EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Theoretically predicting the solubility of polydisperse polymers
using Flory-Huggins theory

Citation for published version (APA):

van Leuken, S. H. M., van Benthem, R. A. T. M., Tuinier, R., & Vis, M. (2024). Theoretically predicting the
solubility of polydisperse polymers using Flory-Huggins theory. JPhys Materials, 7(1), Article 015005.
https://doi.org/10.1088/2515-7639/ad08d1

Document license:
cCcBY

DOI:
10.1088/2515-7639/ad08d 1

Document status and date:
Published: 01/01/2024

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 08. Feb. 2024


https://doi.org/10.1088/2515-7639/ad08d1
https://doi.org/10.1088/2515-7639/ad08d1
https://research.tue.nl/en/publications/02dda7a6-3821-4d51-b116-9f389dd8baa5

JPhys Materials

PAPER « OPEN ACCESS You may also like

- Evolution of the Circumstellar Molecular

Theoretically predicting the solubility of Envelope. 1A BIVA CO Survey of

Evolved Stars

polydisperse polymers using Flory—Huggins theory o Fong. . Meiner £ c. sutoneta.

- A CO Survey of Young Planetary Nebulae
. X X . P. J. Huggins, R. Bachiller, P. Planesas et
To cite this article: Stijn H M van Leuken et al 2024 J. Phys. Mater. 7 015005 al.

- Mesoscopic simulation of a micellar
poly(N-isopropyl acrylamide)-b-
(polyethylene oxide) copolymer system

. . . Rubén Bautista-Reyes, César Soto-
View the article online for updates and enhancements. Figueroa and Luis Vicents

R

3 HONOLULU. HI #=. u Joint Meeting of
PACIFIE RIM MEETING ! . et Y
SUSRUE  Oct6-11, 2024 -

The Electrochemical Society

Abstract submission deadline: .| The Electrochemical Society of Japan
April 12,2024 .

Korea Electrochemical Society

Learn more and submit!

This content was downloaded from IP address 131.155.153.63 on 11/01/2024 at 13:37


https://doi.org/10.1088/2515-7639/ad08d1
/article/10.1086/508127
/article/10.1086/508127
/article/10.1086/508127
/article/10.1086/432668
/article/10.1088/0965-0393/24/4/045004
/article/10.1088/0965-0393/24/4/045004
/article/10.1088/0965-0393/24/4/045004
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsuS7G-5Y4cQfRGWX6y2HeQKeNehppfXCmkPERcMSjj4qISyOHQwgxR3EuIeQ6_zw2ELa9vpdV6gsyf5EKFIZK8kd2yMcpYBYAMyJUTA00w43yqtIWWiEWPixaMGHTuAcwYOCB82onfaJDYGeYJjiONd-MRlnamAN3OONsQ934r0OWLFGRv2-0vQPGyVYbkl8ai5BncpVJRw339bkxT9hYDghX_7r6l10fmcLe6pfetcPpVrpLRBw6mmD835rVVEZrijqlZg0-TGdhCZbK0B9kn0zt6SPE2FnMXB4VymQ6omr4Outw8LCmF6Z5noK1H1&sai=AMfl-YS-KUwTmOjYaYqUdaop6L9_Iid0wGLiv7f-f3e0_4Ammqz2jnKOjXQyiZeQSXS-gyn2sTdcZ13RewCaJK8&sig=Cg0ArKJSzOaTJWXo2i2n&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://ecs.confex.com/ecs/prime2024/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3Dprime_abstract_submission

I0P Publishing

@ CrossMark

OPEN ACCESS

RECEIVED
14 July 2023

REVISED
10 October 2023

ACCEPTED FOR PUBLICATION
2 November 2023

PUBLISHED
16 November 2023

Original Content from
this work may be used
under the terms of the
Creative Commons

Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

J. Phys. Mater. 7 (2024) 015005 https://doi.org/10.1088/2515-7639/ad08d 1

Journal of Physics: Materials

PAPER

Theoretically predicting the solubility of polydisperse polymers
using Flory-Huggins theory

Stijn H M van Leuken"*(, Rolf A T M van Benthem"’, Remco Tuinier"*( and Mark Vis"**

! Laboratory of Physical Chemistry, Department of Chemical Engineering and Chemistry, Eindhoven University of Technology, P.O.
Box 513, 5600 MB Eindhoven, The Netherlands

2 Institute for Complex Molecular Systems, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

3 Shell Energy Transition Campus Amsterdam, Grasweg 31, 1031 HW Amsterdam, The Netherlands

* Author to whom any correspondence should be addressed.

E-mail: m.vis@tue.nl

Keywords: polydispersity, chemical variation, Flory—Huggins theory, analytical approximations, solution theory, lignin

Abstract

Polydispersity affects physical properties of polymeric materials, such as solubility in solvents. Most
biobased, synthetic, recycled, mixed, copolymerized, and self-assembled polymers vary in size and
chemical structure. Using solvent fractionation, this variety in molecular features can be reduced
and a selection of the sizes and molecular features of the polymers can be made. The significant
chemical and physical dispersity of these polymers, however, complicates theoretical solubility
predictions. A theoretical description of the fractionation process can guide experiments and
material design. During solvent fractioning of polymers, a part of the polydisperse distribution of
the polymers dissolves. To describe this process, this paper presents a theoretical tool using
Flory—Huggins theory combined with molecular mass distributions and distributions in the
number of functional groups. This paper quantifies how chemical and physical polydispersity of
polymers affects their solubility. Comparison of theoretical predictions with experimental
measurements of lignin in a mixture of solvents shows that multiple molecular features can be
described well using a single set of parameters, giving a tool to theoretically predict the selective
solubility of polymers.

1. Introduction

The worldwide production and use of polymeric materials increases, and without intervention, is predicted
to double by 2030 [1] and almost quadruple by 2050 [2]. Until the end of 2050, the total global cumulative
production since 1950 is expected to increase to, for example, 26 Gt of resin, 6 Gt of polyphtalamide fibers,
and 2 Gt of additives [3]. In that year, 20% of the total oil consumption is expected to be used by the plastics
sector, [2, 4] and 15% of the global annual carbon budget [2]. The use of fossil fuels to produce these
materials is not sustainable and has an undesirable contribution to global CO, emissions.

At the same time, awareness of the environmental impact of plastics is growing, as reflected by an
increasing number of scientific publications [4] and media coverage [5]. Part of the solution to the problems
with fossil-fuel-based polymeric materials is the development of new bio-based polymeric materials. Carbon
dioxide is captured in bio-based feedstock, [6] and using bio-based polymers instead of fossil
feedstock-based polymers reduces greenhouse gas emissions [7]. However, despite the attention for the
environmental impact of plastics [4, 5] and the high substitution potential for bio-based alternatives, [8, 9]
polymeric materials are still largely based on fossil-feedstock [3].

Improving the understanding and tunability of bio-based materials and the processing of bio-based
materials can help implement these materials by providing options offering more desirable properties while
maintaining the environmental advantages. A challenge for many of these polymers is that they vary in
molecular features [10]. One example is the bio-based material lignin. Lignin is a structural material
consisting of aromatic subunits present in plants, that vary in microscopic composition depending on the

© 2023 The Author(s). Published by IOP Publishing Ltd
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source and used processing methods [11]. Reviews show the advantages of potential applications of lignin,
[12-14] including fibers, [15-18] composites, [19—21] and nanoparticles [22—-24]. Despite its potential, lignin
is still hardly used to manufacture materials [12, 14, 25]. Reasons for this are lignin’s varying composition,
structure, and polydispersity, and as a result variable and mostly unpredictable material properties [26].

Like lignin-based materials, other applied polymeric materials are typically polydisperse. For example,
the degree of polydispersity and the shape of the molecular mass distributions of polystyrene affect its melt
rheology. [27-29] Also, widening the polydispersity improves the processability of polypropylene due to its
effect on shear thinning [30, 31]. Another effect of polydispersity is its influence on the glass transition
temperature of poly(methyl acrylate)[32] and polystyrene [29]. Moreover, dispersity also affects the
properties of copolymers, such as the order-disorder transitions of block copolymers [33, 34] and
self-assembly in bulk or solution [35]. These effects of polydispersity, together with the effects on many other
properties, indirectly affect the many applications of polymers in, for example, materials, coatings, food, and
health care. Each of these applications could benefit from more well-defined molecular features.

There are multiple ways to control the polydispersity of polymers. Copolymer polydispersity can be
controlled using catalysts, using reagents, or by regulation during the polymerization [35]. Polydispersity can
be increased by combining polymers with different distributions [33, 35]. Polydispersity can be decreased by
selectively obtaining a subset of polymers using the variation in their properties using for instance membrane
technology or chromatography. One can also take advantage of the differences in solubility, mobility, melting
point, or weight to fractionate polymers [36, 37]. Solvent fractionation is a technique used to optimize the
production and characterization of materials where a subset of polymers is selectively dissolved. The wide
variety of possible solvent combinations makes fractionation using solvents tunable and specific. Solvent
fractionation is beneficial for both analytical and preparative work, allows for large-scale fractionation, and
has a low cost compared to many other separation methods [36, 37].

Solvent fractionation has been studied experimentally and theoretically for lignin [38—41] and other
polymers [42-44]. Multiple studies [38—41] experimentally characterized lignin after various solvent
fractionation procedures, showing a decrease in variety and polydispersity and improving the reproducibility
of its properties. A theoretical framework quantifying the polymer fractionation guides the choice for
solvents in the solvent fractionation process. Theoretical studies have for instance focused on predicting
interactions of lignin with solvents using Hildebrand solubility parameters, [45-47] Hansen solubility
parameters, [48—51] or density functional theory [52, 53]. In these studies, theory is used to estimate
interaction parameters and their effect on solubility. Polydispersity and partial solubility were however not
included, although they reportedly significantly affect solvent fractionation [36, 54, 55].

Various publications [36, 54—60] discuss possible methods to account for variation in polymer length in
other polymeric systems. Accounting for polydispersity directly in numerical computations, using, for
example, successive substitution is sometimes possible, but often computations fail to converge [61].
Alternatively, a continuous mass distribution can be simplified to a finite number of lengths. However,
computation becomes unmanageable when a large number of lengths is used and introduces systematic
errors for a lower number of lengths [56]. A third option is to use perturbation methods, but these can only
be used if the width of the chain-length distribution is small [62]. Although each of these methods is useful
for some instances, they do not enable the calculations for the known high physical and chemical
polydispersities of solubilized lignin.

Here, we study solvent fractionation using Flory—Huggins theory [63, 64]. Huggins already compared the
solubility of polymers with different chain lengths in 1967 [65]. In this comparison, he, however, did not
account for the interplay between the different-sized polymers in polydisperse samples. Cantow [36] and
Krigbaum and Geymer [54] use extra correction terms in their expressions for the chemical potentials to
account for polydispersity. Although these chemical potentials with corrections can fit experimental data,
they cannot be used to predict solvency or explain its theoretical background. Chemical variation in
nonuniform and chemically heterogeneous copolymers have been considered by averaging, [55, 58, 59] or
assuming no interactions between polymers [60]. Furthermore, each of these methods do not account for the
fractionation effect in which smaller polymers dissolving at higher concentrations and larger polymers
dissolving at lower concentrations affect the solubility of polymers of a certain chain length.

Recently, we demonstrated theoretical predictions agree with measurements of the yield of solubilized
lignin as a function of the composition of a solvent mixture of methanol and ethyl acetate [66]. The second
application in the appendix of this publication provides extra support for the inclusion of physical and
chemical polydispersity to predict the solubility of a different lignin type in a different solvent mixture. This
paper presents the theoretical method used for these theoretical predictions. Here, we show how physical and
chemical polydispersity affects solubility and how this solubility affects the molecular features of the
dissolved polymer. Also, we provide detailed theoretical derivations and discuss their accuracy.
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2. Theory

The Hansen solubility parameters [67] and Flory—Huggins interaction parameters [63, 64] are measures for
the interaction between polymer segments and solvent molecules. In this paper, we relate these parameters to
compare theoretical and experimental yield of solubilized polymers. We define size dispersity as the variation
in the chain length of the polymers and chemical dispersity as the variation in the amount and types of
functional groups. The yield is here the percentage of polymers that dissolve relative to the total amount of
polymer.

The Hansen solubility parameters compare the interaction energies of polymers and solvents to estimate
miscibility. According to Hansen solubility theory, a polymer and solvent mix when the Hansen solubility
parameters of these components are similar enough. Hansen solubility parameters can be combined to
calculate a distance (R,) in Hansen space [67]. For a mixture of polymer and solvent:

R =4 (8ap — 8as)” + (Bpp — Gps)” + (61p — Ons) - (1)

In this equation, d4p, dpp and dp,p and dys, dps and Jy, are the dispersion, polarity and hydrogen-bonding
energy of the polymer and the solvent respectively. The relative energy difference (RED) is defined as:
RED = & (2)
Ry

When the Hansen solubility parameters are similar, the location of the mixed components in Hansen space is
similar and the components mix. For infinitely long, monodisperse polymers in contact with a solvent, the
interaction radius (Ry) denotes the maximal distance in Hansen space where the components are still
miscible. Using that these polymers dissolve if the RED < 1 and can phase separate if the RED 2> 1; Ry can be
determined using the solubility in different solvents.

The considered experimental system is lignin dissolved in a combination of methanol and ethyl acetate.
The used Hansen solubility parameters of methanol and ethyl acetate are respectively 64, = 15.1,
dpm = 12.3, and 6py = 22.3 and dge = 15.8, dpe = 5.3, and de = 7.2 [67]. The Hansen solubility parameters
of the mixture J;s can be calculated from the volume average of the individual Hansen solubility parameters
0im and &;e [67]. For lignin, we used 64y = 21.42, §,] = 8.57 and dy = 21.80 and Ry = 13.56 in accordance
with Novo et al [49]. Other reported values for the Hansen solubility parameters of lignin are close to these
values [50, 51].

Within Flory—Huggins theory, [63, 64] the parameter  is a measure of the interaction energy between
molecular entities. There is a strong parallel between the Hansen solubility parameters and the
Flory—Huggins theory parameters for infinitely long monodisperse polymers. To calculate the RED from Y,

RED = \/7 (3)
Xe

with x. the x at the critical point. For infinitely long, monodisperse polymers in a solvent, a similar logic as
for the Hansen solubility parameters can be used [68]. These components mix at all concentrations if x < x.
and phase-separate at all concentrations for y > x.. Equations (3) follows directly from the quadratic
dependency x o R* (and x. o< R3). [69, 70] Variations in the dependency of  on § slightly modify

equation (3), for example when Y is split in an enthalpic and entropic part [71, 72]. Using such variations of
equation (3) in the theory presented below can for example be useful to account for temperature changes,
but we do not consider this here for simplicity.

Polymers that are not infinitely long and monodisperse, can have a RED-range with varying solubility.
Flory—Huggins theory has the advantage that this dependency can be predicted based on thermodynamic
properties. The maximal miscibility or solubility of polymers with a finite size can be described by the
binodal concentrations predicted using Flory—Huggins theory. Using the relation between the RED and y in
equation (3), full miscibility is achieved when the RED< 1, whereas the solubility is limited for RED> 1.
Also polydispersity affects the miscibility in multiple ways. The amount of variation in the polymer chain
lengths and the number of functional groups affect the mixing entropy and enthalpy, which affect the
miscibility. Furthermore, R, and . depend on the size and number of functional groups in the polymers.
For calculations including polydispersity, it can be asserted that components are fully miscible for RED < 1,
by using the least soluble polymers to determine Ry and .. Since the least soluble polymer dissolves, it is
certain that all other polymers also dissolve. The least soluble polymer can be the polymer with the highest
length or the highest interaction energy of the present chemical entities. In this paper, we use two ways to
determine Ry and x.. In sections 3.1-3.3, we calculate Ry and . in all computations using the limit of

We use:

3
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infinitely long monodisperse polymers, so polydisperse and monodisperse results can be compared. In
section 3.4, we use as a reference that the yield is 70% at RED = 1, such that the theoretical and experimental
results can be compared.

The equilibrium concentrations in coexisting phases o and 3, which are in thermal and mechanical
equilibrium, can be calculated for each component k using that:

e = pp (4)

In each of the phases the chemical potentials following from Flory—Huggins theory are given by: [63, 64]

kik Ingf + (1—)¢ + Mixii (1= 0) o7 — MkZX11¢a¢J - (5)
i#k j#k

M; N

N is the volume

Here, M; is the chain length of component i, ;; is the interaction parameter and ¢§* =

fraction of components of type 7 in phase «.

In Flory—Huggins theory, the chains with different chemical compositions and lengths can be considered
to be different polymers. With many molecular variations, in principle, many coexisting phases can coexist.
Due to the chemical similarity of the polymers, we assume here that there are only two coexisting phases, a
solvent-rich phase S, with a low volume fraction of polymer ((bg) and a polymer-rich phase P, with a high
concentration of polymer ((bg).

In the case of a (polydisperse) polymer and a solvent in two phases P and S, thermodynamic equilibrium
therefore requires:

10 M\ s 5) 68 S
log =% = Z <1 )qb + Mxai (1—¢3) ¢} — M qusb
i#s i j#s
M\ »p py p 1 p .p
S| (15 ) o Mo (1 ) o - M S et | (60
izs ! j#s
12 My P py p 1 P P
log —& = Z <1M> ¢; + Mixi (1 — o) 6 *EMkZXWi?bj
k ik ! j#k
-y (1 - ) 65+ Movis(1— 6) 6 — LMY x5 | (6b)
i#k £k

as follows from equations (4) and (5). In these expressions, 7, j and k are the indices of the different molecular
variations. Because the number of phases is lower than the number of components, the concentrations are
not only determined by the chemical potentials but also by the amount of each component present. These
relations are used in the next section to derive expressions for the molecular features of dissolved,
polydisperse polymers. In mean-field theories, the effective interactions of polymers with homogeneously,
mean-field mixed polymers or solvents with different interaction parameters can be determined by taking an
effective average of surrounding polymeric groups [59]. In reality, this is, however, often not straightforward.
The number and location of functional groups vary for each polymer, and the interaction energies also
depend on the interaction energies of neighboring groups. For example in systems with random copolymers,
these parameters will never be exact. For the theoretical description of the solubility of lignin, we chose to
limit the number of parameters by assuming that there are pairs of different monomers with a set interaction
energy xr and indistinguishable monomers for which x = 0. The total interaction parameter x of a polymer
is the result of the mean-field averaging of the interactions of the different groups. For example, between i
and j:

%:(1—9i)9j+9i(1—9j)—9i(1—9i)+9j(1—9j) 7)
with 0; the relative amount of monomers with functional groups in polymer i and 6; the relative amount of
monomers with functional groups in polymer j. Interactions between differing polymers increase ;, while
the interactions between identical polymers decrease ;. The same logic is used for the interactions with the
solvent. Although neglecting the differences for the different x’s of different functional groups neglects some
of the system’s complexity, it allows for the inclusion of the other often neglected system characteristics of
chain length and chemical polydispersity, and reduces the number of difficult-to-determine parameters.

4
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By considering variations in the chain size and number of functional groups in polymers as different
polymer types i, polymer chain length and distributions in functional groups can be considered in the
calculation of the equilibrium concentrations in the polymer- and solvent-rich phases. The resulting binodal
concentrations can be transformed to the yield by dividing the total amount of dissolved polymer with the
total amount of polymer. In the next sections, we use this concept to derive equations for the yield as a
function of the RED and apply those equations to quantify lignin dissolution in solvent-mixtures.

3. Results and discussion

Many polymers are disperse in chain length and chemical composition [10]. This polydispersity can be
included directly in numerical computations. However, solving these equations becomes extremely
challenging for wide chain-length and chemical distributions. Sections 3.1-3.3 discuss our general approach
of including the size and chemical polydispersity in the calculations of the equilibrium yield of a complex
mixture of polymers in a solvent. The derivation of these yield equations consists of three steps. First, we
derive approximate analytical expressions for the equilibrium concentrations of the different species of
polymers in the coexisting phases, giving upper- and lower-bounds for these concentrations. Two limiting
results are derived. In section 3.2, these individual concentrations are combined and used to calculate the
total dissolution yield. Finally, examples are given of distributions in polymer chain length and functional
groups and their effect on the dissolved fractions in section 3.3. The theory derived in these sections is
applied to lignin in section 3.4.

3.1. Solubility limits of polydisperse polymers

The first step in finding the yield as a function of the RED based on Flory—Huggins theory is finding the
equilibrium concentrations of the coexisting phases. When a polydisperse polymer partially dissolves in a
solvent, two phases will form: one phase with mostly polymer compounds and some solvent and another
phase with mostly solvent and a bit of polymeric material. To find the relative amount of polymer that
dissolves, we need the polymer concentrations in both phases. When a mixture consists of a limited number
of components, binodal concentrations can be found directly numerically. However, when there are more
components in a system, numerical determination of the equilibrium concentrations becomes increasingly
challenging due to the high number of variables and equations that must be satisfied. Polydisperse samples
have the same problem because polymers with different chain lengths and functional groups have to be
treated as distinct polymers. To solve this problem, we determine the equilibrium concentrations by
combining assumptions in two limits in which the equations can be solved, giving a range of possible values
for the concentrations.

In the considered system, a small amount of polymer is added to a large amount of solvent (¢ > ¢y,).
Even if all polymer dissolves, the concentration ¢§ of polymer in the solvent is small. The range of possible
concentrations in equilibrium of polymer in the solvent is 0 < (;SS < ¢p. This can be used to determine the
range of possible binodal concentrations of each polymer variation as a function of the RED. First, the
maximal concentration as dictated by the considered system is combined with the chemical potentials from
Flory—Huggins theory to estimate ¢'. In this limit, the polymers that are on the verge of being or not being
dissolved can be described with M™* and x;*; the chain length and interaction energy with the solvent of
the least soluble polymers. So the polymer-rich phase in this limit consists of only two components. As long
as the total amount of polymer is small compared to the amount of solvent, ¢° can be approximated with a
expansion of the logarithmic-term in equation (65) around the maximal concentration. Our earlier
publication [73] gives additional information on the validity and derivations of this approximation. Using the

upper limit of ¢S, M™, Xps > ¢p and a single, numerical computation of equation (4) in equation (6) gives:

g = [ (1= 4 )l
(-5 ) e -] (80)
- [ ) o]
- [(1 - MAiZX> (1= ) +Moxpy™ (1 ¢£)2} . (8b)
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Figure 1. The maximal expected solvent concentration ¢ obtained from equation (9) and computed numerically for a two
component system as a function of xps (a) and M, (b). The plot of equation (9) uses M = 10* and ¢, = 0.03. The chain
length of polymers doubles with every next numerical curve in (a), while X is varied in (b). On the right-side of figure (b), the
red lines indicate the limit used in the equations, which are correct for higher chain lengths. For smaller M},, concentrations
approach the critical concentration (purple triple-dotted-dashed curve), which is the highest possible concentration for small M.

Next, eliminating ¢f, from the equations and solving for ¢¥ provides the expression for ¢!

oF oF —1
1 2+ log ( ——oum ) 2+ 10g ( (z)fnum ) Mmax log (71 5_";";‘ )
+ |14+ .

4xps M M M, log(17¢P )

P
Ps max =

Figure 1 shows how the dependency for the maximal solvent concentration in the polymer-rich phase
(equation (9)) compares to numerical computation for multiple values of x;,; and M for a two-component
system. As expected, as long as polymers are not too small, ¢! is close to the numerical values (right-side of
figure 1(b)). Closer to the critical point (lower x;™ or My,), the numerical values can be higher, but this is
anyway outside of the considered range of ¢IS, values. As long as M™* is chosen high enough, the effect of
only using one value for M is small, even when the resulting concentrations are used for smaller M.

The maximal value of ¢ determined above can be used to determine q{)}sj. Again, equation (6) can be
simplified to an expression directly giving the ratio of the concentrations of each of the polymer variants k.
For systems with large polydispersity, each individual polymer concentration ¢} is small in comparison to
the total amount of polymer. For small ¢}, the summations ), 4 can be replaced with ° without a large
effect on the calculations, due to the relatively small effect of the small concentration of polymer type k. This
makes it possible to approximate equation (6b) as:

M, 1
log—f, ~ § <1 — Mk) (;5}) + MiXki (1 - ﬁ) ¢F - EMkZX"fqb%})
- i j
(10)

- Z ( ) &} + Mixki (1— ¢7) ¢ — MkZXij¢1's¢]$
j

The summations are now independent of k, making it possible to simplify equation (10) further. For the
effective masses, we used the approximation of Enders, [55] (M) ™! Zl o With ©; = P Y the relative
volume of polymer i in proportion to the total volume of all polymer. The effective interaction energies
between polymer k and the other polymers is assumed to be (xx,) = > _; xxi©; and the effective interaction
energies between all polymers is assumed (xpp) = >_; > x;i©; ©;. Using these approximations for the
summations in equation (10) gives:
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S
10%% >~ g = { 1— Mk) GF + Mixis (1 — ¢ 6%) oy _Mk<Xps>¢g¢£]
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) 5 + M) (1~ 0205) 6F = 5 Milon) }

) & + Mi(xip) (1 — 936x) 05 — ;Mk<pr’>¢§2] .

Equation (7) defines x;; and ;.

The advantage of this approximation is that the right-hand side of the equation is now independent of
the concentrations (;52 and ¢} . As a result, the ratio of the concentrations (;52 /¢¥ can be determined directly
from the equations, for a given ¢! and qbf). The problem here is that these concentrations are yet unknown.
We do, however, have a range of possible concentrations. Above, we showed that the maximal concentration
of polymer in the solvent-rich phase is gbf,max = ¢p = V,/ (V, + V;) and the maximal concentration of
solvent in the polymer-rich phase ¢F is given by equation (9). Concentrations cannot be negative, so the
minimal concentrations are qﬁg . =0and #F . = 0. Using these limits in the calculations, gives two
limiting dependencies for the concentrations as a function of the RED.

Combining equations (9) and (11) and the effective parameters results in an analytically solvable range of
possible ratios ¢ / ¢} . These concentrations are used as input in the next section to derive the equilibrium
polymer solubility.

3.2. Calculating the yield of solubilized polymer

When polymer is added to a solvent, they mix completely or form two or more coexisting phases. In
section 3.1, we derived expressions for the equilibrium volume fractions of the polymer in the polymer-rich
phase and in the solvent-rich phase. Here we convert these concentrations to the yield; the fraction of
polymer that dissolves relatively to the total amount of polymer. This yield can be compared directly to the
experimentally measured yield. First we derive the dissolving fraction 7y of a single polymer variation k.
Using equation (11) to eliminate ¢} in V gives:

V=@V + gV

=RV +gpe V' (12a)
v,
o= 7Vs+equvp, (12b)

with V? and V® the volumes of the polymer-rich and solvent-rich phase, which depend on the yield 7, which
is yet to be determined. With the volume fraction ¢ now known, the fraction dissolved of a specific species
7k can be determined:

Vi
M = 7}(
s
A
_ 1
B 1+%e*qk'

(13)

When the volume of polymer added to a solvent is low compared to the solvent volume, the volume fraction
in the solvent is low even when all the polymer dissolves. As a result, the range of yields where the
approximation is accurate can be larger than the range of concentrations where the approximation is
accurate. Figure 2 gives some examples of this effect. This figure shows that the smaller polymers dissolve
completely before reaching a concentration close to the critical concentration. For longer polymers, the
critical concentration is lower than the assumed maximal concentration, so this maximal concentration is
never reached and the approximation is correct for all concentrations and all yields.
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Figure 2. Volume fraction (a) and yield (b) of a monodisperse polymer when 3 vol% of polymer is added to a solvent. The
different dashed curves represent polymers with different chain lengths. The colored regions represent the range of possible values
following from the approximations in the maximal and minimal limit as discussed in section 3.1. The curve for M}, = oo is the
dependency obtained directly from the Hansen solubility parameters (1 = 1 for RED < 1 and n =0 for RED > 1), which is valid
in the limit of infinitely long polymers. The gray curves represent the numerical results of the Flory—Huggins theory equations (4)
and (5).

The fraction of polymer dissolving of all types (yield) can be found by summation over all the different
species:

3
Il

I
M =S
<15

(14)

p
= Z@knka

with Oy = % The amount of polymer relative to the amount of solvent in the system is small, so V¥ and ¢
P

are small. Thus we can assume % is not affected by solvent entering the polymer-rich phase, or

VP~ (1—n)V,and V° = V, +nV,, giving:

Mk = 1+\}S;n67qk7 a
W""’]
1
= _ 15b
N Z@k1+&;ne—qk (15b)

If dk is small enough, this can be converted to an integral:

1
n= /@kil 0, dk. (16)
Yt

P

The analytical limits for the concentrations can be used in equation (15) or equation (16) to obtain a solvable
relation for 7. Whether the solution can be solved analytically or only numerically depends on how ©y, My,
Xsk and X, depend on k. To find the yield of solubilized polymer, we solved equation (15) numerically.

3.3. Distributions in polymer chain lengths and functional groups

The final step in the calculation of the polymer yield is the inclusion of the variation in chemical groups and
chain lengths of the polymers. We demonstrate this procedure with a couple of examples. As a first example,
for a monodisperse system with polymers with an interaction energy corresponding to a functional group

concentration of f; (resulting in the same ,, for all polymers) and chain length M:
Or =06 (0 — 61, M — M) with both Mj and 6 independent of k. (17)

In this case, the molecular mass My and number of functional groups per segment 6 are independent of the
index of the polymer k. Insertion of ©; = 1, xps and M, in to equation (11) gives the expected dependency

8
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Figure 3. Yield as a function of the RED, for log-normal distributed chain length polydisperse polymers (a) and polymers with a
normal distribution in the number of functional groups per segment (b). The average polymer chain length ((M) = 100) and
interaction energy ((0) = %) are kept constant, while the width of the (log-)normal distribution o is varied. The top and bottom

3
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for monodisperse polymers in a solvent in the limit of small concentrations. Using equation (17) in
equation (16) gives the yield for monodisperse polymers dissolved in a solvent.
Secondly, we apply a more realistic log-normal distribution in chain length:

1 logk — 1)
Or= ook exp [— ( nggz ) ] with My = akand 6y independent of k. (18)

Constant a converts the measured molecular mass to the chain length of theoretical, dimensionless beads.
The quantities o and p are constants directly related to the molecular mass distribution of the polymers,
which can, for example, be obtained using a fit through such a distribution. Figure 3(a) gives an example of
the effect of chain length polydispersity. Here, we used an average polymer size (M) of 100 monomers and
varied 0. Smaller polymers have a higher entropy per segment than longer polymers, resulting in a higher
yield at higher RED for more polydisperse solutions. At the same time, longer polymers have a lower entropic
contribution per segment on the other side of the distribution. They will only dissolve for lower RED than
polymers with the average chain length.

Similarly, variations in the number of functional groups per segment can be included. As an example, we
will consider here dissolving of polymers for which there is a normal distribution in the number of
functional groups per segment:

2
Or = \/21?0 exp [ (kzgg) ] with 6, = éand Mj independent of k. (19)

Each functional group increases xr with Ax = 2. The average number of functional groups per segment is in
these calculations § = % and the width of the distribution around this value is varied. The variables ¢ and p
can be obtained from a fit through distribution in functional groups from experimental measurements.
Figure 3(b) gives examples of the effect of a distribution in the number of functional groups per segment. It
should be noted that for each of the distributions, the RED is normalized using the monodisperse
distribution (and M = c0) to be able to compare these graphs. If the least soluble polymer had been used for
the normalization in each calculation, n would reach 100% at RED = 1 for all ¢, but the RED would
correspond to different solvents at this value.

The results show that the interactions of some of the polymers result in a total fraction of polymer that
dissolves that is higher at higher RED, while lower at lower RED. The polymers with more attractive
interaction energies than the average interaction energy will dissolve already at a higher RED, while the ones
with more repulsive interactions with the average interaction energy dissolve at lower RED than their more
monodisperse equivalents. Comparing the effect of physical and chemical polydispersity shows that both
increase 7 for high RED, due to the smaller and less repulsive polymers. A difference between the two effects
on the 77/RED-dependency is that chemical group polydispersity reduces  more for lower RED, due to the
larger effect of higher i on the enthalpy than the effect of higher Mj on entropy for polymers that have a
high average chain length. The fractionation of physical polydispersity in figure 4(a) could for example be

9
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Figure 4. Distributions of the dissolved and undissolved fraction of polymer at four RED values. Parameters correspond to the
parameters used for figure 3, with for the log-normal chain length distributions o = 1.00 (a) and for the normal interaction
energy distributions o/p = 0.30 (b).

applied to reduce the width of the distributions in molecular mass of the earlier mentioned polystyrene,
polypropylene or poly(methyl acrylate), [27-32] or other physical polydisperse polymers. The fractionation
of chemical polydispersity in figure 4(b) could be applied in the preparation of the earlier mentioned
copolymers [33, 34] or polymers for self-assembly, [35] or other chemically polydisperse polymers.

The different predictions of how 1 dependents on My and 6y can be used to learn about the properties of
the dissolved and undissolved polymer fractions. Using 1 in equation (15a) for 7, makes it possible to
directly calculate the fractions of dissolved polymer for each polymer variation. Figure 4 shows the resulting
distributions in each of the phases of the log-normal distribution in chain lengths (a) and normal
distribution in the number of functional groups per segment (b). For example the steepness of the boundary
between dissolved and undissolved polymers in a chemically polydisperse sample depends on the chosen
solvents via the interactions between the polymers and solvents. Using these distributions and average
features of the dissolved and undissolved polymer, fractionation steps can be optimized. Furthermore,
resulting distributions in chain length, functional groups, or other varying molecular features of polymers
can be included in the same manner for subsequent steps in a production process. In the next section, we
combine a distribution in polymer chain lengths and the number of functional groups per segment for a
system consisting of lignin dissolved in various solvents.

3.4. The modeling of the solubility of lignin

In the previous section, we applied extensions of Flory—Huggins theory, including size and chemical
dispersity, to hypothetical systems containing only variation in polymer size or the number of functional
groups per segment. These computations can be applied to polymers that are physically and/or chemically
polydisperse. Here, we apply these methods to the practical example of lignin dissolved in a range of solvents,
using experimental measurements of the molecular mass distribution and number of functional groups per
segment.

The theoretical calculations in this section use input from earlier work [66]. These experiments used 94%
pure Protobind 1000 lignin and a mixture of methanol and ethyl acetate. Molecular masses were measured
using GPC and the concentrations of functional groups using NMR For more details we refer to [54]. Based
on the mass and functional groups distributions, we expect a log-normal distribution for the sizes of the
lignin molecules and propose an exponentially decreasing volume fraction of functional groups with the
chain length of the functional groups. This can be described by:

1 (logk — p)* . k
O = m exp l—w with My = akand 6 = b; exp 5 + bs. (20)

Since 0 decreases exponentially with k and M scales linearly with k, this also suggests that the number of
functional groups per polymer segment decreases exponentially with the polymer chain length. A correlation
between the number of functional groups per segment and the molecular size was earlier already observed by
Sevastyanova et al [74]. The dependency of 6y on k in equation (20) describes how functional groups are
distributed over polymers with different lengths. The fitting procedure to find the fitting parameters is
discussed in our earlier paper [66]. The fitting parameters in equation (20) are e# & 2.7 - 10%, e = 1.2,

10
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Figure 5. The weight average molecular mass and weight average number of functional groups per segment from equations (20)
and (21) (curves) and experimental data [66]. The solid curves show the features of the dissolved lignin and the dashed curves of
the undissolved lignin. The error bars for the experimental data in the presented figures are standard deviations, with each
experiment performed twice.

b; = 0.18, b, = 5000, and b3 = 0.245. Bead sizes are a = 210 Da, based on estimations of the effective size of
Flory—Huggins monomers and x¢ = 1.5 in equation (7). The parameter ¢ represent here the interaction
energy between each hydrophilic/hydrophobic connection, between polymer segments, solvent molecules
and polymer segments and solvent molecules.

Both forms of polydispersity are described with distributions, each with accompanying parameters. Most
parameters are either from literature, related to specific measurements, or related to chemical features of
lignin. Also, the number of properties described simultaneously provides extra confidence for the values of
the parameters. At least one measurement of the molecular mass and function group distribution is
necessary to make predictions for the solvent fractionation of a polymer sample. Though estimating or
measuring these parameters requires effort, once these parameters are determined, they can be applied to a
wide variety of situations in combination with readily available Hansen solubility parameters of solvents in
the literature. A prediction of the solubility of a different type of lignin in a different solvent mixture is
possible with only minimal changes in these parameters [66].

The theoretical average molecular mass and number of functional groups per segment of the dissolved
lignin, can be determined using:

(M) :/@kﬁkMkdk; (21a)
<9> :/@kﬁkekdk. (21b)

Using the undissolved fractions, the average features of the residue can be determined. In the
experiments, [66] NMR was used to measure the concentration of aliphatic, aromatic, carboxylic hydroxyl
content. Only the total hydroxyl content was used for the theory. This neglects some of the complexity of the
system, but reduces the number of fitting parameters.

In figure 5, the resulting theoretical predictions (curves) are compared with experimental data. Using
these parameters, the trend in both the weight average molecular mass and the average number of functional
groups per segment are close to the experiments. The minimum weight average molecular mass for the
undissolved lignin and the maximum weight average molecular mass for the dissolved lignin match the total
average molecular mass. At the same time, the maximum hydroxyl content of the undissolved lignin and the
minimum hydroxyl content of the dissolved lignin are equal to the average total hydroxyl content. Only a
small amount of lignin dissolves for large RED, minimally affecting the average values. When the RED is
smaller than the RED where all lignin dissolves, the average dissolved molecular mass and hydroxyl content
do not change anymore. The average molecular mass for the undissolved lignin approaches infinity at this
value.

Also the experimentally observed and theoretically described yield of solubilized lignin can be compared.
This yield can be calculated as a function of the RED using equation (15). In this equation, equation (11) is
used as input for g. In equation (11), we use both limits and the averaging equation (7) and the equation for
0, from equation (7). Finally, we inserted the parameters in the resulting form of equation (15) and solved
the equation. With 7 known, equation (13) can be used at values for k while varying the RED to find the
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Figure 7. Theoretical and experimental molecular mass distributions of dissolved lignin in varying solvents. The experimental
curves correspond with the experimental data shown in figures 5 and 6. The equally colored curves in both figures correspond to
the same RED-values.

dissolution curves of individual chain lengths of lignin, or varying k while keeping the RED constant to
determine the theoretical molecular mass distributions.

Figure 6 shows the individual amounts of lignin dissolved and the total fraction of lignin that dissolves as
a function of the RED. For individual polymer chain lengths, the amount of polymer dissolving increases
from close to zero to its maximal value in a small range of RED-values. The combination of all these curves
results in a much wider range of RED-values, that corresponds better to the experimentally measured
dependency. The agreement between theory and experiment for the solubility for a different type of lignin in
a different solvent mixture provides extra support for this correspondence [66]. The addition of the
predictions for the average molecular features presented here shows that using the theory described in the
previous sections simultaneously predicts the RED-dependency of the yield, weight average molecular mass,
and hydroxyl content of the dissolved lignin.

Figure 7 shows the theoretical and experimental molecular mass distributions of the dissolved part of
lignin. The intensities are normalized using the maximal measured intensity of the measurement with the
highest yield. Although the shapes are not exactly equal, there are trends in the shape that can be observed in
both the theoretical and experimental results. In both the theoretical and experimental results, the maxima
of the distribution shift to smaller dissolved fractions. Also, both results suggest that mainly the higher
molecular mass polymers stop dissolving at higher RED. Together with the results for the yield, average
molecular mass, and hydroxyl content, this supports that the theory can be used to include size and chemical
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variation distributions in Flory—Huggins theory calculations to describe multiple characteristics of dissolving
polymers simultaneously.

4. Conclusions

In this paper, it is shown that adaptations of Flory—Huggins theory can be used to describe solvent
fractioning of polymers. A complication in using bio-based or recycled feedstock for polymeric materials is
the variation in material properties due to the variation in the molecular features of the involved polymers.
Comparing monodisperse and polydisperse calculations shows that the degree of polydispersity in chain
length and the variation of functional groups affect the characteristics of polymer samples. Solvent
fractionation improves the reproducibility of these properties by selecting a subset of molecular features. It is
demonstrated here how the molecular features of solubilized lignin can be described using polydisperse
Flory—Huggins theory relations. The presented relations make it possible to predict how chemical and
physical dispersity affect polymer fractionation in different solvents. Comparisons with experiments shows
simultaneous quantitative agreement for the yield, average molecular mass, and hydroxyl content and
qualitative agreement for the molecular mass distributions, by including polydispersity in the calculations.

Data availability statement

The data that support the findings of this study are available upon reasonable request from the authors.

Acknowledgments

This work was performed within the framework of the public-private knowledge institute of Chemelot
InSciTe, which we gratefully acknowledge for their financial support. The authors thank the members of the
Laboratory of Inorganic Materials & Catalysis at Eindhoven University and Vertoro for the fruitful
collaboration and their contributions to the experimental work referenced in this research. Furthermore, the
authors thank the members of the Chemelot InSciTe HiperBioPol team and the members of the Laboratory of
Physical Chemistry and Laboratory at Eindhoven University for the discussions, inspiration, and feedback.

ORCID iDs

Stijn H M van Leuken ® https://orcid.org/0000-0002-2529-7432
Remco Tuinier ® https://orcid.org/0000-0002-4096-7107
Mark Vis ® https://orcid.org/0000-0002-2992-1175

References

[1] Borrelle S B et al 2020 Science 369 1515-8
[2] Geyer R, Jambeck J R and Law K L 2017 Sci. Adv. 3 e1700782
[3] Geyer R, Jambeck J R and Law K L 2017 Sci. Adv. 3 1700782
[4] Horton A A 2022 J. Hazard. Mater. 422 126885
[5] Bailey I 2022 Environ. Policy Gov. 32 377-89
[6] Barber ] 2009 Chem. Soc. Rev. 38 185-96
[7] Weiss M, Haufe J, Carus M, Brandao M, Bringezu S, Hermann B and Patel M K 2012 J. Ind. Ecol. 16 S169-81
[8] Shen L, Worrell E and Patel M K 2010 Bioprod. Bioref. 4 2540
[9] Spierling S, Kniipffer E, Behnsen H, Mudersbach M, Krieg H, Springer S, Albrecht S, Herrmann C and Endres H-J 2018 J. Clean.
Prod. 185 476-91
[10] Slade P E 1975 Polymer Molecular Weights vol 4 (CRC Press)
[11] Chung H and Washburn N R 2013 Green Mater. 1 137—-60
[12] Norgren M and Edlund H 2014 Curr. Opin. Colloid Interface Sci. 19 409-16
[13] Yu O and Kim K H 2020 Appl. Sci. 10 4626
[14] Bajwa D, Pourhashem G, Ullah A H and Bajwa S 2019 Ind. Crops Prod. 139 111526
[15] Uraki Y, Kubo S, Nigo N, Sano Y and Sasaya T 1995 Holzforschung 49 343-50
[16] Kubo S, Uraki Y and Sano Y 1998 Carbon 36 1119-24
[17] Kadla J, Kubo S, Venditti R, Gilbert R, Compere A and Griffith W 2002 Carbon 40 2913-20
(18] Baker D A and Rials T G 2013 J. Appl. Polym. Sci. 130 713-28
[19] Thielemans W, Can E, Morye S and Wool R 2002 J. Appl. Polym. Sci. 83 323-31
[20] Collins M N, Nechifor M, Tanasa F, Zanoaga M, McLoughlin A, Strézyk M A, Culebras M and Teaca C A 2019 Int. J. Biol.
Macromol. 131 828-49
[21] Thakur V K, Thakur M K, Raghavan P and Kessler M R 2014 ACS Sustain. Chem. Eng. 2 1072-92
[22] Iravani S and Varma R S 2020 Green Chem. 22 612-36
[23] Chauhan P S 2020 Bioresour. Technol. 9 100374
[24] Schneider W D H, Dillon A J P and Camassola M 2021 Bioresour. Technol. 47 107685
[25] Strassberger Z, Tanase S and Rothenberg G 2014 RSC Adv. 4 25310-8

13


https://orcid.org/0000-0002-2529-7432
https://orcid.org/0000-0002-2529-7432
https://orcid.org/0000-0002-4096-7107
https://orcid.org/0000-0002-4096-7107
https://orcid.org/0000-0002-2992-1175
https://orcid.org/0000-0002-2992-1175
https://doi.org/10.1126/science.aba3656
https://doi.org/10.1126/science.aba3656
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1016/j.jhazmat.2021.126885
https://doi.org/10.1016/j.jhazmat.2021.126885
https://doi.org/10.1002/eet.1977
https://doi.org/10.1002/eet.1977
https://doi.org/10.1039/B802262N
https://doi.org/10.1039/B802262N
https://doi.org/10.1111/j.1530-9290.2012.00468.x
https://doi.org/10.1111/j.1530-9290.2012.00468.x
https://doi.org/10.1002/bbb.189
https://doi.org/10.1002/bbb.189
https://doi.org/10.1016/j.jclepro.2018.03.014
https://doi.org/10.1016/j.jclepro.2018.03.014
https://doi.org/10.1680/gmat.12.00009
https://doi.org/10.1680/gmat.12.00009
https://doi.org/10.1016/j.cocis.2014.08.004
https://doi.org/10.1016/j.cocis.2014.08.004
https://doi.org/10.3390/app10134626
https://doi.org/10.3390/app10134626
https://doi.org/10.1016/j.indcrop.2019.111526
https://doi.org/10.1016/j.indcrop.2019.111526
https://doi.org/10.1515/hfsg.1995.49.4.343
https://doi.org/10.1515/hfsg.1995.49.4.343
https://doi.org/10.1016/S0008-6223(98)00086-4
https://doi.org/10.1016/S0008-6223(98)00086-4
https://doi.org/10.1016/S0008-6223(02)00248-8
https://doi.org/10.1016/S0008-6223(02)00248-8
https://doi.org/10.1002/app.39273
https://doi.org/10.1002/app.39273
https://doi.org/10.1002/app.2247
https://doi.org/10.1002/app.2247
https://doi.org/10.1016/j.ijbiomac.2019.03.069
https://doi.org/10.1016/j.ijbiomac.2019.03.069
https://doi.org/10.1021/sc500087z
https://doi.org/10.1021/sc500087z
https://doi.org/10.1039/C9GC02835H
https://doi.org/10.1039/C9GC02835H
https://doi.org/10.1016/j.biteb.2019.100374
https://doi.org/10.1016/j.biteb.2019.100374
https://doi.org/10.1016/j.biotechadv.2020.107685
https://doi.org/10.1016/j.biotechadv.2020.107685
https://doi.org/10.1039/C4RA04747H
https://doi.org/10.1039/C4RA04747H

10P Publishing

J. Phys. Mater. 7 (2024) 015005 S H M van Leuken et al

[26] Le Digabel F and Avérous L 2006 Carbohydrate Polym. 66 53745

[27] Ye X and Sridhar T 2005 Macromolecules 38 3442—9

[28] Kottisch V, Gentekos D T and Fors B P 2016 ACS Macro Lett. 5 796-800

[29] Nadgorny M, Gentekos D T, Xiao Z, Singleton S P, Fors B P and Connal L A 2017 Macromol. Rapid Commun. 38 1700352

[30] Ahn T O, Hong S C, Kim J H and Lee D-H 1998 J. Appl. Polym. Sci. 67 2213-22

[31] Minoshima W, White J L and Spruiell J E 1980 Polym. Eng. Sci. 20 1166-76

[32] Haven J ] and Junkers T 2019 Polym. Chem. 10 679-82

[33] Lynd N A and Hillmyer M A 2005 Macromolecules 38 8303—10

[34] Lynd N A, Meuler A J and Hillmyer M A 2008 Prog. Polym. Sci. 33 875-93

[35] Whitfield R, Truong N P, Messmer D, Parkatzidis K, Rolland M and Anastasaki A 2019 Chem. Sci. 10 8724-34

[36] Cantow M J 2013 Polymer Fractionation (Elsevier)

[37] Francuskiewicz F 2013 Polymer Fractionation (Springer)

[38] Sadeghifar H and Ragauskas A 2020 ACS Sustain. Chem. Eng. 8 8086101

[39] Jaiskeldinen A-S, Liitid T, Mikkelson A and Tamminen T 2017 Ind. Crops Prod. 103 51-58

[40] Ramakoti B, Dhanagopal H, Deepa K, Rajesh M, Ramaswamy S and Tamilarasan K 2019 Bioresour. Technol. 7 100293

[41] Passoni V, Scarica C, Levi M, Turri S and Griffini G 2016 ACS Sustain. Chem. Eng. 4 2232-42

[42] Hanson C 2013 Recent Advances in Liquid-Liquid Extraction (Elsevier)

[43] Hamm W 1995 Trends Food Sci. Technol. 6 121-6

[44] Mazzola P G, Lopes A M, Hasmann F A, Jozala A F, Penna T C, Magalhaes P O, Rangel-Yagui C O and Pessoa Jr A 2008 J. Chem.
Technol. Biotechnol. 83 143-57

45] Schuerch C 1952 J. Am. Chem. Soc. 74 50617

46] NiY and Hu Q 1995 J. Appl. Polym. Sci. 57 14416

47] Wang Q, Chen K, LiJ, Yang G, Liu S and Xu J 2011 BioResources 6 3034—43

48] Duval A, Vilaplana E, Crestini C and Lawoko M 2016 Holzforschung 70 11-20

49] Novo L P and Curvelo A A 2019 Ind. Eng. Chem. Res. 58 145207

50] Hansen C and Bjorkman A 1998 Holzforschung 52 445-444

51] Vebber G C, Pranke P and Pereira C N 2014 J. Appl. Polym. Sci. 131 39696

52] Ponnuchamy V, Gordobil O, Diaz R H, Sandak A and Sandak J 2021 Int. J. Biol. Macromol. 168 792-805

53] Xia Q, Liu Y, Meng J, Cheng W, Chen W, Liu S, Liu Y, Li J and Yu H 2018 Green Chem. 20 2711-21

54] Krigbaum W and Geymer D 1959 J. Am. Chem. Soc. 81 1859—68

55] Enders S 2010 Polymer 238 271-328

56] Sollich P 2001 J. Phys. Condens. Matter. 14 R79

57] Van Heukelum A, Barkema G, Edelman M, Van der Linden E, De Hoog E and Tromp R 2003 Macromolecules 36 6662—7

58] Podesva J, Stejskal J, Prochizka O, Spatek P and Enders S 1993 J. Appl. Polym. Sci. 48 1127-35

59] Ritzsch M T, Kehlen H and Browarzik D 1985 J. Polym. Sci.: Chem. 22 1679-90

60] Boehm R E, Martire D E, Armstrong D W and Bui K H 1983 Macromolecules 16 46676

61] Heidemann R A and Michelsen M L 1995 Ind. Eng. Chem. Res. 34 958-66

62] Evans R 2001 J. Chem. Phys. 114 1915-31

63] Flory P J 1941 J. Chem. Phys. 10 51-61

64] Huggins M L 1941 J. Chem. Phys. 9 440-440

65] Huggins M L 1967 J. Polym. Sci. A: Polym. Chem. 5 1221-34

66] van Leuken S H M et al 2023 Green Chem. 25 7534—40

67] Hansen C M 2007 Hansen Solubility Parameters: a User’s Handbook (CRC Press)

68] Hansen C M 1995 Paint Testing Manual: Solubility Parameters (American Society for Testing and Materials)

69] Lindvig T, Michelsen M L and Kontogeorgis G M 2002 Fluid Phase Equilib. 203 247-60

70] van Krevelen D W and Te Nijenhuis K 2009 Properties of Polymer (Elsevier)

71] Blanks R F 1977 Thermodynamics of Polymer Solutions (Taylor & Francis)

72] Scott R L 1949 J. Chem. Phys. 17 279-84

73] van Leuken S H M, van Benthem R A T M, Tuinier R and Vis M 2023 Macromol. Theory Simul. 32 2300001

74] Sevastyanova O, Helander M, Chowdhury S, Lange H, Wedin H, Zhang L, Ek M, Kadla J F, Crestini C and Lindstréom M E 2014 J.
Appl. Polym. Sci. 131 40799

[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[

14


https://doi.org/10.1016/j.carbpol.2006.04.023
https://doi.org/10.1016/j.carbpol.2006.04.023
https://doi.org/10.1021/ma049642n
https://doi.org/10.1021/ma049642n
https://doi.org/10.1021/acsmacrolett.6b00392
https://doi.org/10.1021/acsmacrolett.6b00392
https://doi.org/10.1002/marc.201700352
https://doi.org/10.1002/marc.201700352
https://doi.org/10.1002/(SICI)1097-4628(19980328)67:133.0.CO;2-0
https://doi.org/10.1002/(SICI)1097-4628(19980328)67:133.0.CO;2-0
https://doi.org/10.1002/pen.760201710
https://doi.org/10.1002/pen.760201710
https://doi.org/10.1039/C8PY01603H
https://doi.org/10.1039/C8PY01603H
https://doi.org/10.1021/ma051025r
https://doi.org/10.1021/ma051025r
https://doi.org/10.1016/j.progpolymsci.2008.07.003
https://doi.org/10.1016/j.progpolymsci.2008.07.003
https://doi.org/10.1039/C9SC03546J
https://doi.org/10.1039/C9SC03546J
https://doi.org/10.1021/acssuschemeng.0c01348
https://doi.org/10.1021/acssuschemeng.0c01348
https://doi.org/10.1016/j.indcrop.2017.03.039
https://doi.org/10.1016/j.indcrop.2017.03.039
https://doi.org/10.1016/j.biteb.2019.100293
https://doi.org/10.1016/j.biteb.2019.100293
https://doi.org/10.1021/acssuschemeng.5b01722
https://doi.org/10.1021/acssuschemeng.5b01722
https://doi.org/10.1016/S0924-2244(00)88995-5
https://doi.org/10.1016/S0924-2244(00)88995-5
https://doi.org/10.1002/jctb.1794
https://doi.org/10.1002/jctb.1794
https://doi.org/10.1021/ja01140a020
https://doi.org/10.1021/ja01140a020
https://doi.org/10.1002/app.1995.070571203
https://doi.org/10.1002/app.1995.070571203
https://doi.org/10.15376/biores.6.3.3034-3043
https://doi.org/10.15376/biores.6.3.3034-3043
https://doi.org/10.1515/hf-2014-0346
https://doi.org/10.1515/hf-2014-0346
https://doi.org/10.1021/acs.iecr.9b00875
https://doi.org/10.1021/acs.iecr.9b00875
https://doi.org/10.1515/hfsg.1998.52.4.335
https://doi.org/10.1515/hfsg.1998.52.4.335
https://doi.org/10.1002/app.39696
https://doi.org/10.1002/app.39696
https://doi.org/10.1016/j.ijbiomac.2020.11.139
https://doi.org/10.1016/j.ijbiomac.2020.11.139
https://doi.org/10.1039/C8GC00900G
https://doi.org/10.1039/C8GC00900G
https://doi.org/10.1021/ja01517a022
https://doi.org/10.1021/ja01517a022
https://doi.org/10.1007/12_2010_92
https://doi.org/10.1007/12_2010_92
https://doi.org/10.1088/0953-8984/14/3/201
https://doi.org/10.1088/0953-8984/14/3/201
https://doi.org/10.1021/ma025736q
https://doi.org/10.1021/ma025736q
https://doi.org/10.1002/app.1993.070480701
https://doi.org/10.1002/app.1993.070480701
https://doi.org/10.1080/00222338508063365
https://doi.org/10.1080/00222338508063365
https://doi.org/10.1021/ma00237a025
https://doi.org/10.1021/ma00237a025
https://doi.org/10.1021/ie00042a032
https://doi.org/10.1021/ie00042a032
https://doi.org/10.1063/1.1333023
https://doi.org/10.1063/1.1333023
https://doi.org/10.1063/1.1723621
https://doi.org/10.1063/1.1723621
https://doi.org/10.1063/1.1750930
https://doi.org/10.1063/1.1750930
https://doi.org/10.1002/pol.1967.160050618
https://doi.org/10.1002/pol.1967.160050618
https://doi.org/10.1039/D3GC00948C
https://doi.org/10.1039/D3GC00948C
https://doi.org/10.1016/S0378-3812(02)00184-X
https://doi.org/10.1016/S0378-3812(02)00184-X
https://doi.org/10.1063/1.1747239
https://doi.org/10.1063/1.1747239
https://doi.org/10.1002/mats.202300001
https://doi.org/10.1002/mats.202300001
https://doi.org/10.1002/app.40799
https://doi.org/10.1002/app.40799

	Theoretically predicting the solubility of polydisperse polymers using Flory–Huggins theory
	1. Introduction
	2. Theory
	3. Results and discussion
	3.1. Solubility limits of polydisperse polymers
	3.2. Calculating the yield of solubilized polymer
	3.3. Distributions in polymer chain lengths and functional groups
	3.4. The modeling of the solubility of lignin

	4. Conclusions
	References


