furfural.

Figure 17: Spatial distribution function showing the 
regions with highest probability to find carbon and 
oxygen atoms in the furan ring of furfural.

Aggregation observed at 298 K, 1 atm 
and 10 % furfural:water ratio.

Figure 9: Time correlation function 
for C-H vector in furfural.

Figure 10: Correlation times (ps) for C-H 
molecular vectors in furfural at standard 
conditions (298 K, 1 atm and 1 %).

Figure 11: Correlation time (ps) for 
C-H molecular vectors in furfural at 
hydrothermal conditions (502 K, 50 
atm and 1 %).

Figure 7: Diffusion coefficient 
furfural for different conditions.[9]

Figure 8: Diffusion coefficient HMF for 
different conditions.[9]

[1] A. P. Lyubartsev and A. Laaksonen. MDynamix – A scalable portable parallel MD simulation package for arbitrary molecular mixtures. Computer Physics Communications, 128:565 – 589, 
2000. [2] Junmei Wang, Roman M. Wolf, James W. Caldwell, Peter A. Kollman and David A. Case. Development and Testing of a General Amber Force Field. Journal of Computational 
Chemistry, 25:1157 – 1174, 2004. [3] Joakim P. Jämbeck, Francesca Mocci, Alexander Lyubartsev and Aatto Laaksonen. Partial atomic charges and their impact on the free energy of 
solvation. Journal of Computational Chemistry, 34:187 – 197, 2013. [4] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone 
and G. A. Petersson et al. Gaussian 09 Revision A.02. Gaussian Inc. Wallingford CT 2016. [5] R. Ditchfield, W. J Hehre and J. A. Pople. Self-Consistent Molecular Orbital Methods. 9. 
Extended Gaussian-type basis for molecular orbital studies of organic molecules. J. Chem. Phys., 54:724, 1971. [6] Sergey P. Verevkin, Elena N. Stepurko Vladimir N. Emel'yanenko, 
Richardas V. Ralys and Dmitry H. Zaitsau. Biomass-Derived Platform Chemicals: Thermodynamic Studies on the conversion of 5-Hydroxymethylfurfural into Bulk Intermediates. Ind. Eng. 
Chem. Res., 48:10087 – 10093, 2009. [7] J. B. Matthews, J. F. Summer and E. A. Moelwyn-Hughes. The Vapour Pressures of Certain Liquids. Transactions of the Faraday Society, 46:797 – 
803, 1950. [8] Yuriy Román-Leshkov, Christopher J. Barrett, Zhen Y. Liu and James A. Dumesic. Phase Modifiers Promote Efficient Production of Hydroxymethylfurfural from Fructose. 
Nature, 447:982 – 986, 2007. [9] Kazuko Yui, Naoto Yamazaki and Toshitaka Funazukuri. Infinite Dilution Binary Diffusion Coefficients for Compounds Derived from Biomass in Water at 0.1 
Mpa at Temperatures from (298.2 to 353.2 K). J. Chem. Eng. Data, 58:183 – 186, 2013.  

(1)

(1) fredrikgrote@gmail.com ; (2) inna.ermilova@mmk.su.se ; (3) alexander.lyubartsev@mmk.su.se

mailto:fredrikgrote@gmail.com
mailto:inna.ermilova@mmk.su.se

	Slide 1

