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ABSTRACT: The development of biomass pyrolysis oil refineries is a very promising path for the production of biofuels and
bioproducts from lignocellulosic materials. Given that bio-oil is a complex mixture of organic compounds, the production of valuable
bioproducts may imply the use of different separation processes, such as distillation, selective condensation, crystallization based on
melting points, liquid−liquid extraction or adsorption, and/or upgrading treatments, such as catalytic cracking or
hydrodeoxygenation. In this context, the main objectives of this work are (1) to propose a simple but representative composition
of the bio-oil, which can be used as a bio-oil surrogate, and (2) to determine selected thermodynamic, physical, and molecular
properties of the organic compounds included in the bio-oil surrogate using different estimation methods and calculation
procedures. These properties are critical temperature, critical pressure, critical volume, normal boiling point, enthalpy of
vaporization, vapor pressure curves, normal melting point, enthalpy of fusion, heat capacities of gas, liquid, and solid, gas and liquid
standard enthalpy of formation, gas standard Gibbs free energy of formation, Hansen solubility parameters, molecular volume, and
molecular diameter. This group of properties has been selected for their possible application in the simulation or design of
thermochemical, separation, and upgrading processes. Additionally, the suitability of the estimated thermodynamic properties and
the proposed surrogate composition has been assessed by comparing experimental and literature data with the apparent enthalpy of
formation of the bio-oil predicted from the weight-averaged contributions of the compounds as well as the heat required for the
pyrolysis process at 500 °C.

1. INTRODUCTION
One of the most promising platforms for the production of
renewable fuels and chemicals is based on the production of
bio-oil via fast pyrolysis of lignocellulosic biomass followed by
its refining and/or upgrading.1 Pyrolysis bio-oil obtained from
lignocellulosic biomass is a mixture of water (usually between
15 and 30 wt %) and organic compounds produced through
devolatilization, cracking, and thermal ejection of the main
biomass components (cellulose, hemicellulose, lignin, and
extractives) as well as secondary reactions of the primary
pyrolysis products.2−4 The organic compounds present in bio-
oil can be classified in the following chemical families:
aldehydes, ketones, acids, furans, phenols, methoxyphenols,
sugars, and oligomers.3,4 The molecular weights of the organic
compounds in bio-oil range between those of light compounds

(<C4) and those of three types of oligomers (pyrolytic lignin,
humins, and hybrid oligomers).3−5 The myriad of chemical
reactions and phenomena that take place during the pyrolysis
process combined with the structural diversity of the biomass
constituents cause pyrolysis bio-oil to be a very complex
mixture. This complexity is caused by not only the presence of
a large number of types of organic compounds but also the
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large range of molecular weights of these compounds and the
combination of functionalities that are present in them.3−5

High-resolution mass spectrometry (HRMS) techniques
used for petroleomic characterization enable the detection of
compounds of very different molar masses from 50 g mol−1 to
oligomeric fragments up to 100 000 g mol−1 when electrospray
ionization (ESI) is used.6 When this technique is applied to
wood bio-oil, the presence of thousands of compounds, each of
them with a single CcHhNnOoSs molecular formula, is
revealed.5,7 As a result of the numerous organic compounds
found in bio-oil, only some of them, acetol, glycolaldehyde,
acetic acid, levoglucosan, and cellobiosan, are usually detected
in concentrations above 1% (1.0−13.7 wt %).1,8 Acetol,
glycolaldehyde, and acetic acid have already been isolated from
pyrolysis liquids by means of various techniques, e.g., fractional
condensation, aqueous phase distillation, precipitation with
lime, or extraction with solvents, while levoglucosan has been
separated together with other fermentable sugars to produce
ethanol and lipids.1 The concentration of the other organic
compounds in pyrolysis liquids is usually below 0.5 wt %;
therefore, it seems more interesting to attempt their
commercialization as fractions (e.g., mono- and oligophenols,
fermentable sugars, or anhydrosugars), because their separa-
tion as single compounds is technically challenging and costly
and would only be commercially feasible for very high-value
products.1 Pyrolytic lignin can be isolated as water insoluble
and classified according to its molecular mass in low-
molecular-mass (LMM) lignin (molecular mass of 400 amu
and polydispersity of 1.7), which is CH2Cl2-soluble, and high-
molecular-mass (HMM) lignin (molecular mass of 1050 amu
and polydispersity of 2.3), which is CH2Cl2-insoluble.

9

Pyrolytic lignin is of interest because it is a promising starting
material for the production of antioxidants, resins, adhesives,
carbon fibers, or thermal-insulating materials, among others.1

Although there is evidence for the presence of other oligomers
apart from pyrolytic lignin in bio-oil, such as humins and
hybrid oligomers, they have not yet been isolated from the
liquid matrix.5 On the other hand, all of these types of
oligomers may participate in polymerization reactions during
the hydrodeoxygenation of bio-oil.10

The different functional groups present in bio-oil provide, in
principle, numerous possibilities for applications. At the same
time, the presence of these functionalities also poses several
difficulties because, for example, each different functional
group might follow its own reactive behavior during the
upgrading treatments.1,10

Bio-oil is an important biorefinery platform intermediate,
because it can be used as biofuel and/or for the production of
marketable bioproducts. The direct use of bio-oil as a fuel is
challenging because of its relatively high oxygen content
(greater than 40 wt % on a wet basis). To address this,
alternative strategies have been proposed, including its
upgrading during the pyrolysis reaction through catalytic
cracking and in post-processing by hydrodeoxygenation or co-
processing with petroleum fractions.11 The production of
valuable bioproducts implies the use of separation processes,
such as distillation, selective condensation, crystallization based
on melting points, liquid−liquid extraction, or selective
adsorption. Bio-oil upgrading is a research area of high
interest,12,13 which includes the continuous search for
improved separation processes.14 The complexity of these
processes themselves and the multitude of parameters that may
affect them make experimental investigations costly and

tedious. Simulations of upgrading and separation processes
of model bio-oils could allow for a priori assessments of the
suitability of a selected method or the usefulness of performing
parametric experimental studies. The availability of a simple
but representative chemical composition of the pyrolysis bio-
oil would help to accomplish such simulations and could also
be useful for the design of the equipment involved in bio-oil
processing.10 To successfully develop simulation models
involving surrogate bio-oil compositions, knowledge of the
physical and thermodynamic properties of all of the organic
compounds considered as surrogates is required.
A search of the relevant literature yielded some studies, in

which a surrogate composition for bio-oil or a fraction of bio-
oil has been proposed.15−22 Ille et al.15 used experimental
vapor liquid equilibrium data for the development of suitable
surrogate mixtures by studying about 200 possibly suited
components to represent the heavy fraction of the bio-oil,
which typically condense at around 80−90 °C. Dependent
upon the choice of the surrogate mixture, their results differed
more than 100%, which demonstrates the importance of a
carefully chosen surrogate. With regard to surrogate
compositions representing the whole bio-oil, Westerhof et
al.16 compared experimental results (water content of pyrolysis
bio-oil and loss of organics from pyrolysis oil) to those
obtained through an equilibrium flash condensation model, in
which a surrogate composition of bio-oil was used to model
the condenser as an equilibrium flash separator. This simple
equilibrium stage condensation model (assuming that
equilibrium is reached between the outgoing liquid and
vapor streams with an ideal behavior of both gas and liquid
phases) was applied to study the impact of the operating
conditions on the condensation efficiency. The surrogate
pyrolysis vapors proposed by Westerhof et al.17 consist of 12
discrete organic boiling point groups, H2O, N2, and non-
condensable pyrolysis gas. These authors choose one
representative compound with well-known vapor pressures
and Antoine constants for each boiling point group. However,
despite the efforts of the authors to select model compounds
for each boiling point group that are actually present in the
bio-oil, two compounds not present in bio-oil, hydroquinone
for the family of sugar molecules and n-butyric acid for those
compounds with normal boiling points ranging between 427
and 450 K, had to be included. According to these authors, this
shortcoming was caused by difficulties finding Antoine
constants for compounds of these two groups.17 Another
weakness of this surrogate composition is that it is solely based
on condensation properties of bio-oil. Hence, it considers only
the boiling points for the selection of the surrogate
composition of the bio-oil and ignores the distribution of
chemical families and functional groups. The latter are relevant
to simulate separation and upgrading processes. Surrogate
mixtures of as much as five gas chromatography−mass
spectrometry (GC−MS)-detectable compounds have been
used to study the combustion characteristics of bio-oil,18−20

which seems insufficient taking into account the large number
of bio-oil constituents. McVey et al.21 defined a surrogate for
partially deoxygenated bio-oil, which was used to evaluate the
continuous separation of benzene, toluene, and xylene by flash
distillation. Krutof and Hawboldt22 used a bio-oil surrogate to
model and predict the vapor−liquid equilibrium curves or
vapor pressure curves. These authors proposed an interesting
surrogate composition taking into account the presence of the
typical bio-oil functional groups and a wide representation of
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boiling points, although there are other requirements, such as
the concentration of families or elemental analysis of the bio-
oil, that were not taken into account. This brief review
demonstrates that the development of a representative
composition for bio-oil is both needed and of interest.
Besides these surrogates for bio-oil, the research work

developed by the group of Ranzi in the field of the detailed
kinetic modeling of fast pyrolysis of biomass to produce bio-oil
is worth mentioning.23−25 They describe raw biomass as a
mixture of model components (cellulose, hemicellulose, three
types of lignin, and two types of extractives) and assign
temperature-dependent pyrolysis reactions to each component,
which are assumed to react independently. On the basis of the
elemental analysis and type of biomass, the biomass
composition in terms of these hypothetical model components
is estimated. Integration of the reactions of the surrogate
composition for two different types of biomass (pine sawdust
and grass) provides a detailed composition of pyrolysis
products and char residue.24

Besides the establishment of the surrogates, the simulation
of thermochemical, separation, and upgrading processes
requires knowledge of the different thermodynamic and
physical properties of the organic compounds of the bio-oil.
As a result of the large number of compounds present in bio-
oil, it is extremely difficult to provide experimental data for
their different properties. Furthermore, bio-oil from lignocellu-
losic biomass contains compounds, such as oligomers, which
are not well-characterized and for which thermodynamic and
physical properties are unknown. As already mentioned, some
of the oligomers present in the bio-oil have not yet been
isolated, and therefore, their properties cannot be exper-
imentally determined. For this reason, it is of considerable

interest to apply and select non-experimental methods to
estimate or calculate the values of these properties.
Non-experimental methods cover a wide spectrum of

methods ranging from first-principle or ab initio calculations
to empirical correlations or estimations. It is worth remarking
that, in this work, the term calculation will be used for ab initio,
because this methodology is based on fundamental physical
laws, and the term estimate will be used for those methods,
which use as input data parameters from the molecular
structure (groups, atoms, etc.), other properties of the
molecule, or both. The powerful quantum mechanical
calculations are based on fundamental (ab initio) physical
principles (solutions of the electronic Schrödinger equation26)
and are, therefore, generally applicable without the need for
experimental data, although, in practice, some empirical
corrections are often applied to improve the results. The
application range of such calculations is limited to simple
systems: either gas-phase molecules or periodic condensed
phases. Complex liquids, such as bio-oils, cannot yet be
efficiently described quantum mechanically as a result of the
large computational requirements. However, idealized Raman,
infrared, ultraviolet (UV), or nuclear magnetic resonance
(NMR) spectra of compounds can be predicted with
acceptable accuracy, and these calculations allow adjustments
for solvent effects.27 Furthermore, thermodynamic properties,
such as enthalpies of formation, entropies, and heat capacities,
can readily be determined for gas molecules by means of ab
initio calculations. The latter information can be used to
calibrate estimation methods, such as group additivity concepts
discussed later, or to define force constants for semi-empirical
or molecular mechanic calculations. Routine and fast
determinations of thermodynamic properties of complex

Table 1. Organic Compounds Selected for the Surrogate Bio-oil

family compound IUPAC name CAS number
molecular
formula

molar mass
(g mol−1)

aldehydes and
ketones

glycolaldehyde glycolaldehyde 141-46-8 C2H4O2 60.1
acetol 1-hydroxyacetone 116-09-6 C3H6O2 74.1
2-cyclopentenone 2-cyclopenten-1-one 930-30-3 C5H6O 82.1
3-methyl-1,2-cyclopentanediene 3-methyl-1,2-cyclopentanedione 765-70-8 C6H8O2 112.1

acids acetic acid acetic acid 64-19-7 C2H4O2 60.1
propionic acid propanoic acid 79-09-4 C3H6O2 74.1
formic acid formic acid 64-18-6 CH2O2 46.0

furans furfural furan-2-carbaldehyde 98-01-1 C5H4O2 96.1
2(5H)-furanone 2(5H)-furanone 497-23-4 C4H4O2 84.1

phenols and
methoxyphenols

phenol phenol 108-95-2 C6H6O 94.1
guaiacol 2-methoxyphenol 90-05-1 C7H8O2 124.1
creosol 2-methoxy-4-methylphenol 93-51-6 C8H10O2 138.2
4-ethylguaiacol 4-ethyl-2-methoxyphenol 2785-89-9 C9H12O2 152.2
eugenol 2-methoxy-4-prop-2-enylphenol 97-53-0 C10H12O2 164.2
catechol benzene-1,2-diol 120-80-9 C6H6O2 110.1
syringol 2,6-dimethoxyphenol 91-10-1 C8H10O3 154.2
4-methylcatechol 4-methylbenzene-1,2-diol 452-86-8 C7H8O2 124.1
vanillin 4-hydroxy-3-methoxybenzaldehyde 121-33-5 C8H8O3 152.1
syringaldehyde 4-hydroxy-3,5-dimethoxybenzaldehyde 134-96-3 C9H10O4 182.2

anhydrosugars levoglucosan (1R,2S,3S,4R,5R)-6,8-dioxabicyclo[3.2.1]octane-2,3,4-triol 498-07-7 C6H10O5 162.1
cellobiosan (2S,4S,5S)-2-[[(2S,3R,5R)-3,4-dihydroxy-6,8-

dioxabicyclo[3.2.1]octan-2-yl]oxy]-6-(hydroxymethyl)
oxane-3,4,5-triol

35405-71-1 C12H20O10 324.3

oligomers HMM pyrolytic lignin C81H78O25 1451.5
LMM pyrolytic lignin C30H34O11 570.6
humin C36H32O16 720.6
hybrid oligomer C70H82O34 1467.4
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liquids are beyond the current state of the art, although codes
for such molecular dynamic calculations exist.28 The advantage
of estimation methods is that they allow for predictions of
thermodynamic or physical properties with quite good
accuracy by means of simple mathematical relationships
between either some properties of the compound or between
a computable structural descriptor of the compound and a
property.29

In this context, the main objectives of this work are (1) to
propose a simple but representative chemical composition of
pyrolysis bio-oil obtained from lignocellulosic biomass and (2)
to determine selected thermodynamic, physical, and molecular
properties of the organic compounds included in the proposed
surrogate composition using ab initio calculations and
estimation methods. The properties to be determined have
been selected in view of their possible use in the simulation or
design of thermochemical, separation, and upgrading pro-
cesses.

2. COMPOSITION PROPOSED FOR SURROGATE
BIO-OIL

2.1. Methodology. A surrogate composition is proposed
in this work for softwood bio-oil because it can be used (a) for

future simulations and (b) for use in this study to validate that
our estimates of the properties of the surrogate compounds can
be used to calculate the thermodynamic properties of the bio-
oil.
The selection of the representative organic compounds for

the surrogate bio-oil was based on results taken from the
literature1,3,4,8,30 taking into account: (1) the compounds with
higher concentrations in softwood pyrolysis liquids, (2) the
presence of compounds from the main chemical families
(aldehydes, ketones, acids, furans, phenols, methoxyphenols,
sugars, and oligomers) and containing the most representative
functional groups quantified in softwood lignocellulosic
pyrolysis liquids (carbonyl, carboxyl, phenol OH, and aliphatic

Table 2. Concentration Proposed for Each Compound Included in the Surrogate Composition of Bio-oil and Intervals from
the Literature for the Compounds and the Chemical Families

family compound literature range (wt %)1,3,4,8,30−33 proposed concentration (wt %)

aldehydes and ketones glycolaldehyde 1.0−13.7 1.00
acetol 2.6−8.6 6.72
2-cyclopentenone 0.1−0.5 0.50
3-methyl-1,2-cyclopentanediene 0.3−0.5 0.50

acids acetic acid 2.5−8.7 8.70
propionic acid 0.2−2.8 2.80
formic acid 0.5−1.0 1.00

total aldehydes, ketones, and acids 10.0−22.0 21.22
furans furfural 0.1−0.6 0.60

2(5H)-furanone 0.1−0.8 0.80
total furans 0.5−1.5 1.40
phenols and methoxyphenols phenol 0.1−0.9 0.90

guaiacol 0.1−0.5 0.22
creosol 0.1−0.5 0.50
4-ethylguaiacol 0.1−0.2 0.20
eugenol 0.1−0.6 0.60
catechol 0.2−0.9 0.28
syringol 0.1−0.4 0.10
4-methylcatechol 0.1−0.5 0.50
vanillin 0.1−1.5 1.50
syringaldehyde 0.1−0.2 0.20

total phenols and methoxyphenols 1.0−5.0 5.00
anhydrosugars levoglucosan 3.0−9.0 6.50

cellobiosan 3.5−17 3.50
total anhydrosugars 10.0−20.0 10.00
oligomers HMM pyrolytic lignin 5.0−11.0 11.00

LMM pyrolytic lignin 5.0−18.0 10.17
pyrolytic lignin 15.0−27.0 21.17
humin 3.0−7.0 7.00
hybrid oligomer 11.0−18.0 11.00
water 19−30 23.21

total 100
average molar mass (g mol−1) 478.0
average empirical formula C1.12H2.30O
average molecular formula C16.9H34.5O15

Table 3. Interval of Concentration for Each Functional
Group from the Literature and Concentration Values
Calculated from the Chemical Composition Proposed

functional
group

literature range
(mmol g−1)3,31,32

values in the surrogate bio-oil
(mmol g−1)

carbonyl 2.8−5.3 2.8
carboxyl 0.5−2.6 2.2
phenol OH 0.9−3.9 0.9
aliphatic OH 3.3−5.4 5.5
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Table 4. Properties Reported, Methods Assessed for Their Estimation/Calculation, Type of Method, Input Data Required for
Each Method, and Equation Number in Parenthesesa

property symbol type of method input data (equation number) reference

Phase Change Properties
critical temperature Tc QSPR−QPPR functional groups, Tb (eq S1) Lydersen et al.45b

QSPR−QPPR functional groups, Tb (eq S2) Joback46b

critical pressure Pc QSPR (GCM) functional groups, M (eq S3) Lydersen et al.45

QSPR (GCM) functional groups, N (eq S4) Joback46

critical volume Vc QSPR (GCM) functional groups (eq S5) Lydersen et al.45

QSPR (GCM) functional groups (eq S6) Joback46

normal boiling pointc Tb QSPR (GCM) functional groups, Tb*
d (eqs S7 and S8) Stein and Brown47

QSPR (GCM) functional groups (eq S9) Joback46

enthalpy of vaporization (Tb) ΔHvap,Tb
QPPR Tc, Tb, Pc (eq S10) Riedel48

QSPR (GCM) functional groups (eq S11) Joback46

enthalpy of vaporization (298.15 K) ΔHvap,298 K QPPR ΔHv,Tb
, Tb, Tc (eq S12) Watson49 modified by

Fishtine50 Li et al.51

thermodynamic equation
(TMD_VAP_ENTH)

ΔHv,Tb
, Tb, Cp,liq, Cp,gas (eq S13)

normal melting pointc Tm QSPR (GCM) functional groups (eq S14) Peŕez-Ponce et al.52

QSPR (GCM) functional groups (eq S15) Joback46

enthalpy of fusion (Tm) ΔHfus,Tm
QSPR (GCM) functional groups (eq S16) Joback46

vapor pressure curves Pvap(T) Clausius−Clapeyron Pvap1, Tb1, ΔHv,Tb1
, Tb2 (eq S17), with Tb1

being the normal boiling point
QPPR Tc, Pc, Tb (eqs S18−S23) Riedel53

Ideal Gas Properties
gas heat capacity at constant pressure Cp,G and

Cp,G(T)
QSPR (GCM) Ni (eq S24)e Harrison and Seaton54

QSPR (GCM) functional groups (eq S25)f Joback46

electronic structure
calculations, CBS-QB3

molecular structuref

gas standard enthalpy of formationg ΔH°f,G electronic structure
calculations, CBS-QB3

molecular structure

QSPR (GCM) functional groups (eq S26) Joback46

gas standard Gibbs free energy of
formationg

ΔG°f,G QSPR (GCM) functional groups (eq S27) Joback46

Condensed Phase Properties
liquid heat capacity at constant
pressureh

Cp,L QSPR (GCM) functional groups (eq S28) Chueh and Swanson55

solid heat capacity at constant pressurei Cp,S QSPR (GCM) Ni (eq S29) Hurst and Harrison56

liquid standard enthalpy of formation
of individual compoundsg

ΔH°f,L thermodynamic equation
(TMD_LIQ_ENTH)

ΔH°f,G, ΔHvap,298 K (eq S30)

enthalpy balance
(ENTH_BALj)

elemental analysis, HHV (eqs S31 and S32
for the HHV)

liquid standard enthalpy of formation
of the whole bio-oild

ΔH°f,L bio‑oil enthalpy balance
(ENTH_BAL)

elemental analysis, HHV (eqs S31 and S32
for the HHV)

weighted average (W_AVE) bio-oil surrogate composition, ΔH°f,L (eq
S33)

Hansen solubility parameters δd, δp, δhb QSPR (GCM) functional groups (eqs S34−S36) Stefanis and Panayiotou57

QSPR (GCM) functional groups (eqs S37−S39 and, for
ΔV, eq S40)

Hansen58

Molecular Properties
molecular volume ΔV electronic structure

calculations, DFT
molecular structure

recommended ab initio molecular
diameter

Dmol electronic structure
calculations, DFT

molecular structure

aN, total number of atoms in the molecule; Ni, number of atoms of element i in the molecule; TMD_VAP_ENTH, thermodynamic equation to
determine the enthalpy of vaporization at 298.15 K (see eq S13 of the Supporting Information); TMD_LIQ_ENTH, thermodynamic equation to
determine the liquid enthalpy of formation (see eq S30 of the Supporting Information); ENTH_BAL, enthalpy balance equation of the combustion
reaction of compound i (see eq S31 of the Supporting Information); ENTH_BAL, enthalpy balance equation of the combustion reaction of the
bio-oil (see eq S31 of the Supporting Information); W_AVE, weighted average equation for the calculation of the bio-oil apparent enthalpy of
formation (see eq S33 of the Supporting Information); CBS-QB3, an electronic structure calculation method designed to calculate accurate
thermodynamic properties (enthalpy, entropy, and heat capacity) for gas phase molecules; and DFT, density functional theory, electronic structure
calculation method especially suitable for geometry calculations and derived properties, here, the molecular volume and diameter [specifically, the
level B3LYP/6-311G(2d,d,p) was used]. bNot used for HMM pyrolytic lignin and hybrid oligomer. cAt 101.3 kPa. dAccording to Stein and Brown,
Tb* is first calculated as a function of the molecule functional groups (eq S7 of the Supporting Information) and then Tb is calculated correcting
Tb* according to eq S8 of the Supporting Information. eCp,G value for T between 300 and 1500 K, as a unique value for all of the temperature
interval. fCp,G values as a function of the temperature; Joback for T between 298 and 1000 K and CBS-QB3 for T between 250 and 1500 K for
HMM pyrolytic lignin, humin, and hybrid oligomer and between 298 and 2500 K for the rest of the molecules. gAt 298.15 K and 101.3 kPa. hCp,L

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.1c01709
Energy Fuels 2021, 35, 17114−17137

17118

https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01709/suppl_file/ef1c01709_si_001.pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.1c01709?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


OH), (3) the existence of compounds typically separated as
water soluble and also water insoluble, and (4) the coverage of
the whole range of molecular weights of the compounds
present in pyrolysis liquids.
The concentration of each compound of the surrogate was

determined using a generalized reduced gradient (GRG)
nonlinear optimization method. They were constrained to
fulfill the mass percentage intervals collected from the
literature for each compound1,3,4,8,30−32 and chemical family33

(both shown in Table 2), the molar concentration ranges of
carbonyls, carboxyls, phenolic OH, and aliphatic OH,3,31,32

shown in Table 3, and the elemental composition of a
commercial softwood bio-oil supplied by BTG-BTL. The four
functional groups were selected because they are crucial for
understanding the changes occurring during the production
and upgrading of bio-oil. The elemental analysis of the bio-oil
was experimentally determined in a Leco CHN 268 series
elemental analyzer, and the results are 43.39 wt % C, 7.37 wt %
H, 0.14 wt % N, and, calculated by difference, 49.10 wt % O
(wet basis). Because none of the organic compounds selected
for the surrogate composition contains nitrogen, the elemental
analysis values were normalized to exclude the exiguous mass
percentage of nitrogen, giving 43.45 wt % C, 7.38 wt % H, and
49.17 wt % O. In addition, the higher heating value (HHV) of
the bio-oil was measured with a C2000 Ika calorimetric pump
being 17.50 MJ kg−1 (wet basis). The elemental analysis and
experimentally determined HHV were used to assess the
validity of the surrogate composition and the estimated
thermodynamic properties required in the calculation of the
liquid standard enthalpy of formation of the bio-oil. Further
information about BTG-BTL bio-oil characterization can be
found elsewhere.34

2.2. Results. Table 1 lists the organic compounds selected
for the softwood bio-oil surrogate as well as their International
Union of Pure and Applied Chemistry (IUPAC) name,
Chemical Abstract Service (CAS) number, molecular formula,
and molar mass. This selection was performed taking into
account the inclusion of compounds from all chemical families
(aldehydes, ketones, acids, furans, phenols, methoxyphenols,
and anhydrosugars), from all fractions obtained by a solvent
fractionation scheme,9 and also compounds of high molar
mass, namely, oligomers. Most of the compounds in the
surrogate are those determined in higher concentrations by
GC−MS. Apart from these, cellobiosan, which is detected by
high-performance liquid chromatography (HPLC), was also
incorporated as a result of its significant concentration in bio-
oil.8 Lastly, four oligomeric molecules were chosen to be part
of the surrogate: HMM pyrolytic lignin, LMM pyrolytic lignin,
humin, and hybrid oligomer. The definition and structural
formulas of HMM pyrolytic lignin, humin, and hybrid
oligomer were taken from the literature and are presented in
section S.1 of the Supporting Information. The structural
formula of the LMM pyrolytic lignin molecule has been
proposed in this work and is also shown in section S.1 of the
Supporting Information. The molecular representation pro-
posed by Terrell and Garcia-Perez35 [G(βO4)G(βO4)G−H2]
and the possible appearance of quinone groups during
pyrolysis36 were taken into account to define a plausible

LMM pyrolytic lignin structural formula. This molecular
representation [G(βO4)G(βO4)G−H2] is based on three
guaiacol monomer units (typical in softwood lignin) connected
with β−O−4 bonds, which are the most abundant bonds in
lignin. The structural formula proposed can be seen in Figure
S1 of the Supporting Information.
If needed, the selection of the surrogate compounds could

be modified depending upon the type of biomass pyrolyzed,
the pyrolysis and bio-oil recovery system operating conditions,
or even the application of the surrogate. With regard to the
type of biomass, lignin in hardwood is mostly formed by units
of guaiacyl and syringyl, with a different proportion depending
upon the species, while softwood lignin contains mainly
guaiacyl units and a small portion of p-hydroxyphenyl units.
Therefore, softwood-derived bio-oils have a higher content of
guaiacols, while hardwood-derived bio-oils contain higher
quantities of syringols and methanol. To define a surrogate for
hardwood-derived bio-oils, it is crucial to include methanol, to
augment the concentration of syringols and to select pyrolytic
lignin structures mainly based on syringyl and guaiacyl units. If
this surrogate is desired to study the modeling of fuel NOx
formation during bio-oil combustion, it would be of interest to
include pyrrole in the surrogate.19

Table 2 shows the calculated concentrations for the
compounds of the surrogate. It can be observed that the
concentrations of each compound are within the intervals
found in the literature. The same applies to the concentration
ranges of the chemical families (see Table 2) and the
functional groups (see Table 3), except for aliphatic OH,
which is slightly higher. The elemental analysis (wet basis) of
the surrogate bio-oil calculated from the molecular formulas of
each compound and their proposed concentrations is 42.45 wt
% C, 7.28 wt % H, and 50.27 wt % O. The compositions of the
real and suggested bio-oil agree within 1.1 wt % for C and O
and within 0.1 wt % for H, which are within the experimental
error of the elemental analysis.
On the basis of the mass percentages proposed, the average

molar mass, the average empirical formula, and the average
molecular formula of the surrogate have been determined (see
Table 2). The average molar mass of the surrogate (478 g
mol−1) is within the range given in the literature for wood bio-
oil (400−500 g mol−1).30,37,38

3. ESTIMATION OF THE PROPERTIES OF THE
ORGANIC COMPOUNDS

The thermodynamic, physical, and molecular properties to be
determined in this work have been selected in view of possible
needs in the simulation or design of thermochemical,
separation, and upgrading processes involving bio-oil. The
properties chosen to be estimated or calculated in this work are
critical temperature, critical pressure, critical volume, normal
boiling point, enthalpy of vaporization, vapor pressure curves,
normal melting point, enthalpy of fusion, heat capacities of gas,
liquid, and solid, gas and liquid standard enthalpy of formation,
gas standard Gibbs free energy of formation, Hansen solubility
parameters, molecular volume, and molecular diameter.

Table 4. continued

value for 293.15 K. iCp,S value for 298.15 K. jMethod used to estimate the standard enthalpy of formation of the four oligomer molecules and the
whole bio-oil. HHV of the four oligomer molecules was estimated according to Channiwala and Parikh59 and was determined experimentally for
the whole bio-oil (eq S32 of the Supporting Information).
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Estimation methods can, among other criteria, be classified
according to the type of required input data.39 Quantitative
property−property relationships (QPPRs) use mathematical
models that relate a certain property to other already available
properties, while quantitative structure−property relationships
(QSPRs) primarily base their estimations on the structure of
the compounds by applying mathematical models that use
fragment contributions and structural descriptors.39,40 QPPRs
can arise from fundamental thermodynamic relationships, such
as the Clausius−Clapeyron equation, or from fundamental
relationships modified by empirical parameters and from

correlations between properties described by regression
models. QSPRs need only knowledge of the chemical structure
of a compound, such as the number of fragments (atoms,
bonds, or groups of atoms in a molecule) or other structural
information to estimate the properties.39,41 Among the most
commonly applied QSPR approaches for the estimation of
thermodynamic properties are group contribution methods
(GCMs). GCMs assume that a property in question for a
compound depends upon additive contributions from each
fragment (bonds, functional groups, etc.) of which the
compound is composed. Such fragmental contributions

Table 6. Estimated Values of Critical Properties of the Compounds Included in the Surrogate Bio-oil and Differences with
Experimental Values

compound
Tc (K), from

Joback
Tc (K), from
Lydersen et al.

Pc (MPa),
from Joback

Pc (MPa), from
Lydersen et al.

Vc (dm
3 kmol−1),

from Joback
Vc (dm

3 kmol−1), from
Lydersen et al.

glycolaldehyde 576.4 575.3 6.46 6.64 183.5 186.0
acetol 595.5 595.7 5.48 5.74 228.5 228.0
2-cyclopentenone 637.0 637.9 5.00 5.63 250.5 253.0
3-methyl-1.2-cyclopentanedione 711.6 708.7 4.19 4.87 326.5 330.0

aldehydes and ketones (family average
absolute dif ference)

a a a a a a

acetic acid 587.8 591.6 5.73 6.51 171.5 175.0
propionic acid 609.6 612.5 4.98 5.27 227.5 230.0
formic acid 572.0 580.3 6.80 8.52 106.5 120.0

acids (family average absolute dif ference) 10.0 7.6 0.18 0.66 6.8 3.9

furfural 658.8 657.1 5.38 4.92 267.5 268.0
2(5H)-furanone 642.9 642.8 5.68 6.42 215.5 216.5

furans (family average absolute
dif ference)

11.4 13.0 0.28 0.74 a a

phenol 695.5 695.1 5.93 6.16 229.5 264.0
guaiacol 700.4 697.1 4.91 4.73 303.5 338.0
creosol 708.9 705.9 4.23 4.06 359.5 392.0
4-ethylguaiacol 718.0 714.5 3.75 3.55 415.5 447.0
eugenol 734.8 727.6 3.51 3.27 452.5 482.0
catechol 764.7 763.5 7.56 7.45 195.5 266.0
syringol 754.0 748.2 4.14 3.84 377.5 412.0
4-methylcatechol 767.3 766.3 6.29 5.97 251.5 320.0
vanillin 782.8 776.9 4.67 4.01 376.5 410.0
syringaldehyde 632.5 626.5 3.95 3.35 450.5 484.0

phenols and methoxyphenols (family
average absolute dif ference)

18.3 18.7 0.76 0.62 0.5 35.0

levoglucosan 835.2 829.3 5.70 4.53 365.5 384.5
cellobiosan 1439.6 1472.6 4.02 2.61 726.5 751.5

anhydrosugars (family average absolute
dif ference)

a a a a a a

HMM pyrolytic lignin −5847.7b −3207.6b 0.38 0.51 3589.5 3717.0
LMM pyrolytic lignin 1547.2 1649.7 1.39 1.23 1543.5 1510.0
humin 3202.7 3644.3 1.43 1.00 1928.5 1833.0
hybrid oligomer −766.7b −632.6b 0.54 0.53 3689.5 3703.0

global average absolute dif ference 13.0 12.2 0.43 0.66 4.7 14.2
aDifferences were not calculated because no experimental values for any of the compounds of this family are available. bNegative values are
unreasonable.
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(group contribution) have traditionally been derived from
experimental values.39 Different GCMs have been developed
for property estimations of pure components, e.g., boiling
point, ideal gas thermal properties, enthalpies of vaporization
and fusion, solid and liquid heat capacities, density, viscosity,
liquid and thermal conductivity, and diffusivity.40,41 They can
be applied to a wide range of classes of compounds.39

The physical and thermodynamic properties of the
compounds estimated or calculated in this work are shown

in Table 4, together with the method used and the input data
required. While most of the methods listed in Table 4 are likely
well-known, it has been considered interesting to describe
more in depth the ab initio or electronic structure calculations
in section S.2 of the Supporting Information.42,43 The ab initio
data calculated in this study are for individual molecules,
meaning at perfect gas conditions, and were carried out with
Gaussian 16, Revision B.01 software.44 The nomenclature,
equations used (eqs S1−S40 of the Supporting Information),

Table 7. Estimated Values of Tb, ΔHvap,Tb
, and ΔHvap,298 K of the Organic Compounds Included in the Surrogate Bio-oil and

Differences with Experimental Values

compound

Tb (K),
from
Joback

Tb (K), from
Stein and Brown

ΔHvap,Tb

(kJ mol−1), from
Joback

ΔHvap,Tb

(kJ mol−1), from
Riedel

ΔHvap,298 K
(kJ mol−1), from

Watson
ΔHvap.298 K (kJ mol−1),

from TMD_VAP_ENTH

glycolaldehyde 386.2 399.5 43.4 48.6 52.1 49.1
acetol 414.2 409.1 45.7 50.1 56.4 54.5
2-cyclopentenone 400.9 406.8 31.8 37.4 36.7 38.6
3-methyl-1.2-cyclopentanedione 487.8 478.8 37.7 46.6 47.1 53.0

aldehydes and ketones (family
average absolute dif ference)

6.3 6.0 a a 16.1 16.7

acetic acid 390.8 395.5 37.2 40.4 42.9 42.8
propionic acid 413.7 418.2 39.4 44.8 47.9 46.6
formic acid 367.3 374.1 34.8 37.1 38.8 38.9

acids (family average absolute
dif ference)

2.5 2.8 a a 7.1 7.6

furfural 412.8 429.7 39.8 42.5 51.0 52.1
2(5H)-furanone 405.0 412.8 34.1 39.4 45.6 48.5

furans (family average absolute
dif ference)

22.0 5.2 3.4 0.7 5.2 4.3

phenol 439.2 443.2 43.6 46.7 55.0 55.8
guaiacol 489.5 484.6 48.9 50.0 61.6 64.2
creosol 517.3 503.5 51.8 51.9 67.1 69.5
4-ethylguaiacol 540.2 521.6 54.0 53.8 71.9 76.6
eugenol 559.8 537.4 55.5 55.4 75.2 86.9
catechol 519.8 502.9 56.6 52.0 77.8 81.2
syringol 539.7 522.2 54.2 57.7 73.0 78.9
4-methylcatechol 547.7 520.9 59.5 62.5 78.1 79.3
vanillin 566.0 547.5 58.5 62.6 80.1 90.0
syringaldehyde 616.3 578.6 63.8 54.3 84.7 87.1

phenols and methoxyphenols (family
average absolute dif ference)

29.7 21.2 4.3 6.0 5.9 9.7

levoglucosan 675.3 586.9 87.2 132.8 138.8 150.0
cellobiosan 1139.4 800.7 156.7 177.6 262.7 438.9

anhydrosugars (family average
absolute dif ference)

17.2 71.2 a a a a

HMM pyrolytic lignin 3496.5 1959.9 381.1 b b 1961.8
LMM pyrolytic lignin 1637.0 1047.0 190.9 52.2 254.0 534.9
humin 2134.0 1272.4 264.1 32.7 292.8 1010.2
hybrid oligomer 4126.4 2157.4 530.5 b b 2923.5

global average absolute dif ference 21.0 18.2 4.0 4.3 7.7 9.4
aDifferences were not calculated because no experimental values for this family are available. bThese values were not estimated because this method
requires Tc, and the Tc values estimated for these molecules were negative (see Table 6).
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and functional groups considered are presented in section S.3
of the Supporting Information. The functional groups
considered for the estimation of the properties with the
different GCMs used are shown in Tables S1−S5 of the
Supporting Information.
3.1. Methodology Used. The procedure used for the

determination of the properties is summarized as follows: (1)
A thorough literature search of the tabulated data was
performed to compile as many values as possible. Only
experimental values of the properties were considered and
collected. When available, the reported experimental data were
used, both to validate the estimates made in this work and as
input data for the calculation of other properties. For example,
the experimental boiling points (Tb) collected were used for
the estimation of the critical temperature (Tc) following the
Joback method (see input data in Table 4). The experimental
values collected are presented in Table 5.(2) Thermodynamic
and physical properties of all of the compounds used in the
surrogate bio-oil were estimated/calculated using the methods
shown in Table 4. As seen in Table 4, some of the properties
were calculated according to thermodynamic (TMD) equa-
tions and enthalpy balances (ENTH_BAL). When the liquid
enthalpy of formation of the oligomer compounds was
calculated according to ENTH_BAL (eq S31 of the
Supporting Information), the elemental composition was
taken from their molecular formula and the HHV following
Channiwala and Parikh.59 Properties of the compounds were
calculated/estimated assuming 100% purity. In general, the
methods were used for the estimation of the corresponding
property for all organic compounds of the surrogate bio-oil.
Cases in which a method was only used for selected molecules
are documented in Table 4, and the reason will be discussed in
the Results. (3) When more than one method was used to
determine a certain thermodynamic or physical property of a
compound, the suitability of each method was assessed by
comparison to the available experimental value (see Table 5).
The most appropriate estimation method was chosen as the
method that gave the lowest average absolute difference with
respect to the available experimental values of the compounds
of the same family. If no experimental values of a property were

available for any of the compounds of a chemical family, the
most appropriate estimation method was chosen as the
method that gave the lowest average absolute difference with
respect to the available experimental values of that property for
all other families. (4) When a property was needed for the
calculation/estimation of other properties (input data of Table
4), the experimental value was used if available. If not, the
estimated value obtained by the most appropriate method was
used. The use as input data of the available experimental values
or values estimated with the most suitable method among
those used may lead to differences in some estimated values if
compared to databases using exclusively one method, such as
Joback, for the estimation of these properties. (5) To assess
both our estimates and the proposed surrogate composition,
the apparent enthalpy of the bio-oil calculated as the weighted
average of the enthalpies of formation of the surrogate
compounds (eq S33 of the Supporting Information) was
compared to that calculated from the enthalpy balance of the
combustion reaction using the experimentally determined
elemental analysis and the HHV of the BTG bio-oil. Lastly, the
enthalpy balance of the fast pyrolysis of pine considering the
reactants (pine) at 25 °C and the products (char, CO, CO2,
CH4, and surrogate bio-oil) at 500 °C was carried out using
the proposed composition of the surrogate bio-oil and the
thermodynamic properties determined in this work, with the
aim of determining the heat for pyrolysis. The heat for
pyrolysis usually refers to the energy that needs to be supplied
(i.e., the total energy consumed during pyrolysis, including
sensible enthalpy and enthalpy of reaction). In the enthalpy
balance, it has been taken into account that, at 500 °C, gas
species, water, and most of the organic compounds are in the
gas phase, because their boiling points are lower than the
pyrolysis temperature (500 °C), and that cellobiosan, HMM
pyrolytic lignin, LMM pyrolytic lignin, humin, and hybrid
oligomer would be in the liquid phase (probably as aerosols).
The pine, gas, and char analysis and the product distribution
have been taken from ref 84, with the ratio between the
quantity of carrier gas, N2, and the pyrolyzed pine taken from
ref 85 and the specific heat capacity of char taken from ref 86.

Figure 1. Vapor pressure curves of specific compounds of the bio-oil.
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3.2. Results. Table 5 shows the experimental values of the
properties available in the literature. These experimental values
will be used to assess the validity of our estimates and to
choose the most appropriate estimation method among those
used.
3.2.1. Phase Change Properties of Individual Compounds.

3.2.1.1. Critical Properties. As shown in Table 4, the

estimation of these properties for the compounds considered
for the proposed surrogate bio-oil composition has been
carried out according to the QSPR−QPPR methods developed
by Lydersen et al.45 and Joback.46 Table 6 shows the estimated
values of the critical properties of the compounds included in
the proposed surrogate for bio-oil. When experimental values
are available, the average absolute difference between
estimated and experimental data for each family is also
shown and the differences for the methods providing the best
estimation for a family or for the whole bio-oil compounds are
marked in bold.
From the comparison of Tc values, it can be concluded that

both estimation methods yield good estimates. The results
from the Joback method are slightly better for furans (family
average difference of 11.4 K) and phenols and methoxyphenols
(family average difference 18.3 K), while the Lydersen et al.
method yields better predictions for acids (family average
difference of 7.6 K) and the surrogate bio-oil compounds
(global average absolute difference of 12.2 K). The estimated
Tc values for cellobiosan, LMM pyrolytic lignin, and humin are
very high and should be treated with caution, because these
molecules are bigger than those usually used in the
development of GCMs. Both methods result in unreasonable
values (negative) for HMM pyrolytic lignin and hybrid
oligomer. Therefore, the estimations of both ΔHvap,T b

according to Riedel (eq S10 of the Supporting Information)
and ΔHvap,298 K according to Watson (eq S12 of the Supporting
Information) for these two molecules could not be carried out
because Tc is required as input data (see Table 4).
With regard to Pc, the differences between the estimated and

experimental values are on average always less than 0.76 MPa
and quite similar for both methods (Joback and Lydersen et
al.). The averaged overall absolute difference is smaller for the
Joback method (0.43 MPa).
Vc values were also estimated by the Lydersen et al. and

Joback methods. Experimental values are only available for a
very small number of compounds used in the surrogate bio-oil
(see Table 5). The Vc values of acids are relatively well-
estimated with both methods, while the Joback method
estimates Vc of phenols and methoxyphenols more accurately
than the Lydersen et al. method.

3.2.1.2. Normal Boiling Points, Enthalpy of Vaporization,
and Vapor Pressure Curves. 3.2.1.2.1. Normal Boiling Points.
Separation processes that could be included within a
biorefinery scheme based on biomass fast pyrolysis are
selective condensation (mainly at atmospheric pressure) and
distillation. The selective condensation of the pyrolysis vapors
produced in the reaction would allow for the separation of
groups of compounds according to their normal boiling points
(Tb) and the use or refining of each fraction separately and in a
different way. As shown in Table 4, the Tb values of the
surrogate organic compounds have been estimated using the
QSPR (GCM) methods developed by Stein and Brown47 and
Joback.46 Table 7 shows the estimated values of Tb.
The experimental and estimated Tb values for aldehydes,

ketones, and acids differ by less than 6.3 K, using either the
method of Joback or that of Stein and Brown. The Tb values of
furans, phenols, and methoxyphenols are better estimated with
the Stein and Brown method, although in the case of phenols
and methoxyphenols, the differences are large, around 20 K.
The largest deviations between experimental (see Table 5) and
estimated (Table 7) Tb values are observed for syringaldehyde,

Table 8. Estimated Values of Tm and ΔHfus,Tm
of the

Compounds Included in the Surrogate Bio-oil and
Differences with Experimental Values

compound

Tm (K),
from
Joback

Tm (K),
from Peŕez-

Ponce

ΔHfus,Tm

(kJ mol−1),
from Joback

glycolaldehyde 215 244 7.3
acetol 234 266 9.2
2-cyclopentenone 230 257 2.3
3-methyl-1.2-cyclopentanedione 305 315 4.2

aldehydes and ketones (family
average absolute dif ference)

a a a

acetic acid 273 259 11.1
propionic acid 284 266 13.7
formic acid 278 272 10.2

acids (family average absolute
dif ference)

17.3 18.1 2.1

furfural 244 282 13.9
2(5H)-furanone 246 275 7.7

furans (family average absolute
dif ference)

8.8 46.7 0.5

phenol 283 277 11.5
guaiacol 329 308 14.9
creosol 353 331 17.1
4-ethylguaiacol 364 338 19.7
eugenol 374 342 21.0
catechol 395 357 17.3
syringol 375 338 18.3
4-methylcatechol 419 380 19.5
vanillin 395 376 19.4
syringaldehyde 441 407 22.8

phenols and methoxyphenols
(family average absolute
dif ference)

57.3 35.4 2.8

levoglucosan 409 414 34.8
cellobiosan 698 640 67.9

anhydrosugars (family average
absolute dif ference)

a a a

HMM pyrolytic lignin 2738 2334 216.6
LMM pyrolytic lignin 986 936 67.3
humin 1312 1552 127.4
hybrid oligomer 2746 2466 251.3

global average absolute dif ference 45.2 32.5 2.2
aDifferences were not calculated because no experimental values for
this family are available.
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cellobiosan, and 2(5H)-furanone. Furthermore, some esti-
mated Tb values are so high that the related compounds, such
as oligomers, will thermally decompose prior to reaching their
boiling temperature. However, these values are still useful
because they are required as input data for the estimation of
other properties. It is worth noting that the Tb values of some
compounds, such as cellobiosan (see Table 7), are higher than
the typical fast pyrolysis temperatures (773 K). This may
support the hypothesis that anhydrosugars, such as cellobiosan

or cellotriosan, are thermomechanically ejected during the
pyrolysis reaction rather than vaporized, as some authors have
suggested.87,88 The same observations can also be made for the
four oligomers, whose estimated normal boiling points are
between 1047.0 and 4126.4 K. Such high boiling points suggest
that these and other oligomers are produced during the
pyrolysis reaction in the biomass via dehydration of cellulose in
the liquid intermediate followed by thermal ejection to end up
as humins89,90 rather than through secondary reactions in the

Table 9. Estimated Values of Ideal Gas Phase Properties of the Compounds Included in the Surrogate Bio-oil and Differences
with Experimental Values

compound
Cp,G 298 K (J mol−1 K−1),
from Harrison and Seaton

Cp,G 298 K
(J mol−1 K−1),
from Joback

Cp,G 298 K
(J mol−1 K−1),

ab initio

ΔH°f,G
(kJ mol−1), ab

initio

ΔH°f,G
(kJ mol−1),
from Joback

ΔG°f,G
(kJ mol−1),
from Joback

glycolaldehyde 68.5 68.6 70.7 −318.3 −322.2 −270.2
acetol 88.9 87.7 90.3 −373.9 −369.8 −291.2
2-cyclopentenone 95.6 76.0 88.0 −93.3 −145.5 −57.1
3-methyl-1,2-cyclopentanedione 127.4 121.1 128.5 −291.5 −381.8 −208.9

aldehydes and ketones (family
average absolute dif ference)

a a a a a

acetic acid 68.5 65.4 64.8 −431.9 −434.6 −377.7
propionic acid 88.9 88.3 91.2 −452.5 −455.2 −369.3
formic acid 48.1 37.3 44.5 −378.5 −358.2 −333.8

acids (family average absolute
dif ference)

3.7 5.2 1.3 1.2 7.7 1.9

furfural 95.6 83.3 92.4 −153.1 −179.1 −99.8
2(5H)-furanone 86.6 70.6 79.3 −245.9 −256.8 −151.6

furans (family average absolute
dif ference)

2.5 14.8 5.7 6.5 14.2 a

phenol 104.6 80.8 102.1 −88.3 −96.4 −32.9
guaiacol 136.5 124.6 144.5 −244.3 −260.6 −139.0
creosol 156.9 153.3 165.8 −277.0 −292.7 −140.2
4-ethylguaiacol 177.3 176.2 190.5 −297.8 −313.3 −131.8
eugenol 186.3 207.3 205.6 −191.9 −208.6 −35.6
catechol 116.0 102.7 122.4 −266.5 −273.6 −187.4
syringol 168.3 168.4 187.0 −377.6 −424.8 −245.2
4-methylcatechol 136.5 131.5 144.1 −299.3 −305.7 −188.6
vanillin 156.9 157.5 170.2 −376.0 −378.2 −239.7
syringaldehyde 188.7 201.3 214.0 −511.3 −542.5 −345.8

phenols and methoxyphenols
(family average absolute
dif ference)

2.7 19.9 1.7 5.1 12.0 0.3

levoglucosan 173.0 168.8 176.4 −819.2 −815.1 −508.6
cellobiosan 341.1 349.3 377.1 −1781.5 −1686.3 −1065.7

anhydrosugars (family average
absolute dif ference)

14.2 18.4 10.8 5.3 9.4 a

HMM pyrolytic lignin 1465.9 1580.3 1687.3 −3048.5 −3097.6 −1316.1
LMM pyrolytic lignin 594.9 668.2 684.4 −1271.1 −1447.9 −750.9
humin 694.8 952.1 827.1 −1857.7 −1798.2 −1086.3
hybrid oligomer 1491.8 1710.4 1712.2 −5330.4 −5093.3 −3108.6

global average absolute dif ference 4.9 13.9 3.7 4.4 11.1 1.4
aDifferences were not calculated because no experimental values for this family are available.
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bio-oil. Similarly, lignin or phenolic oligomers89,91 detected in
the bio-oil could originate from thermal or thermomechanical
ejection of the bubbling pyrolytic lignin, which is a presumed
liquid intermediate of thermally degrading biomass. If true, this
may represent a major challenge for the development of
microkinetic models.92 Lastly, as shown in Table 4 and
explained in the Results in connection with the critical
properties, estimated normal boiling points are required for the
calculation of the Tc data according to Lydersen et al. (eq S1 of
the Supporting Information) and Joback (eq S2 of the
Supporting Information), ΔHvap,Tb

according to Riedel (eq

S10 of the Supporting Information) and ΔHvap,298 K according
to the Watson equation (eq S12 of the Supporting
Information) and according to TMD_VAP_ENTH (eq S13
of the Supporting Information).
3.2.1.3. Enthalpy of Vaporization. The enthalpies of

vaporization or condensation are useful to calculate energy
balances in condensation/distillation processes applied to the
bio-oil and also to calculate the liquid enthalpy of formation of
the compounds from their gas enthalpy of formation. Table 4
shows the methods used for the estimation of the enthalpy of
vaporization corresponding to Tb and 298.15 K (ΔHvap,Tb

and

ΔHvap,298 K).
The estimated values for ΔHvap,Tb

and ΔHvap,298 K can be

observed in Table 7. Both, the methods of Joback and Riedel
provide good estimates of ΔHvap,Tb

, for almost all of the

component families for which experimental data are available,
and the differences are between 0.7 and 6.0 kJ mol−1. The
ΔHvap,Tb

value for humin determined with the Riedel method is

rather small and likely more accurate than the estimate using
Joback parameters.
The estimation methods used for ΔHvap,298 K (Watson and

TMD_VAP_ENTH) differ from the experimental values on
average by less than 10 kJ mol−1 for acids, phenols, and
methoxyphenols, but for furans, larger deviations were
observed (around 16 kJ mol−1). The performance of both
methods is quite similar, except for phenols and methox-
yphenols, for which the Watson method leads to better
estimates. Among the four oligomer molecules, it was only
possible to estimate ΔHvap,298 K with both methods for LMM
pyrolytic lignin and humin. The results of the TMD_VA-
P_ENTH calculation (eq S13 of the Supporting Information)
are significantly larger than those with the Watson method (eq
S12 of the Supporting Information). The estimated ΔHvap,298 K
values according to TMD_VAP_ENTH for the HMM
pyrolytic lignin, humin, and hybrid oligomer molecules seem
very high when compared to that of water (44.29 kJ mol−1),
with close to four hydrogen bonds per water molecule, or even
with those of some metals, such as Al (294 kJ mol−1), Cu (305
kJ mol−1), or Fe (354 kJ mol−1).93 For this reason, the
ΔHvap,298 K values obtained with the TMD_VAP_ENTH
calculation for the three aforementioned oligomeric molecules
should be used with caution because they may be over-
estimated. In addition, as previously mentioned, the high
normal boiling points of the oligomeric compounds would
cause these compounds to thermally decompose before
evaporation.

3.2.1.4. Vapor Pressure Curves of Bio-oil Compounds.
One of the separation processes considered in a biorefinery
scheme is distillation, mainly at ambient or vacuum conditions.
Distillation of the whole fast pyrolysis bio-oil and partially

Table 10. Adjustment Coefficients for Cp,G versus the Temperature (300−1500 K) Obtained with the Joback Methoda

Joback method

compound A B C D

glycolaldehyde 4.2230 4.8170 × 10−2 −2.6100 × 10−5 4.8500 × 10−9

acetol 3.0530 7.0270 × 10−2 −3.6120 × 10−5 6.0340 × 10−9

2-cyclopentenone −5.7000 9.8400 × 10−2 −4.1702 × 10−5 −6.6780 × 10−8

3-methyl-1,2-cyclopentanedione 2.3400 8.7870 × 10−2 1.3680 × 10−5 −3.0380 × 10−8

acetic acid 1.3500 5.8270 × 10−2 −3.7600 × 10−5 9.7000 × 10−9

propionic acid 1.1330 8.0970 × 10−2 −5.0600 × 10−5 1.2550 × 10−8

formic acid −3.3100 6.0200 × 10−2 −7.4200 × 10−5 3.2800 × 10−8

furfural −2.2700 1.0427 × 10−1 −7.5873 × 10−5 −8.1420 × 10−8

2(5H)-furanone −1.3400 7.5000 × 10−2 −2.5392 × 10−5 −7.1710 × 10−8

phenol −1.4252 × 101 1.6930 × 10−1 −1.5676 × 10−4 −1.1280 × 10−7

guaiacol −4.9520 1.6277 × 10−1 −1.2706 × 10−4 −9.4800 × 10−8

creosol −1.7520 1.7134 × 10−1 −1.2387 × 10−4 −6.3700 × 10−8

4-ethylguaiacol −1.9690 1.9404 × 10−1 −1.3687 × 10−4 −6.0850 × 10−8

eugenol −2.8990 1.2987 × 10−1 2.1353 × 10−4 −1.9875 × 10−7

catechol −1.6384 × 101 2.0640 × 10−1 −2.1776 × 10−4 −4.6800 × 10−8

syringol 4.3480 1.5624 × 10−1 −9.7373 × 10−5 −7.6800 × 10−8

4-methylcatechol −1.3184 × 101 2.1497 × 10−1 −2.1457 × 10−4 −1.5700 × 10−8

vanillin 9.5800 × 10−1 1.6524 × 10−1 −1.2237 × 10−4 −6.4200 × 10−8

syringaldehyde 1.0258 × 101 1.5871 × 10−1 −9.2682 × 10−5 −4.6200 × 10−8

levoglucosan −1.0770 × 101 2.0790 × 10−1 −1.3141 × 10−4 3.0170 × 10−8

cellobiosan −8.0770 3.5600 × 10−1 −1.6841 × 10−4 1.4400 × 10−8

HMM pyrolytic lignin 3.1636 × 101 1.4488 −8.6866 × 10−4 −3.2776 × 10−7

LMM pyrolytic lignin 2.5319 × 101 4.9751 × 10−1 −2.0612 × 10−4 1.6495 × 10−7

humin −6.4590 7.8977 × 10−1 −5.8717 × 10−4 1.9146 × 10−6

hybrid oligomer 1.3362 × 101 1.5294 −8.8978 × 10−4 6.9976 × 10−7

aCp,G (cal mol−1 K−1) = A + BT + CT2 + DT3 (T, K).
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deoxygenated bio-oil has been studied theoretically and
experimentally by various authors, aiming to separate target
bio-oil families of compounds,21,94,95 to measure the
distillation curve,96 or to develop a thermodynamic model of
bio-oil vapor−liquid equilibrium (VLE) curves.22 As shown in
Table 4, vapor pressure curves have been estimated according
to two methods, the Clausius−Clapeyron equation and the
QPPR method developed by Riedel.53 Moreover, Antoine
coefficients that describe the relation between the vapor
pressure and temperature for some of the compounds included
in the surrogate bio-oil composition were found in the
literature97 (see Table S6 in section S.4 of the Supporting
Information). The vapor pressure curves built with these
Antoine coefficients have been used to choose the most
appropriate method among those used for the estimation of
the vapor pressure curves of the rest of the compounds. As
observed in Figure S3 of the Supporting Information, the
Riedel method provides slightly better estimations for the
vapor pressure curves than the Clausius−Clapeyron equation.
Figure 1 shows the estimated vapor pressure curves

according to Riedel53 for the surrogate bio-oil compounds
belonging to the lightest chemical families: aldehydes, ketones,
acids, furans, phenols, and methoxyphenols. In a biorefinery
scheme, distillation could be applied to the bio-oil fraction
separated by fractionation as water soluble and diethyl ether−
methylene dichloride soluble to separate the lighter com-
pounds present in the bio-oil. The water-soluble and diethyl
ether−methylene dichloride-soluble fraction would concen-
trate compounds belonging to the aforementioned lightest
chemical families. It would not contain other bio-oil

components, such as water, sugars, or pyrolytic lignin, which
could make distillation technically challenging.96 As observed
in Figure 1, the vapor pressures of phenols are, generally
speaking, lower than those of the other compounds, except 3-
methyl-1,2-cyclopentanedione, at any of the temperatures.
That is to say, at a certain pressure, the boiling temperatures of
phenols are the highest. For the same pressure, aldehydes,
ketones, acids, and furans present lower boiling temperatures
in the whole interval. On the basis of these results, it seems
that the separation of bio-oil compounds by chemical families
via distillation is feasible. With regard to the separation of
specific compounds via distillation, the vapor pressure curves
of some compounds, such as formic acid, acetic acid, furfural,
phenol, or vanillin, differ significantly from those of the others,
although one should bear in mind that real bio-oil contains
significantly more compounds than this surrogate bio-oil.
Table S7 of the Supporting Information shows the fit of the
vapor pressure curves obtained according to the Riedel method
as a function of the temperature for the compounds shown in
Figure 1.

3.2.1.5. Normal Melting Point and Enthalpy of Fusion.
3.2.1.5.1. Normal Melting Points. Normal melting or solid-
ification points (Tm) can be useful to explore the possibility of
isolating compounds by crystallization, especially sugars and
anhydrosugars, from the bio-oil matrix, as already been
proposed and developed experimentally for levoglucosan.98

Then, the enthalpy of fusion or solidification at the melting
point (ΔHfus,Tm

) would be required to determine the cooling
requirements for separating these compounds by crystalliza-

Table 11. Adjustment Coefficients for Cp,G versus the Temperature (220−1500 K) for HMM Pyrolytic Lignin, Humin, and
Hybrid Oligomer and (298−2500 K) for the Rest of the Compounds Obtained from the Polynomial Fitting of Ab Initio
Calculated Cp,G Values versus the Temperaturea

ab initio calculations

compound A B C D E R2

glycolaldehyde −6.8223 3.2886 × 10−1 −2.6070 × 10−4 9.6134 × 10−8 −1.3364 × 10−11 0.9997
acetol −6.7996 3.9910 × 10−1 −2.8106 × 10−4 9.4467 × 10−8 −1.2231 × 10−11 0.9999
2-cyclopentenone −2.3842 × 101 4.6483 × 10−1 −3.2656 × 10−4 1.1216 × 10−7 −1.4986 × 10−11 0.9999
3-methyl-1,2-cyclopentanedione −1.0192 × 101 5.7315 × 10−1 −3.9240 × 10−4 1.3207 × 10−7 −1.7389 × 10−11 0.9999
acetic acid 6.8120 2.3735 × 10−1 −1.5595 × 10−4 5.1304 × 10−8 −6.6732 × 10−12 0.9999
propionic acid 1.6563 × 101 2.9774 × 10−1 −1.7798 × 10−4 5.3374 × 10−8 −6.4048 × 10−12 0.9999
formic acid 1.1179 × 101 1.3639 × 10−1 −9.0935 × 10−5 3.0134 × 10−8 −3.9266 × 10−12 0.9999
furfural −1.2890 × 101 4.4415 × 10−1 −3.3082 × 10−4 1.1811 × 10−7 −1.6180 × 10−11 0.9998
2(5H)-furanone −1.5470 × 101 3.9876 × 10−1 −2.9276 × 10−4 1.0364 × 10−7 −1.4130 × 10−11 0.9998
phenol −2.3230 × 101 5.3299 × 10−1 −4.0349 × 10−4 1.4713 × 10−7 −2.0548 × 10−11 0.9997
guaiacol −1.5658 × 101 6.7281 × 10−1 −4.9761 × 10−4 1.7589 × 10−7 −2.3844 × 10−11 0.9999
creosol −1.5213 × 101 7.5304 × 10−1 −5.3762 × 10−4 1.8535 × 10−7 −2.4695 × 10−11 0.9999
4-ethylguaiacol −1.3210 × 101 8.4438 × 10−1 −5.9490 × 10−4 2.0333 × 10−7 −2.6939 × 10−11 0.9999
eugenol −5.4252 8.7756 × 10−1 −6.2257 × 10−4 2.1418 × 10−7 −2.8546 × 10−11 0.9999
catechol −1.7041 × 101 5.9936 × 10−1 −4.7632 × 10−4 1.7838 × 10−7 −2.5253 × 10−11 0.9996
syringol 2.3902 × 101 6.6671 × 10−1 −4.4512 × 10−4 1.4618 × 10−7 −1.8822 × 10−11 0.9999
4-methylcatechol −1.4987 × 101 6.7263 × 10−1 −5.0729 × 10−4 1.8335 × 10−7 −2.5349 × 10−11 0.9998
vanillin −5.7563 7.3466 × 10−1 −5.3177 × 10−4 1.8371 × 10−7 −2.4422 × 10−11 0.9999
syringaldehyde 3.1528 × 101 7.4706 × 10−1 −5.0194 × 10−4 1.6444 × 10−7 −2.1062 × 10−11 0.9999
levoglucosan −3.5604 × 101 9.0670 × 10−1 −7.0534 × 10−4 2.6081 × 10−7 −3.6676 × 10−11 0.9996
cellobiosan −7.6684 × 101 1.9543 −1.5742 × 10−3 5.9138 × 10−7 −8.3687 × 10−11 0.9996
HMM pyrolytic lignin −2.4143 × 102 8.2685 −6.7693 × 10−3 2.7824 × 10−6 −4.5416 × 10−10 0.9999
LMM pyrolytic lignin −5.3223 × 101 3.1164 −2.3410 × 10−3 8.3606 × 10−7 −1.1427 × 10−10 0.9998
humin −1.0842 × 102 4.1245 −3.7770 × 10−3 1.7512 × 10−6 −3.2453 × 10−10 0.9999
hybrid oligomer −2.8310 × 102 8.6212 −7.2978 × 10−3 3.1323 × 10−6 −5.3792 × 10−10 0.9999

aCp,G (J mol−1 K−1) = A + BT + CT2 + DT3 + ET4 (T, K).
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tion. Table 4 shows the two QSPR methods used for their
estimation. The estimated values for Tm and ΔHfus,Tm

can be
found in Table 8.
The Tm values estimated with the Joback method are in

quite good agreement with the experimental values available,
except for phenols and methoxyphenols, whose Tm values are
more accurately predicted by the method developed by Peŕez-
Ponce (see Table 8). The Joback method estimates very
accurately ΔHfus,Tm

, with average absolute deviations from the
experimental values being less than 3 kJ mol−1. The estimated
values of Tm for the four oligomeric compounds seem to be
too high, possibly because the two methods were developed for

smaller molecules. Therefore, these values should be treated
carefully.

3.2.2. Ideal Gas Properties of Individual Compounds.
3.2.2.1. Gas Heat Capacity, Enthalpy of Formation, and
Gibbs Free Energy. The gas heat capacity and enthalpy of
formation are required to calculate the energy balance of the
pyrolysis reaction, while the Gibbs free energy of the
compounds is very useful to analyze the spontaneity of a
reaction. The experimental values available in the literature for
these properties are shown in Table 5. Table 4 shows the
methods used for their estimation or calculation.

Table 12. Estimated Values of Condensed-Phase Properties of the Compounds Included in the Surrogate Bio-oil and
Differences with Experimental Values

compound
Cp,L (J mol−1 K−1), from
Chueh and Swanson

Cp,S (J mol−1 K−1), from Hurst
and Harrison

ΔH°f,L (kJ mol−1),
TMD_LIQ_ENTH

ΔH°f,L (kJ mol−1),
ENTH_BAL

glycolaldehyde 126.2 78.9 −388.3 −375.9
acetol 163.0 104.9 −415.9 −398.4
2-cyclopentenone 149.2 113.2 −130.0 −181.4
3-methyl-1.2-cyclopentanedione 213.1 152.7 −338.6 −369.3

aldehydes and ketones (family average
absolute dif ference)

a a a a

acetic acid 116.7 78.9 −482.6 −375.9
propionic acid 147.1 104.9 −510.1 −398.4
formic acid 94.6 52.9 −424.9 −353.4

acids (family average absolute dif ference) 5.6 a 0.8 97.5

furfural 185.6 111.5 −201.6 −298.5
2(5H)-furanone 158.4 100.6 −312.8 −324.3

furans (family average absolute dif ference) 22.4 a 0.03 54.2

phenol 167.8 124.1 −154.2 −155.6
guaiacol 229.7 163.6 −308.7 −343.5
creosol 256.5 189.6 −362.8 −366.0
4-ethylguaiacol 297.3 215.6 −369.7 −388.5
eugenol 322.4 226.5 −258.2 −362.7
catechol 202.5 137.5 −339.4 −321.0
syringol 291.6 203.0 −454.6 −531.5
4-methylcatechol 229.3 163.6 −376.5 −343.5
vanillin 291.5 187.9 −442.9 −483.2
syringaldehyde 353.4 227.3 −596.0 −671.1

phenols and methoxyphenols (family average
absolute dif ference)

20.8 3.0 0.00 19.0

levoglucosan 361.5 208.04 −963.3 −913.9
cellobiosan 712.6 416.08 −2044.3 −1827.8

anhydrosugars (family average absolute
dif ference)

a a a a

HMM pyrolytic lignin 2638.6 1807.3 −5010.3 −3930.2
LMM pyrolytic lignin 1143.8 731.4 −1525.1 −1867.0
humin 1592.9 848.7 −2150.3 −2491.2
hybrid oligomer 2999.3 1838.5 −8254.0 −5799.5

global average absolute dif ference 13.6 3.0 0.4 62.7
aDifferences were not calculated because no experimental values for this family are available.
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Table 9 shows the estimated values for the gas heat capacity
at 298 K, the gas enthalpy of formation, and the Gibbs free
energy (Cp,G 298 K, ΔH°f,G, and ΔG°f,G) of the compounds
included in the proposed surrogate for bio-oil.
3.2.2.2. Gas-Phase Heat Capacity at a Constant Pressure

at 298 K. The gas heat capacities at 298 K have been estimated
with two different methods, the Joback method46 and the
Harrison and Seaton method,54 apart from their determination
by means of ab initio calculations. Of the two estimation
methods, the Harrison and Seaton method resulted in
Cp,G 298 K values closer to the experimental values than the
Joback method for all of the chemical families included in the
proposed surrogate bio-oil (see Table 9). Taking into account
the absolute differences shown by the estimated Cp,G values
according to Harrison and Seaton, it can be said that this
method is appropriate for estimating this property for the
compounds typically found in bio-oil and especially for acids
and phenols. On the other hand, Cp,G 298 K values obtained by
means of ab initio calculations provide the closest values to the
experimental values, except for furans.
3.2.2.3. Gas-Phase Heat Capacity at a Constant Pressure

as Function of the Temperature. Gas heat capacities as a
function of the temperature have been determined with the
Joback method46 and by ab initio calculations. Tables 10 and
11 show the coefficients of adjustment for the polynomial
expression of Cp,G versus the temperature obtained from the
Joback estimation method and from the adjustment of the Cp,G

values determined at different temperatures by the ab initio
calculations. These Cp,G values can be useful to accomplish the
energy balance of many processes, such as the pyrolysis
reaction itself, condensation, or distillation.
The CpG(T) curves obtained with the ab initio calculations

approach reach an asymptotic value for CpG at high
temperatures for all of the compounds, as theoretically should
occur. However, the CpG(T) curves provided by the Joback
method only approach asymptotically the high-temperature
limit for glycolaldehyde, acetol, 3-methyl-1,2-cyclopentane-
dione, acetic acid, propionic acid, levoglucosan, and
cellobiosan. For this reason, it would be recommendable to
determine the calculation of the CpG(T) curves with the ab
initio method rather than the Joback method, especially for
furans, phenols, methoxy phenols, and the four oligomers.

3.2.2.4. Gas-Phase Standard Enthalpy of Formation and
Standard Gibbs Free Energy. In comparison to the available
experimental data, ab initio quantum mechanical calculations at
the CBS-QB3 level of theory yield more accurate enthalpies of
formation ΔH°f,G than the Joback group additivity-based
method (see Table 9). The CBS-QB3 results differ from the
experimental values by less than 7 kJ mol−1. The Joback
method provides estimates that are close to the CBS-QB3
calculations, being computationally much less expensive and
far less time-consuming. Even for the four oligomers, whose
chemical structures are complex, the Joback method performs
reasonably well.

Table 13. Hansen Solubility Parameters of the Surrogate Bio-oil Compounds Estimated According to the Hansen and Stefanis
and Panayiotou Group Contribution Methods

Hansen first-order group contribution method Stefanis and Panayiotou first-order group contribution method

compound δd (MPa(1/2)) δp (MPa(1/2)) δhb (MPa(1/2)) δT (MPa(1/2))a δd (MPa(1/2)) δp (MPa(1/2)) δhb (MPa(1/2)) δT (MPa(1/2))a

glycolaldehyde 18.2 15.4 21.9 32.4 16.5 11.7 14.9 25.2

acetol 16.0 7.4 18.0 25.2 16.6 10.5 13.5 23.8

2-cyclopentenone 19.7 7.9 8.3 22.7 18.0 10.5 7.0 21.9

3-methyl-1,2-cyclopentanediene 20.9 9.8 8.8 24.7 17.2 10.6 7.9 21.7

acetic acid 17.4 5.8 13.6 22.8 16.1 6.6 10.9 20.5

propionic acid 17.4 5.2 12.1 21.8 16.0 6.3 10.5 20.2

formic acid 18.5 18.8 26.7 37.5 16.6 12.0 15.3 25.6

furfural 17.2 15.8 12.1 26.3 17.5 13.0 6.2 22.7

2(5H)-furanone 19.6 10.9 10.8 24.9 17.2 8.0 9.6 21.2

phenol 22.0 6.6 15.5 27.7 18.4 5.8 12.8 23.1

guaiacol 19.4 8.2 17.9 27.6 18.6 7.1 13.4 24.0

creosol 19.1 7.7 16.6 26.5 18.7 7.1 12.7 23.6

4-ethylguaiacol 18.9 7.2 15.5 25.5 18.2 6.7 12.9 23.2

eugenol 18.8 7.0 15.4 25.3 18.1 6.3 12.4 22.8

catechol 17.6 10.1 25.1 32.3 18.8 7.4 20.2 28.6

syringol 18.8 8.6 17.7 27.2 18.7 8.5 14.0 24.8

4-methylcatechol 17.6 9.3 22.8 30.3 18.9 7.4 19.5 28.1

vanillin 18.7 13.1 17.7 28.9 18.9 11.8 14.0 26.3

syringaldehyde 18.2 12.8 17.5 28.3 19.0 13.1 14.6 27.3

levoglucosan 28.4 19.7 35.7 49.7 20.0 15.3 29.0 38.4

cellobiosan 21.4 15.9 32.8 42.3 22.6 24.2 50.9 60.7

HMM pyrolytic lignin 22.6 9.8 18.5 30.8 44.1 39.1 42.1 72.4

LMM pyrolytic lignin 21.3 9.6 19.8 30.6 20.1 12.6 25.7 38.3

humin 15.9 6.7 15.6 23.3 21.4 30.1 32.8 49.4

hybrid oligomer 23.3 11.1 24.2 35.4 38.5 65.6 110.4 134.0

experimental values

δd (MPa(1/2)) δp (MPa(1/2)) δhb (MPa(1/2)) δT (MPa(1/2))a

acetic acid 14.5 8 13.5 21.4

formic acid 14.3 11.9 16.6 24.9
aCalculated as δT = (δd

2 + δp
2 + δhb

2)1/2.
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3.2.3. Condensed-Phase Properties of Individual Com-
pounds. 3.2.3.1. Liquid-Phase Heat Capacity and Solid Heat
Capacity at a Constant Pressure. Cp,L data can be useful to
calculate the energy balance of a distillation process, while Cp,S

could be required to calculate the energy balance of a
crystallization process. Moreover, Cp,L has been used as input
data for the calculation of the vaporization enthalpy at 298 K
using the TMD_VAP_ENTH equation. The estimated values
of Cp,L and Cp,S are given in Table 12. In comparison of the
available experimental data for Cp,L and Cp,S of the compounds,
it can be said that the estimated values are fairly close to the
available experimental data, with average absolute percentage
differences lower than 10%. The exceptions are phenols and
methoxyphenols, for which significantly higher differences
(35.4 J mol−1 K−1) are observed (see Table 12).
3.2.3.2. Liquid-Phase Standard Enthalpy of Formation.

The liquid-phase standard enthalpy of formation (ΔH°f,L) is
useful to carry out the energy balance of any reaction or
process in which the bio-oil takes part. Table 5 shows the
experimental values available in the literature for this property,
and Table 4 shows the methods used for their calculation.

The results for ΔH°f,L using the thermodynamic equation
(TMD_LIQ_ENTH), which, in turn, used ΔH°f,G and
ΔHvap,298 K, are in very good agreement with the available
experimental data (see Table 12). The calculation of ΔH°f,L
using the enthalpy balance of the combustion reaction
(ENTH_BAL) of each compound (eq S31 of the Supporting
Information) offers rough estimations if compared to the
experimental values available. Only the ΔH°f,L estimations for
the four oligomers are considered to be more accurately
determined with this method than with the TMD_LI-
Q_ENTH equation, because, as discussed above, the estimated
values for ΔHvap,298 K might be overestimated. Furthermore,
the enthalpy balance of the combustion reaction requires a
smaller number of estimated values than the thermodynamic
equation method for the four oligomers. In fact, ΔH°f,L of the
four oligomers calculated according to the enthalpy balance of
their combustion reaction and their ΔH°f,G estimated
according to the CBS-QB3 method were used to calculate
their ΔHvap,298 K, obtaining 881.8, 595.9, 633.5, and 469.0 kJ
mol−1 for HMM pyrolytic lignin, LMM pyrolytic lignin, humin,
and hybrid oligomer, respectively. For HMM pyrolytic lignin,
humin, and hybrid oligomer molecules, these values are lower

Figure 2. Solubility parameters of the surrogate compounds and some solvents presented as percentage contribution of δd (dispersion force
solubility parameter), δp (dipole−dipole interaction solubility parameter), and δhb (hydrogen-bonding solubility parameter).
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than those calculated according to the thermodynamic
equation (TMD_VAP_ENTH) and more in line with
expectations. In the case of LMM pyrolytic lignin, ΔHvap,298 K
obtained (595.9 kJ mol−1) is in good agreement with the value
calculated with TMD_VAP_ENTH (534.9 kJ mol−1) support-
ing both estimations. Because these oligomeric molecules
would usually be found in the liquid state in most of the
processes involving bio-oil, such as the pyrolysis reaction itself,
the distillation of bio-oil, or its combustion, the values of
ΔH°f,L should be used to perform the energy balances. From
the observation of the disparity in the ΔHvap,298 K values for the
oligomeric compounds, especially for HMM pyrolytic lignin,
humin, and hybrid oligomer, it is recommended to take ΔH°f,L
calculated according to the enthalpy balance of the combustion
reaction but not the thermodynamic equation (TMD_VA-
P_ENTH) because ΔHvap,298 K is required in this equation.
3.2.3.3. Hansen Solubility Parameters. The Hansen

solubility parameters can be used to select appropriate solvents
for the extraction of certain fractions of compounds of the bio-
oil, from an analytical and industrial point of view. The
solubility behavior of a compound in a solvent is intimately
related to the similarity of the resultant intermolecular forces
between them. These interactions are represented by the total
solubility parameter δT and, more precisely, the similarity of
the different intermolecular forces, which are represented in
the Hansen solubility parameters δd (dispersion forces), δp
(dipole−dipole interactions), and δhb (hydrogen bonding).T-
able 4 shows the methods used for their estimation.
Experimental values are available only for acetic and formic

acids. These can be seen in Table 13 as well as the estimated
values of the surrogate bio-oil compounds. Appropriate
solvents to extract these compounds from the bio-oil matrix

should have similar solubility parameters. According to the
comparison of the estimates and the scarce experimental
values, the group contribution method of Stefanis and
Panayiotou57 gives closer estimates to the experimental data
than the Hansen first-order group contribution method.58

Solubility parameters can also be represented as percentage
contributions in a Teas graph, allowing for an easy preliminary
selection of solvents. Figure 2 shows the percentage
contribution of each intermolecular force for the surrogate
bio-oil compounds and some common solvents calculated
from the estimates according to Stefanis and Panayiotou. The
Hansen solubility parameters of these organic solvents are
presented in Table S8 in section S.5 of the Supporting
Information.
According to the Teas graph shown in Figure 2, water can be

an appropriate solvent to extract the hybrid oligomer,
cellobiosan, and levoglucosan thanks to their predisposition
to form hydrogen bonds. In comparison of these three
molecules, humin presents a lower percentage contribution of
the hydrogen-bonding parameter although a higher dipole−
dipole interaction, allowing for its separation by water
extraction. A mixture of methanol or another alcohol and
ethyl acetate could be a good option to isolate most of the
phenolic compounds because they are in between both
solvents in the Teas graph. However, these phenolic
compounds would be accompanied by acids; therefore, a
combination of separation processes should be applied to
isolate them. Dichloromethane and acetone seem to be
appropriate solvents for the extraction of 2-cyclopentenone
and 3-methyl-1,2-cyclopentanedione. Nonpolar solvents do
not seem to be suitable for the extraction of the bio-oil
compounds as a result of the significantly higher contribution
of the dispersion force in these solvents. Formic acid, pyrolytic
lignin, glycolaldehyde, acetol, vanillin, and syringaldehyde
seem to have too similar solubility parameter percentage
contributions to be isolated individually.

3.2.4. Molecular Properties. 3.2.4.1. Molecular Volume
and Ab Initio Recommended Diameter. The ab initio
diameter of the solute is calculated (with an empirical
correction of 0.5 Å) from its molecular volume assuming a
spherical shape. Although such an assumption is hardly correct,
the resulting diameter allows for the simple account of solvent
effects using the Onsager model and can serve as orientation
for the kinetic diameter of molecules.99 The kinetic diameter of
the molecules is a determining factor for the selection of sieve
materials for refining bio-oil in catalytic and separation
applications. Separation processes based on molecular sieving
or adsorption with resins, such as AmberLite, have already
been experimentally studied for the isolation of phenols and
levoglucosan.100 These types of separation processes could be
useful to isolate individually lighter compounds, after their
previous concentration from the bio-oil. In this sense, Table 14
shows the molecular volumes and the ab initio recommended
diameters, calculated according to the methodology shown in
Table 4.

3.2.5. Methods Selected. Table 15 summarizes the methods
selected for the calculation/estimation of each property for
each chemical family based on the lowest absolute difference
with the available experimental values. This selection has only
been performed for those properties for whose estimation/
calculation of more than one method has been used.

3.2.6. Assessment of the Proposed Surrogate Composi-
tion and the Estimated Thermodynamic Properties. It was

Table 14. Molecular Volumes and Ab Initio Recommended
Diameters for the Surrogate Bio-oil Compounds

compound
molecular volume
(dm3 kmol−1)

ab initio
recommended
diameter (Å)

glycolaldehyde 46.241 6.80
acetol 59.122 7.30
2-cyclopentenone 68.368 7.62
3-methyl-1,2-cyclopentanediene 82.677 8.04
acetic acid 46.076 6.80
propionic acid 61.634 7.38
formic acid 31.590 6.12
furfural 76.570 7.86
2(5H)-furanone 58.309 7.28
phenol 78.535 7.92
guaiacol 101.384 8.54
creosol 109.712 8.74
4-ethylguaiacol 134.185 9.28
eugenol 138.655 9.36
catechol 77.837 7.90
syringol 118.012 8.94
4-methylcatechol 87.837 8.18
vanillin 112.207 8.80
syringaldehyde 131.659 9.22
levoglucosan 108.160 8.70
cellobiosan 208.438 10.58
HMM pyrolytic lignin 1051.448 17.44
LMM pyrolytic lignin 414.190 13.06
humin 480.389 13.66
hybrid oligomer 986.316 17.10
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ŕe
z-
Po

nc
e
(e
q
S1
4)

Jo
ba
ck

(e
q
S1
5)

Pe
ŕe
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considered of interest to compare the average apparent
enthalpy of formation of the surrogate bio-oil calculated
through the individual values proposed in this work (W_AVE,
eq S33 of the Supporting Information) to that calculated from
the enthalpy balance of its combustion using the exper-
imentally determined HHV of BTG bio-oil, 17.50 MJ kg−1, and
its elemental analysis (43.39 wt % C, 7.37 wt % H, 0.14 wt %
N, and 49.10 wt % O) (ENTH_BAL, eq S31 of the Supporting
Information).
The average enthalpy of formation of the surrogate bio-oil

calculated as the weighted average with the concentrations
proposed in this work is −7215 kJ kg−1, while that obtained
from the experimental data is −7156 kJ kg−1. The enthalpies of
formation calculated by the two methods differ by less than 60
kJ kg−1 (0.8%), which points to a reasonably good agreement.
This supports the suitability of the proposed surrogate
composition for bio-oil from fast pyrolysis biomass and the
estimated properties of the compounds selected because they
reproduce the bio-oil enthalpy of formation.
The enthalpy balance of the pyrolysis reaction has been

carried out considering pine as the reactant (not N2 used as a
carrier gas) at 25 °C and the products at 500 °C. The enthalpy
of each flow of reactant and product at the aforementioned
temperatures is shown in Figure 3. This enthalpy balance
allows us to calculate that the heat of pyrolysis is 1.37 MJ kg−1

for pine (wet basis), which is in agreement with other values
reported in the literature for the fast pyrolysis of pine in a
fluidized bed, 1.77 MJ kg−185 or 1.5 MJ kg−1.101 This enthalpy
balance has also been carried out taking into consideration the

heating of N2 used as a carrier gas [3.211 kg of N2 kg
−1 of pine

or 2578 dm3 (STP) of N2 kg
−1 of pine taken from ref 85], and

in this case, the calculations provide a heat required for
pyrolysis of 3.00 MJ kg−1 of pine, which highlights the
significant influence of the heating of N2 used as a fluidizing
agent in the overall energy required for pyrolysis. In fact, each
kilogram of N2 used as a carrier or fluidizing agent in pyrolysis
reactors requires 0.5 MJ to be heated from 25 to 500 °C. This
noteworthy influence of the heating of N2 on the overall energy
balance of the pyrolysis process should be taken into account
in the design of both pyrolysis reactors and condensation
systems.

4. CONCLUSION
The main conclusions of this work are the following: (1) The
composition proposed for the surrogate bio-oil is consistent
with the ranges of concentrations reported in the literature for
individual compounds, chemical families, and functional
groups. In addition, it satisfies the experimental values of the
water content and the elemental analysis of the bio-oil. (2) A
significant number of thermodynamic, physical, and molecular
properties have been estimated using methods from the
literature or calculated in this work with ab initio methods. For
most of the properties, more than one method has been used
to determine their selection. The estimated or calculated
properties corresponded well with the available experimental
values. On the basis of these comparisons, the most
appropriate method of those used for each bio-oil chemical
family has been highlighted in the paper. (3) A good

Figure 3. Enthalpy balance of the pyrolysis reaction considering the products at 500 °C.
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agreement is obtained between the values of the enthalpy of
formation of the bio-oil calculated using the values
corresponding to the individual compounds of the surrogate
bio-oil and that determined using the experimental HHV
(17.50 MJ kg−1) and the elemental analysis of the bio-oil. This
agreement between both values supports the suitability of the
proposed composition as well as the estimated values of the
properties. (4) The composition of the surrogate bio-oil
proposed in this work and the estimated values of the
properties open up the possibility of simulating or designing
thermochemical, separation, and upgrading processes. In fact,
they have been used in this work to calculate the heat required
for pyrolysis from the enthalpy balance of the pyrolysis
reaction, obtaining 1.37 MJ kg−1 of pine without taking into
account the energy required to heat N2. The values of the
proposed surrogate composition and the values of the
estimated/calculated properties provide the foundations for
the simulation and design of processes involving bio-oil.
However, this property database could be expanded in the
future with additional compounds and further properties. (5)
To use the proposed surrogate bio-oil composition exper-
imentally, it would be necessary to achieve the isolation of
some oligomers, such as humins and hybrid oligomers. The
isolation of these molecules, which has not been achieved to
date, would also allow for the experimental determination of
some of their thermochemical and physical properties.
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