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Abstract Thermo-compression process—compres-
sion of pure cellulose under high temperatures and
pressures—is a recent method to produce biodegrad-
able materials. For such processes, experimental
measurements and study of properties and behavior
of cellulose are difficult to carry out. To overcome
these difficulties, a complete pressure—volume—tem-
perature investigation is needed as carried out in this
work. To develop a predictive thermodynamic PVT
model of cellulose theoretically, the modified Sanchez
and Lacombe equation of state together with the
implementation of the Hoftyzer and van Krevelen
group contribution method and the Boudouris modi-
fication to the Constantinou and Gani’s group contri-
bution method were coupled to the Compressible
Regular Solution theory. The developed method is a
pure predictive model and to examine the accuracy of
theoretically calculated PVT data by the model, some
available PVT data of cellulose at temperatures from
25 to 180 °C and pressures from 19.6 to 196 MPa (219
data points) were collected from literature. The
comparisons were made and the agreement between
the calculations and the experimental data were
acceptable with a Cumulative Absolute Relative
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Deviation of 0.04 %. Consequently, the model can
be used for prediction of thermodynamic properties of
cellulose and cellulose-containing mixtures.
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Introduction

Cellulose, as one of the most abundant biomolecules on
the earth, is currently being used for production of a
wide variety of products, especially paperboards and
papers (Jallabert et al. 2013). A new innovative way to
produce biodegradable materials from cellulose is the
compression of pure cellulose at high temperatures and
pressures (Jallabert et al. 2013; Nilsson et al. 2010;
Pintiaux et al. 2013; Vaca-Medina et al. 2013; Zhang
et al. 2012). For such a process, experimental mea-
surements and study of properties and behavior of
cellulose are difficult to be done (Jallabert et al. 2013;
Vaca-Medina et al. 2013). Therefore, theoretical
modeling and investigation of such a process is
required and interesting. To understand the behavior
of cellulose over various operating conditions, a
complete pressure—volume—temperature (PVT) inves-
tigation must be carried out as described in the
following sections.
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Modeling thermophysical properties of cellulose

Due to moisture of surrounding air and its sorption into
cellulose, cellulose can be regarded as a mixture of
water (moisture) and cellulose. Therefore, for a
thermodynamic modeling of moist cellulose, mix-
ture-related property calculations must be used. For
the calculation of dry (as pure) cellulose, the modified
Sanchez and Lacombe equation of state (SL-EOS) was
used. By the extension of SL-EOS to mixtures, a large
amount of numerical calculations and the availability
of mixture experimental data are required to determine
required adjustable parameters through appropriate
correlations and fitting of experimental data. There-
fore, here, to avoid such disadvantages, an alternative
method for calculation of moist cellulose is developed.
Considering the moist cellulose as a final product of
moisture (water) sorption in dry cellulose, alternatively
the volume of moist cellulose can be determined from
the fractional change in volume upon sorption (say
mixing). It is viable to determine the fractional change in
volume upon mixing (Aixing V / Vo) theoretically using
some chemical thermodynamic theories. The deriva-
tive of the Gibbs free energy (A,,;xg) with respect to
pressure gives the ratio (ApixingV / Vo) as given in
Eq. 1, where Vj is the total volume occupied by the dry
cellulose at T and P (Ruzette and Mayes 2001).

Amixingv _ aAmi.’(g
Vo 0P

(1)
T.p;
To employ Eq. 1, a Gibbs free energy model must be
used. In this work, a compressible regular solution free
energy model (CRS) was used and given in Eq. 2
(Ruzette and Mayes 2001). The CRS model, due to the
high and desirable accuracy, has found many applica-
tions for a wide range of systems (Keshavarz et al.
2015). In this theory, no interaction parameters have
been defined and only pure component properties are
needed for model calculations.
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Here, ¢; indicates the volume fraction of component i,

p; is the reduced density (hard-core density), N; is
number of segments present in a hard-core volume of

(2)
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vi, 0i¢ is the hard-core solubility parameter at refer-
ence temperature of 298 K (57(298)), k is the Boltz-
mann constant.

For calculation of N;v;, one might use N;v; =
Mw/p* equality, where Mw is the molecular weight of
components. J; is the hard-core solubility parameter at
temperature of system (0;(7)) that can be calculated
using &7(T) = 87(298 )[p:(T)/p%(T)]. The hard-core
density at system temperature can be calculated using
p = pp* where p is obtained from the modified SL-
EOS (Boudouris et al. 1997). §7(298) can be calcu-
lated from a group contribution method (van Krevelen
and Nijenhuis 2008).

For calculation of reduced density, the modified
version (Boudouris et al. 1997) of SL-EOS (Sanchez
and Stone 2000; Sandler 1993) was used as presented
in Eq. 3.

" PP
p=1 eXP[ Pz T] (3)
Here 13, T, p and v are reduced pressure, temperature,
density and volume which are defined as follows;
57 T = 17 p~ = ﬁ =
where (Eq.4), P*, T* and p* are characteristic
pressure, temperature and density that have been
developed for SL-EoS (Boudouris et al. 1997). In the
literature (Boudouris et al. 1997; Poling et al. 1987), a
group contribution method has been established for
calculation of these characteristic parameters (i.e. P*,
T* and p*). Here, the modified version of the
Constantinou and Gani group contribution method
was used (Boudouris et al. 1997).

The fractional change in volume upon mixing, then,
can be calculated as given by Eq. 5 (Ruzette and
Mayes 2001) using Eqs. 1-2;

AnixingV PaPa
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(5)

Here f5; is the isothermal compressibility which can be
obtained by evaluation of ;= (1/p;)(9p;/0P)|r,,
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where p; can be obtained from the modified SL-EOS
relationship (Eq. 3).

Therefore, this way, the necessity of the time-
consuming calculations of adjustable parameters as
required in the original SL-EOS model and also the
essence of availability of experimental data would be
resolved. In other words, now, the calculations need
the pure component properties that are well-known
and computationally accessible.

The moist cellulose volume, then, can be obtained
using Eq. 6;

Amixin
V="V (1 + —gv> (6)
Vo

Collected experimental data

The experimental data for comparison of model
findings were obtained (219 data points) from the
literature (Jallabert et al. 2013). The chemical struc-
ture of cellulose is shown in Fig. 1.

Result and discussion

The calculated pure component properties that are
required prior to the use of model are listed in Table 1,

J/m3, p
in g/cm3, o in 1/K and Ny; in cm3/m01, o is the

e O AY
RN

where parameters 6,4, 6, 05, J; ¢ are given in

\ e

n-2

Fig. 1 Chemical structure of cellulose, created from the
coordinates of the literature (Nishiyama et al. 2002)

thermal expansion that was calculated using Eq. 7
(Keshavarz et al. 2015);

p* (}3 + /32)
pT*T

: (f(exp[ﬁJrz;—f—ﬁ—;} - 1) —2ﬁ>_] (7)

Using the developed model, the PVT data of Cellulose
were predicted and satisfactory agreements were
found as can be seen in Fig. 2 where the correlation
results of predictive model for volume over all
temperature and pressure ranges are plotted.

In Figs. 3 and 4, the reliability of the developed
model in prediction of PVT data is illustrated for
P = 196.1 MPa and for P = 60 MPa, respectively.
As it is expected, the errors in predictions are slightly
increased as temperature increases. The error of model
predictions for PVT data can be given in terms of
Cumulative Absolute Relative Deviation (CARD %)
[or Accumulative Absolute Relative Deviation
(AARD %)] as defined in Eq. 8 where the summation
is applied over all data points (NP = 219) for which
the comparisons are made (all available experimental
data). It must be noted that a CARD value closer to
zero is desirable while a CARD value closer to unity is
undesirable (0 < AARD < 1).

o = —

Exp Cal
Vit -V

E
V; P

AARD (%) = %) x f: (8)

i=1

The model predictions reveal a CARD of 0.04 %
which is satisfactory and desirable.

The application of model is simple and straightfor-
ward. The developed model was extensively analyzed
and validated. Only using the structure of involved
components, one would simply proceed to the predic-
tion of PVT data of pure components or mixture under
study. The presented model even can be used for
prediction of sorption behavior of polymeric materi-
als. The desirable accuracy of model, as demonstrated
for the case of Cellulose, shows the potential of
presented model for further studies.

Table 1 The calculated
pure component properties
for model implementation

Component CRS parameters

(5{1 (;[, (3]1 5,;0 o Nivi
Water (Keshavarz et al. 2015) 15.50 16.00 4230 51.07 3.03 x 1074 16.82
Cellulose 15.78 1462 2482 2630 803 x 107* 139.09
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Fig. 2 The correlation 0.58
results of predictive model

of cellulose PVT data;

volume for all temperatures 0.56
and pressures ranges;
dashed line represent

y = x line; solid line is the
linear least-squares
correlation equation

(y = 1.0095x — 0.0024)
with an R* = 0.9938 where
x indicates the experimental
V and y indicates the

0.54
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Conclusions

Using the modified SL-EOS together with the
Hoftyzer and van Krevelen group contribution
method and the Boudouris modification to group
contribution method of the Constantinou and Gani
which were coupled to the CRS theory of Mayes, a
predictive model was theoretically developed for
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thermodynamic calculation and prediction of cellu-
lose PVT data. PVT data of cellulose has been
collected at temperatures from 25 to 180 °C and
pressures from 19.6 to 196 MPa from the literature
(219 data points). The comparisons were made
between model predicted data and the experimental
data, and satisfactory agreements were found with a
CARD of 0.04 %. The results confirmed that the
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Fig. 4 The visual presentation of correlation result of predictive model of Cellulose PVT for P = 60 MPa; the bold line is the model
prediction and solid bullets are the experimental data obtained from the literature (Jallabert et al. 2013)

proposed method is reliable, simple and accurate for
thermophysical property calculations and can be
extended to other systems.
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