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Abstract

The present study concerns phase equilibria measurements involving oxygenated
components (furan and furfural) and potential solvents of extraction (n-hexane, ethanol and n-
octanol) using an ebulliometer at atmospheric pressure. New liquid-liquid equilibrium data
concerning the ternary system furan + furfural + n-hexane are also presented. The
experimental technique used for the liquid-liquid equilibrium measurements is based on the
static analytic method. The two liquid phases are sampled using a syringe and analysed using
gas chromatograph. Two thermodynamic approaches are considered for the data treatment:
the first considers a dissymmetric approach using the NRTL activity coefficient model, and
the second considers a group contribution model based on the PC-SAFT EoS (GC-PPC
SAFT). The experimentally measured data were successfully correlated with the models

proposed.
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Introduction

The development and improvement of second-generation biofuels and green chemistry relies
on accurate phase equilibrium computations of molecules involved. Among these molecules,
there is a specific growing interest on selective production of furfural from renewable
biomass. Indeed, a number of chemical products and fuel (additives) can be produced from
the starting material called furfural. Current uses of furfural include, mainly the production of
furfuryl alcohol (resin production), linking foundry sand, and lubrication oil extraction.
Moreover, acidic biomass hydrolysis and subsequent dehydration of the obtained Cs sugar
xylose leads to furfural [1] and glucose into furans [2]. Therefore, extraction of furfural is a
key point of the development of second generation biorefinery [3]-[7]. Finally, furan, which
is industrially synthesized from furfural, is also used for the production of the solvent

tetrahydrofuran, some polymers used as additives for detergents, and herbicides.

In biorefining, the determination of the process for separation or purification requires an
accurate thermodynamic model. In the case of liquid-liquid extraction, information about the
liquid-liquid equilibria (LLE) between solvent and solute permits the determination of
selectivity between the solute and the solvent. Concerning the distillation processes, residue
curves are used to determine the feasibility of the separation process. The residue curve is

obtained by solving the Rayleigh distillation equation (Z—fzx—y, x and y are the

compositions of liquid and vapour phases, respectively). Parameters of the thermodynamic
models are determined from experimental data, but can also be determined from group

contribution methods.

In this publication, we will present new sets of data: vapour-liquid equilibrium (VLE) data at
atmospheric pressure for furan + ethanol, furan + n-octanol, and furan + furfural binary
systems and LLE data at atmospheric pressure for the furfural + n-hexane binary system and
furan + furfural + n-hexane ternary system. The authors have previously published VLE data
concerning the furan + n-hexane binary system [8]. The models used in this work are the
same as used in the previous paper [8].

A review of the literature shows that there are a few publications describing the modeling of
binary mixtures similar in nature to those presented in this study with the GC-EoS with



associating terms (Gonzalez Pietro et al., [9]). To the best of our knowledge there is no VLE
data in the literature concerning the three binary systems or LLE data concerning the ternary
system. The literature reveals that only Kolyuchkina et al. [10] has published two sets of LLE
data concerning the furfural + n-hexane binary system. Moreover, it should be noted that
literature contains some system measurements for components fairly similar to those
measured in this study, for example, VLE data for 2,5 dimethyl furan + alcohols (ethanol,
butanol, hexanol [11], [12]), 2-methylfuran + furfuryl alcohol, isopropyl alcohol + furfuryl
alcohol, furan + furfural [13], and furan + n-hexane [8], [14]. There was also data in the

literature for ternary systems such as alkanes + aromatics + furfural [15].

The new data are correlated using thermodynamic models, viz. the NRTL activity coefficient
model [16]. The new data have also been used to extend the predictive thermodynamic model
GC-PPC-SAFT. The extension of such models containing furfural and furan is challenging

because of the polarity and the aromatic core of these molecules.

The first objective of this work is to present 3 new VLE, one LLE and one ternary data sets
and their data treatments which are of high interest for design of separation units in
biorefining. The second objective of this study is aimed to assess the predictive character of
the thermodynamic model GC-PPC-SAFT.

Experimental work

Materials

Table 1 presents the characterisation of the chemicals used in this work. No further
purification of the reagents was employed after gas chromatography analysis showed no

significant impurities.

[Table 1]

EXPERIMENTAL

Equipments



All the experimental works were done at CTP laboratory.

The vapour-liquid equilibrium apparatus and procedure

The apparatus and experimental procedure are identical to the that presented in a previous
publication (Nala et al. [8]). Briefly, the ebulliometer is an all-glass recirculating still
equipped with a Cottrell pump. The still allows for the circulation of both liquid and vapour
phases. The operating principle of the ebulliometer used is similar to the Othmer dynamic
VLE still [17]. Sufficient heat was supplied to the reboiler contents to ensure continuous and
smooth boiling and a high circulation rate (judged by counting the condensate drop rate). The
equipment is used for atmospheric pressure measurements and therefore no pressure control
system is included. Experimental uncertainties for temperature and equilibrium phase

compositions are u(T, k =2) = 0.01 K and u(z) = 0.007, respectively.

The vapor-Liquid-Liquid equilibrium apparatus and procedure

The newly designed VLLE cell is equipped with stainless steel end-caps which enclose the
cell completely, preventing any loss of material. The new design comprises of three sampling
points allowing sampling of liquid phase I, liquid phase Il, and the vapour phase. The
sampling points are equipped with air-tight rubber septa to prevent any loss of pressure within
the cell. The temperature is measured using a type PT100 Q platinum probe which is inserted
through a port at the top of the stainless steel cap. The port is designed to fit the PT100 Q with
an adjustable bolt fitting which also eliminates the loss of pressure within the cell. The
pressure inside the cell is regulated by the chemicals used. The glass used for this cell is
capable of withstanding pressures of up to 4 bar. The pressure testing was undertaken by
introducing nitrogen gas in the cell at room temperature. The recommended safe operating
pressure is 3 bar, taking into account the effect of temperature on the glass. The capacity of
the cell is up to 60 ml, which is adequate for continuous measurements and sampling without
disturbance of equilibrium. A vacuum pump line is installed at the top of the cap. This is
suitable during loading of the cell by inducing a small vacuum and allowing materials to flow
into the cell. Air which may be present after loading of the cell is removed by inducing the
vacuum. Figures 1 and 2 shows a mechanical drawing of the VLLE cell and the schematic

diagram of VLLE apparatus setup used for measurements, respectively.
[Figure 1]

[Figure 2]



The LLE cell used in this work was operated under atmospheric pressure, and thus only
temperature was monitored. A standard probe Fluke-hart scientific 5628 was used for
calibrating the platinum probe temperature sensor used in the LLE cell. The two probes were
placed in an Ultra Kryomat® Lauda temperature controlled waterbath, which was allowed to
reach stable thermal equilibrium. The accuracy of the equilibrium temperature is estimated to
be £0.01 K. The cell was dismantled and thoroughly cleaned with ethanol and allowed to dry
in the fumehood for at least 1 hour. The cleaning procedure was employed prior to
introducing a new system into the cell. The chemicals were introduced into the cell in
adequate amounts such that a two phase mixture is formed and also to ensure that the
interface is above the dense phase sampling point (i.e. the interface must be between the
sampling points for the liquid phases). The cell was then immersed in the waterbath, the
temperature set to a desired value and the magnetic stirrer switched on. The speed of stirrer
motor had to be controlled during stirring to prevent emulsion of the liquid mixture. The two
phase mixture was then stirred for at least 2 hours, thereafter the motor is switched off and the
mixture was allowed to reach equilibrium. In 30-minute intervals, the liquid samples for each
phase are withdrawn using a 5 pL gas tight liquid syringe and injected into Perichrom Gas
Chromatograph. GC detectors were calibrated by injection of known quantities of each
chemical using a GC syringe. Equilibrium is deemed to have been achieved when the
composition in each phase remains constant, at which time the mixture temperature is also
recorded. For each system, a new value of temperature is set and procedure above repeated to
get the next equilibrium point. Experimental uncertainties for temperature and composition
are u(T, k =2) =0.01 K and umax(z)= 0.007, respectively.

Systems studied and experimental data

Each of the binary systems studied are representative of mixtures which play a role in
biorefinery processes. They are listed in Table 2 All experiments were undertaken at
atmospheric pressure (between 0.99 and 1.02 bar). LLE for the Furan + Furfural + n-hexane

ternary system (was measured at 298.15 K and 323.15 K.



[Table 2]

Models descriptions

Vapour-liquid equilibrium

The y — ¢ approach involves the use of fugacity coefficient and activity coefficient to
describe the non-idealities in liquid and vapor phases, respectively. The method is commonly
used in the reduction of low pressure data. The criteria for phase equilibrium results in the
equation for the combined method given by equation 1.

Yi®:P = x;vif; (1)

P is the total pressure, y; is the mole fraction of component i in the vapour and ; denotes the
fugacity coefficient used for describing non-idealities in the vapour phase, x; denotes the mole
fraction of component i in the liquid, and y; is the activity coefficient describing non-

idealities in the liquid phase. The fugacity of pure component at mixture T and P is given by

equation 2.

sat P_sat
i

ViL (P_Pisat)
= i e [0

exp | @

In our case (atmospheric pressure) we have considered the vapour phase as an ideal gas and

neglected the Poynting correction factor. Equation 3 presents the equilibrium condition.

yiP = xiyipisat 3)

The activity coefficient model used is NRTL (Renon and Prausnitz [16]) which is described

by equation 4.

2i1 (%1 Gi) c (xGy) ( Y= (xry) Giy ))]
Iny, = 2=2u G e | 5G) (0 Bty Gy) 4
ny; Yh—1(Grjxk) j=1 Y1 (Gryx) \ 7Y 2o (Gryxx) 4)
Where Gy =exp(—a;;7;); 7y =2and 7; =222 gy, gii, gii and gj are energies of

interaction between the molecular pairs. It is important to note that G;; # G;;; G; = G; =

1;Tij * Tji ;Tii = T]] =0. In our case, 8ij — 8jj = Clj + CU T(T — 27315)

The pure component vapour pressure is obtained from DIPPR correlation. The parameters

used and the correlation is presented in appendix 1.



Liquid-liquid equilibrium

In order to correlate binary LLE data it is necessary to recall the criterion for phase

equilibrium (equation 5).
v =x v (5)

The NRTL activity coefficient model is used to correlate the data.

GC-PC SAFT EoS

An alternative equation for describing liquid and vapour idealities can also be derived based
on the phase equilibrium criterion. The same equation of state (equation 6) can be used for

both liquid and vapour phases.
fiv = Yi@z"/ = fiL = xi@iL (6)

The modeling was performed by means of the PC-SAFT EoS. In this model, molecules are
considered as chains of spherical segments, and the hard-chain fluid is taken as the reference
system in the perturbation theory. The Helmholtz free energy is expressed as a sum of

different contributions as:
A=A+ AP 4 AT AT AT APy (7)

where the first five terms relate to the non-polar interactions and follow the theory developed
by Gross and Sadowski [18] (A is the Helmholtz free energy of an ideal gas mixture, A™ the
contribution of the hard spherical segments, A" the chain contribution, A% the dispersion
contribution interactions and A*® the associating term due to H-bonds). The last term AP
takes into account the polar interactions and was computed by extending the theory of

Gubbins and Twu [19-20] to chain molecules using a segment approach [21-22].

Each term in the SAFT EoS is characterized by one or several parameters. In order to make
this model predictive, the parameters of a molecule can be determined from parameters of its
different segments. The resulting EoS is called Group Contribution PC-SAFT [23-26]. Given
that this article is concerned more with the presentation of experimental data and partly on

thermodynamic modeling of molecules related to biomass treatment, the reader is invited to
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read relevant papers [23-26] in literature for a complete description of the GC-PPC-SAFT
EoS and its parameterization. The group contribution method seems to be well adapted to

these molecules which are numerous and varied.

The GC-PPC-SAFT EoS had already shown good description of vapor-liquid and liquid-
liquid equilibria for oxygenated and/or aromatic mixtures [8], [25]-[29]. This work intends to
challenge this model with new experimental data for mixtures containing furan and/or

furfural. Group parameters are reused from previous work.

Furan

With GC-PPC-SAFT, Nala et al. [8] modeled with a good accuracy VLE of furan + n-hexane
and furan + toluene and this work therefore reuses the parameters (parameters of ethers for the
oxygen atom of the furan and parameters of aromatics for the cyclic carbons).

The group decomposition of furan is as follows (see Tables 3 and 4 for the description of
group parameters):CH aromatic: 4, -O- Furan: 1 and Aromatic cycle: 1 (to consider the non-

negligible influence of aromatic ring).

Furfural

The group segments of the furfural molecule refer to group segments of aldehydes and furans.
For this reason, this work reuses these parameters. Nevertheless, the influence of the aromatic
ring on the aldehyde branch is not negligible. Indeed, for furfural and benzaldehyde, quantum
computing and measurements of Nuclear Magnetic Resonance (NMR) show that the branch
close to the ring is perturbed by it. For this reason, polar moments of the furfural are reused
from quantum computing (orbital description 6-31G* with the B3LYP of the Density
Functional Theory). The global dipolar moment of the furfural computed by ab initio gives
3,6D. According to NMR, the dipolar moment present in the ring is reused from furan, and
one of the aldehyde branch is adapted to reproduce the global moment computed by ab initio
(Auger, [30]).

The group decomposition of furfural is as follows (see tables 3 and 4 for the description of
group parameters):CH aromatic: 3, -O- Furfural: 1, C aromatic: 1, Aromatic cycle: 1 (to

consider the non-negligible influence of aromatic ring).

For the alcohols, ethanol is composed of 1 CH3, 1 OH and 1 CH, groups and for n-octanol: 1

CHs, 1 OH and 7 CH, groups. All the parameters are presented in Tables 3 and 4.



Cross association

Although some experimental studies on associations of similar molecules show that mixtures
of aromatic + alcohol should involve cross associations [31-35], this work neglects cross

associations between furan and alcohols, here ethanol and n-octanol.

[Table 3]
[Table 4]

Commercial software Simulis™ from PROSIM, was used to correlate the experimental data
with the NRTL model. An in-house software (Dr. Eric Auger) was used for the calculations
with the GC-PPC-SAFT model. The model parameters are obtained by data regression using

the least square optimization technique.

Results

Vapor-liquid equilibrium results

The results are presented in Tables 5 to 7. Concerning the binary system furan + furfural,
experimental problems were encountered in the analysis of the vapour phase and hence the
objective function considered is based on TP Flash calculations. For the Furan-furfural binary

system, the objective function is based on boiling temperature.
Furan + furfural

The data treatment using NRTL activity coefficient model is presented in Figure 3 and Table
5. Parameters are presented in Table 8. We can observe a good representation of the data
(Table 9). Using the GC-PPC-SAFT, we have observed some problems in representing the
data: this is mainly due to the fact that the boiling temperature of pure furfural is badly
predicted.

Furan + n-octanol

The data treatment using the NRTL activity coefficient model is presented in Figure 4 and
Table 6. Parameters are presented in Table 8. We observe a good representation of the data
(Table 9). Using the GC-PPC-SAFT, we can see that the model can correctly predict the

experimental data.

Furan + ethanol



The data treatment using the NRTL activity coefficient model is presented in Figure 5 and
Table 7. Parameters are presented in Table 8. We can observe a good representation of the
data by the two models (Table 9).

[Table 5]
[Figure 3]

[Table 6]
[Figure 4]
[Table 7]
[Figure 5]
[Table 8]

[Table 9]

Liquid-liquid equilibrium results

Table 10 presents the results for the furfural + n-hexane binary system. The GC PPC-SAFT
was used to correlate the data. We can see in Figure 6 that this model doesn’t predict very
well the phase diagram. This is not a surprise: the parameters were predicted on VLE data and
consequently, another parameter is required to predict LLE correctly. In effect, GC PPC
SAFT parameters are originally adjusted on VLE data. To define new GC PPC SAFT
parameters, we need LLE data of binary systems which include the groups used with the
molecules studied in this work. However, from an industrial point of view, engineers prefer

touse of the same set of parameters for VLE and LLE even if it causes a slight deterioration.

[Figure 6]
[Table 10]

The NRTL activity coefficient model is used to correlate the data. Table 11 presents the
parameters obtained and the AAD. Figure 7 shows a comparison with the literature data from
Kolyuchkin et al. [10].

[Table 11]
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In order to compare the results with literature data, we have used the Cox-Herington Plot for
Coexistence Data. In effect, the equilibrium behaviour of LLE systems in the critical region
has been widely investigated in literature. The understanding of LLE behaviour near the
critical region for the furfural + n-hexane system was made possible by application of the Cox
and Herington equation [36]. The Cox-Herington equation had been developed based on the
Guggenheim equation [37] which is based on density of the two liquid phases and is given by

equation 9.
p* —pf =K(T, -T)/3 ©)

Where K is the correlating parameter. Cox and Herington represented the temperature and
composition relation in each phase for coexistence data with two correlating parameters
(equations 10 and 11).

(T, = T)V/3 = A“log% + BOxE < xp, (10)
B
(T, = T)/3 = APlog 13{3 + BEx§ > x4, (11)

a and § represent the upper and lower liquid phases, respectively. x is molar composition

and the two constants A and B are two correlating parameters related by equation 12.
B=A log% (12)

They showed that an expansion of logarithm near critical composition x, yields the following
model equation for representation of equilibrium composition as function of temperature

(equations 13 and 14).
x® —x, = K%(T. — T)/3 (13)
xP —x, =KPF (T, —T)'/3 (14)

The form of the equation is similar to that given by Guggenheim, but uses molar composition
of the two immiscibly compounds instead of phase densities and is used to better correlate the
coexistence curve in the critical region. The 1/3 factor in equations (Eqgs. 13 and 14) justifies
the linearity of the Cox-Herington plot and can be varied to obtain the best fit of data. A

11



universal parameter ¢ = 0.325 is normally used instead of 1/3. The critical composition x. IS
also obtained by regression. The parameter obtained are presented in Table 12. In comparison
with the modelling using NRTL activity coefficient model, we can conclude that Cox and
Herington model leads to a better representation of the region close to the upper critical end

point.
[Table 12]

[Figure 7]

Table 13 presents the results we have obtained for the ternary system. To test the consistency
of the experimental data of the ternary system n-hexane (1) + Furan (2) + Furfural (3) the

Othmer-Tobias correlation (equation 15, [38]) is used and plotted on the figure 8.

| 1
In[l_Tle =a+b In(l;l)l(3 J (15)
3

Where x,' is the composition of the component 1 in the LI (n-hexane rich phase), x5" is the

composition of component 3 in the LII (furfural rich phase), a and b are adjusted on

experimental data.

In order to correlate the data, we have only considered the NRTL activity coefficient model.
We have tried to use the NRTL parameters obtained using VLE data, but we fail to represent
the data. Consequently, we have fitted new NRTL parameters. We have considered that the
parameters between n-hexane —furan and furan — furfural were identical. We have fitted the
NRTL’s non randomness (ajj) parameter but not considered any temperature dependency of

the parameters. Table 14 and Figure 9 present the results.

[Table 13]

We can observe that the model represents very well the data (see Table 15 for the deviations).

[Table 14]

12



[Table 15]

[Figure 8]

Conclusions

In this study, new VLE data at atmospheric pressure have been measured for three binary
mixtures (Furan + Ethanol, Furan + Octanol and Furan + Furfural). Two new sets of data
concerning liquid liquid equilibrium have been measured at atmospheric pressure for furfural
+ n-hexane binary system and the Furan + Furfural + n-hexane ternary system. These
mixtures represent typical systems of biorefinery’s processes. These new data, showing good
consistencies, enable the extension of the GC-PPC-SAFT model to these interesting systems.
Moreover, some improvements have to be done concerning the representation of the liquid
liquid equilibrium. But the predictive skill of the model on these systems bodes well for the
others molecules of interest in the field of the second generation biorefinery.

[Figure 9]
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Appendix

Correlation from DIPPR 101 to calculate vapour pressure.

with the following parameters (Table A).

Psat —

e(A+?+c In (T)+D-TE)

Table A: Vapor pressure correlation parameters from Simulis™,

Parameters Furan Furfural ethanol n-octanol
A 74.738 94.57 73.304 144.11083
B/K -5417 -8372.1 71223 e 1ens
C -8.0636 -11.13 -7.1424 -16.82611
D/ KE 7.4710° 881510° 2.885310° 2.885310°
E 2 1 2 6
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