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Production of valuable industrial materials from lignins as byproducts of different origin is of importance to solve
the utilization problem for large amounts of these byproducts. One of the corresponding pathways is the production of
water-soluble lignins, for which, interactions with water and aqueous solutions play an important role in practical
application efficiency of these materials. One could assume that interactions of lignins with bound water and solutions
depend strongly on the dispersion media and the presence of various (e.g., polar and ion-generating) solutes in water.
The interfacial and temperature behaviors of water (solutions) bound to lignin particles in wetted powders could be
effectively studied using low-temperature 'H NMR spectroscopy applied to static samples that allows one to separate
mobile and immobile phases vs. temperature below freezing point (Tsp) of bulk liquid. At T < Ty, several effects could
be observed in wetted lignin powders such as confined space effects (CSE) in pores or voids between or inside
crosslinked macromolecules, cryoscopic effects (CE) in bound solutions, partial freezing of liquids with
cryoconcentration and differentiation of solutions, clusterization of bound liquids, etc. To elucidate some of these
effects, wetted water-soluble lignin powders at a constant degree of hydration (h = 0.3 g/g) were studied in such
dispersion media as air and chloroform-d alone or in a mixture with deuterated trifluoroacetic acid using the low-
temperature 'H NMR spectroscopy method. Additionally, hydrated lignin molecules of different sizes were studied using
quantum chemistry methods. Obtained results show that both CSE and CE affect the temperature behavior of bound
water and related solutions. However, there is no their strong synergetic impact because the stronger bound the water
(solution) the lower the activity of water as a solvent; i.e., CSE could partially inhibit CE. The obtained results are of
interest in order to better understand different aspects of applications of water-soluble lignins under various
conditions.

Keywords: water-soluble lignin, bound water, interfacial phenomena, confined space effect, cryoscopic effect,
dispersion media effect

INTRODUCTION sulfonation process [11-16]. Water-soluble
lignins can be well dissolved in water at neutral or
alkaline pH.

Lignin macromolecules have a lot of active
O-containing functionalities [10, 11] that make it
as a promising material for chemical
modifications, e.g.,, to prepare polymeric
composites and other materials [11-21]. Lignin
macromolecules contain both phenolic and
aliphatic hydroxyls [10, 11], which can be used
for additional functionalization to increase the
range of lignin applications. Note that the ratio of
the numbers of phenolic and aliphatic hydroxyls
varies in lignins depending on the industrial
processes. The phenolic hydroxyls as the most
reactive functionalities can significantly affect the
chemical reactivity of the lignin materials [1-11].
For example, to transform kraft lignin, it could be
copolymerized with acrylic acid to produce a
water-soluble lignin-based copolymer [22].

The transformation of lignin, which is one of
the main biopolymers (as well as cellulose and
hemicellulose), into valuable products is of
importance from a practical point of view [1-8].
Industrial lignins  (highly  cross-linked
hydrophobic water-insoluble polymers mainly
composed of aromatic structures, primarily
phenylpropanoids) are generated in great amounts
as byproducts mainly in the pulp and paper
production and biomass pretreatment processes
[1-8]. The structure and characteristics of lignins
[9-11] vary depending on source materials and
industrial  processes used [1-8]. Lignins
composed of crosslinked macromolecules,
typically insoluble in water, could be transformed
into water-soluble materials (composed of
smaller molecules with additionally attached
polar functionalities and characterized by a
smaller degree of crosslinking) using, e.g., a
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Water-soluble sulfuric acid lignin is a by-product FsCCOOD, TFAA) studied here in detail using
of the acid saccharification of raw materials to the 'H NMR spectroscopy are of interest for a
produce biofuel [23, 24]. In various industries and deeper insight into the interfacial phenomena with
technologies, water-soluble lignins have potential the participation of hydrated lignins. The
applications as  dispersants,  surfactants, temperature range of 200-280 K used here allows
bioplastics, additives, etc. [22-26]. As a whole, us to analyze the behavior of bound (unfrozen at
the behavior of water bound to water-soluble and T <273 K) water differently interacting with
water-insoluble  lignins is of importance; lignin macromolecules, solutes, and dispersion
therefore, this aspect is analyzed in the present media. Under these conditions, there are strongly
study with respect to the water-soluble lignin. (SBW) and weakly (WBW) bound waters

The temperature and interfacial behaviors of (unfrozen at T< 265K and 265 K< T< 273K,
water-soluble lignin in the wetted powders or respectively) and strongly (SAW) and weakly
aqueous media, as well as the behavior of water (WAW) associated waters (with the chemical
bound to lignin, are of importance since the shift of the proton resonance & =4.0-5.5 ppm
related interfacial phenomena determine results and 0.5-2.0 ppm, respectively) [27]. In the case
of various applications of the materials. One of of low porosity of wetted materials, a fraction of
the effective methods to study the interfacial and water located out of pores could be assigned to
temperature behaviors of bound water is the low- unbound water (UBW) possessing the
temperature 'H NMR spectroscopy and related characteristics similar to those of free bulk water.
cryoporometry applied to static samples to It should be noted that the bulk aqueous solution
register mobile phases but not immobile ones of TFAA or dimethylsulfoxide (DMSO)
[27-33]. The NMR spectroscopy is also demonstrates a complex dependence of the
effectively used to analyze the chemical structure freezing temperature vs. solute concentration
of lignins [34-37]. Lignin interactions with water (Fig. 1) [38, 39] due to the colligative properties
and solutions in different dispersion media (e.g., (cryoscopic effects) of the solution [33].

air, chloroform alone and with addition of ion-
generating solutes such as trifluoroacetic acid
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Fig. 1. Freezing temperature vs. solute (TFAA or DMSO) concentration in the aqueous solutions showing complex
cryoscopic effects (due to the colligative properties of the solutions) resulting in the appearance of several
eutectic points [38—40]

Note that similar temperature behaviors are do not lead to the cryoscopic effects (since the
observed for solutions with polar co-solvents liquid phases are separated) in contrast to polar
(e.g., alcohol and other deep eutectic solvents), ones well mixed [48-58]. However, hydrophobic
dissolved and dissociated salts (NaCl, etc.), acids, ones can change the interfacial and temperature
and bases [38-47]. This behavior could be behaviors and location of water bound to
changed under the confined space effects in pores adsorbents to reduce the contact area between
or in the interfacial layers at a solid surface out of immiscible liquids that provides diminution of the
pores. Note that nonpolar or weakly polar Gibbs free energy of the system [27]. Note that
solvents (e.g., chloroform) immiscible with water hydrophilic and hydrophobic functionalities,
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surface patches, and whole surface could provide
different clusterization (organization) of bound
water and solutes [27, 33, 59-62]. Therefore, one
may expect that the temperature and interfacial
behaviors and organization of water bound to the
wetted lignin powder could depend strongly on
the presence of TFAA (dissolved in water and
water dissolved in TFAA that causes the
cryoscopic effects affected by the chloroform
medium) and water-immiscible chloroform that
allows a deeper insight into the interfacial
phenomena at a surface of wetted lignin particles.
Elucidation of the mentioned aspects is the main
aim of the present study.

MATERIALS

Low molecular weight water-soluble (but
insoluble in organic solvents) lignin as a brown
lignosulfonate powder (Borregaard Lignotech,
Sarpsborg), prepared using sulfite pulping
process of hard/softwood as a precursor with a
calcium/sodium blend, typically with 15 % ash
removed, and the degree of sulfonation ~ 0.4, was
used as received. Note that the sulfonation
process introduces sulfonic acid groups into the
lignin macromolecules. This results in the
formation of water-soluble polymers, which can
be used for various industrial applications.
Microcellulose powder, MCP (Fluka) (see more
details in [62]) was used for comparison with
lignin. Deuterated chloroform, trifluoroacetic
acid F;CCOOD, and DMSO (CD3)2SO (Merck,
NMR spectroscopy grade) were used to avoid
additional 'H signals in the NMR spectra. Used
water was bidistilled.

METHODS

The low-temperature '"H NMR spectra of
static samples [27] with the wetted (h=03¢g
water per gram of dry lignin) lignin powder were
recorded  using a  Varian 400 Mercury
spectrometer (magnetic field 9.4 T) utilizing 60°
pulses of 1 us duration. Each spectrum was
recorded by co-addition of eight scans with a 2 s
delay between each scan. Relative mean errors
were less than 10 % for 'H NMR signal intensity
for overlapped signals, and 5% for single
signals (that are used for subsequent calculations
of the amounts of unfrozen water Cyuw vs. T).
Temperature control was accurate and precise to
within 1 K. The accuracy of integral intensities
was improved by compensating for phase
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distortion and zero-line nonlinearity with the
same intensity scale at different temperatures. To
prevent supercooling, the spectra were recorded
starting at 204-208 K for samples precooled to
this temperature for 10 min. Samples were heated
to 280K at a rate of 5 K/min with steps
AT=2-15K, and maintained at a fixed
temperature for 5 min for data acquisition at each
temperature. Note that signals of immobile
(frozen) small molecules and functionalities of
macromolecules were not registered in the 'H
NMR spectra of static samples due to a narrow
bandwidth (20 kHz) and a large difference in the
transverse relaxation time of mobile and
immobile phases (causing a large difference in
their signal width) [27]. The spectra were
recorded for samples (~0.2 g in NMR ampoules)
located in different dispersion media such as air,
CDCl; alone or with addition of F;CCOOD
(6/1 v/v) (~2 ml).

Changes in the process of water
freezing/melting are determined by a decrease in
the Gibbs free energy (AG) of water due to
adsorption interactions in comparison to the bulk
water [27]. This could be estimated from the
equation for AGic. vs. temperature for ice

AGiee = 0.0295 — 0.0413AT + 6.64369x 10-5(AT)* +
+2.27708x10-%(AT)* (kJ/mol), (1)

where AT=273.16 — Tat 180 K< 7<273.15 K.
The value of AG; corresponds to maximal
changes in the Gibbs free energy in the first
adsorption layer. Changes in the Gibbs free
energy of bound water vs. the amounts of
unfrozen water (Cyw in mg of water per gram of
dry sample) were determined at 7=204-273 K
[27] using tabulated AG(T) data for ice. The area
under the AG(C.y) curve (obtained from the
dependences of both AG and C,w on temperature)
determines the surface Gibbs free energy s (the
modulus of overall changes in the Gibbs free

energy of bound water due to interaction with
lignin) [27]
cmax

7/8 = _A I AC;(Cuw)dc:uw ! (2)

where C,” is the total amount of unfrozen water

at T=273 K, and 4 (> 0) is a constant dependent
on the type of units used in eq. (2). To take into
account the amounts of unfrozen water bound in
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the samples, the normalized (per gram of bound
water) values %* = 1%5/(Cu™ + Cuw®), where Cuy™
and C.,* are the amounts of weakly bound water,
WBW (unfrozen at 265 K < 7'< 273.15 K) and
strongly bound water, SBW (unfrozen at 7<265 K),
respectively, were also computed.

Water can be frozen/melted in pores (or
intramolecular voids in macromolecules and
particles composed of lignin molecules) at lower
temperatures (7'<273 K) as described by the
Gibbs—Thomson relation for the freezing/melting
point depression for liquids confined in
cylindrical pores of radius R [27, 30-32]

2O-sITm,oo _ kﬂ

~T (R)=- :
e~ Tn(R) AH,pR R

AT =T 3)

where Tm(R) is the melting temperature of ice in
cylindrical pores of radius R, Tmw the bulk
melting temperature, AHr the bulk enthalpy of
fusion, p the density of the solid, o the energy of
solid-liquid interaction, and ket 1is the
Gibbs—Thomson constant (here kgr = 40 K nm).
Eq. (3) was used to determine the cluster size
distributions (CSD) or size distribution of pores
(PSD) infilled by unfrozen water or solution
(fv(R) = dVu(R)/dR) at T< 273 K [27]. The CSD
(PSD) were converted into incremental CSD
(ICSD, IPSD) <I>v(R:) = (MRi+1) + (R))(Rir1 —
Ri)/2 at 2 ®vi(R) = Vuw. Integration of the fv(R)
and fs(R) functions at 0.2nm<R<1 nm,
1 nm <R <25 nm, and 25 nm < R < 100 nm gives
the volume and specific surface area of nano-,
meso-, and macropores, respectively, contacted
with unfrozen water (or aqueous solution). The
specific surface area (Suw) of lignin in contact with
unfrozen bound water (assuming for simplicity
that the density of this water puw = 1 g/cm?) can
be determined from the amount of this water

Con’ (estimating pore volume as Vuw = C /puw)

at 7= 273.15 K and pore size dlstrlbutlon AR)
with a model of cylindrical pores [27]

SUW = .
2R

Viu _ 2Ca” RJ'f(R)dR/ J'f(R)RdR

av pUW len anln

“
where Rmin and Rmax are the minimal and maximal
radii of pores filled by unfrozen water,
respectively [27]. The average melting
temperature <7n> was calculated as the ratio of
the first and zero moments of the Cuw(7) functions
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TD TO
<T >= j TC,,(T)dT / j C,,(T)dT, (5)
Tmin Tmin

where Tp = 273.15 K, and Tin is the temperature
corresponding to Cyw = 0.

The chemical shift of the proton resonance
(ou(T) function) depends on the number of
possible configurations of the water molecules in
the hydrogen bonds network (HBN) strongly
affected not only by temperature but also by
functionalized  surroundings  (i.e.,  lignin
molecules), solutes, co-solvents, and dispersion
media [27, 63]. Considering that, this number is
inversely proportional to the average number of
the hydrogen bonds <nmus>, according to the
hydrogen bond network entropy definition
S ~—kglnnug [63]. Therefore, the temperature
derivative of the measured fractional chemical
shift

_(alnd(T)j __(aln<nHB>j (asj
a ), or ), \aT

should be proportional to the constant pressure
specific heat Cp(7) (Cp = T(0S/0T)p). This aspect
was analyzed in detail elsewhere [63]. One could
assume that the function s(7) = —T(0(Ind(7))/07T)p
could demonstrate a different behavior for weakly
(WAW) and strongly (SAW) associated waters,
which are characterized by different oy values vs.
T [27]. Deuterated CDCl; and CF;COOD
(D amounts > 99.9 %) were used upon the
"H NMR spectra recording to avoid signals from
dispersion medium (and solute) used.
Applications of the low-temperature 'H NMR
spectroscopy and NMR cryoporometry methods
to various materials were described in detail
elsewhere [27, 64-69].

Quantum chemical calculations of water
clusters using the density functional theory (DFT)
method were carried out using a hybrid functional
®B97X-D with the cc—pVDZ basis set with the
Gaussian 16 C.02 [70] or GAMESS 2023 R2 [71]
program suits (Linux versions). The solvation
effects were analyzed using the solvation method
SMD [72] implemented in the Gaussian and
GAMESS programs. To compute the Gibbs free
energy of solvation (subscript s), AGs = Gi—G,,
where Gy and G are the Gibbs free energies of a
molecule free or bound to silica cluster in the
liquid (subscript]) and gas (g) media,
respectively. The calculations were performed

(6)
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taking into account zero-point and thermal
corrections to the Gibbs free energy in the gas
phase and for solved molecules and silica clusters
with  the  geometry  optimized  using
®B97X-D/cc—pVDZ. The NMR spectra were
calculated using the gauge-independent atomic
orbital (GIAO) method calculated with or without
the SMD method [70]. Large cluster models of
water droplets and hydrated lignin molecules
were calculated using the PM7 method (MOPAC,
ver. 22.1, Linux) with (or without) the COSMO
method to apply the solvation effects [73].
Preparation of initial cluster/molecular structures
with water alone and hydrated lignin and
visualization of the calculation results were
carried out using several programs [74-77].

The distribution function of the J4 values has
been calculated with a simple equation [78]

(7

f(5) = (270* )—°-Szexp[_§iz_ o1

where j is the number of H atom, o? is the
distribution dispersion, and & is the value of
chemical shift for j atom and & is the current
value. The correlation equation o4 = a + bgw was
used to estimate the &4 values for water (or other
compounds) in the large models computed with
the PM7 method (to calculate the gn values). The
equation constants a and b were estimated using
the GIAO/0B97X-D/cc—pVDZ method applied
to a set of water clusters (20, 22, 44, and 100 H,O
to calculate the 64 values) and also calculated with
the PM7 method (to obtain the gu values). An
increase in a fraction of the H atoms participating
in the hydrogen bonds with increasing size of
water clusters and droplets (decreasing S/V ratio
for them) leads to reducing intensity of a band at
on=1-3 ppm (WAW) and increasing one at
on = 4-6 ppm (SAW) (Fig. 2). At ns20 > 100, the
results change only slightly and the spectra are
very similar at npzo > 384.
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Fig. 2.

3y (ppm)

'H NMR spectra (normalized to unit) of water clusters and droplets of various sizes from 5H,0 to 5966H,0

computed using the GIAO/wB97X-D/cc—pVDZ & PM7 correlation 6n/qn method (SAW is strongly predominant

at Nro > 100)

RESULTS AND DISCUSSION

The 'H NMR spectra of static samples with
wetted lignin, located in different dispersion
media (Fig. 3), and related computation results
obtained with egs. (1)—(6) (Figs. 4-6, Table 1)
show the presence of water (and solutions)
clusters and domains of various sizes and frozen
at different temperatures. This assumption is
confirmed by the presence of strongly (SAW) and
weakly (WAW) associated waters, with signals
registered in the spectra at T <273 K. Signal
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intensity of strongly (unfrozen at T < 265 K) and
weakly (unfrozen at 265 K < T <273 K) bound
waters and unbound water (UBW frozen at
temperature close to 273.15 K), as well as the
SAW and WAW amounts, differently depend on
temperature and system composition. Interactions
of water with polar functionalities of lignin
molecules and residual ash (undissolved or
dissolved) and dissolved and dissociated TFAA
result in a downfield shift of the SAW signals. Note
that SBW is rather a poor solvent for any solute
(including TFAA) [27]. Therefore, TFAA is mainly
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dissolved in WBW/UBW/SAW, but a contribution
of SBW increases due to TFAA dissolving in water
(Figs. 3-6). Certain amounts of SAW and WAW are
registered even at 204-208 K (Fig. 3) due to strong
interactions of water with polar functionalities of

lignin molecules and the presence of dissolved (in
small amounts) polar low-molecular weight
components (causing CE) of water-soluble lignin
particles.

Table 1. Characteristics of unfrozen water at hydration degree # = 0.3 g/g bound to lignin in different dispersion media
Medium Slgnal Cuv® uw" —AGs 'YS/'YS* <Twm> S, nano,uw Smeso,uw Vnano,uw Vmeso,uw Vmacm,uw
(mg/y) (mgg) (kImol)  (Vg) K) (g (m¥p) (emVg) (mYg) (cmlg)
Air 1 7.8 33 2.99 0.81/73.0 2325 14.3 1.0 0.004 0.006 0
Air 2 0 36 0.45 0.33/9.2 269.5 0 2.8 0 0.026 0.274
Air 3+4 25 0.3 3.00 1.71/67.6  234.3 19.4 2.5 0.007 0.014 0.004
CDCl3 3 12 43 2.71 0.93/16.9  257.6 3.8 35 0.001 0.024 0.275
+TFAA 5 196 48 3.22 9.56/39.2  253.5 49 51 0.019 0.216 0.065

Note. 55* = y/(Cuw" + Cuw®) per gram of bound water (ys is per gram of lignin). AGs is the changes in the Gibbs free energy of the

first adsorption layer (Smacrouw = O for all samples)

Bound water and solutions are under the
confined space effects in pores (voids) and the
cryoscopic effects (in solutions), and both of them
cause the freezing point depression (FPD) in
parallel. Clearly, the results of CSE in lignin
particles (in voids between macromolecules or in
intramolecular ~ voids in  macromolecules
physically or chemically crosslinked) and CE in
the solutions (both leading to FPD) depend on
dispersion media kind since it affects the
organization of bound water and solutions at a
surface of lignin particles. Note that the degree of
lignin wetting is relatively low (h = 0.3 g per gram
of dry lignin). Therefore, wetted lignin remains in
the powder state, and it could not be dissolved in
chloroform (in amount of several times greater
than the water amount) as a weakly polar solvent.
As a whole, there are several *H signals related to
bound water (Fig. 3, signals 2 and 3) and aqueous
solutions of low-molecular weight organics
(signals 1 and 4). Signal 5 at ~8 ppm (Fig. 3 ¢, f)
could be attributed to the aqueous solution of
TFAA. The freezing point depression due to CE
for the bulk mixture (FPDcep) with consideration
of the used amounts of water and TFAA could
give Tip=225-230 K. However, significant
decrease in signal intensity of water is observed at
T <248 K (Fig. 3 ). This could be explained by
incomplete mixing of water and TFAA (since
some fraction of the latter could remain dissolved
in chloroform) as well as by CSE inhibition of
CE. In the lignin molecules, there are the H atoms
in various bonds characterized by different 64
values (e.g., catechol at &4 = 6.87 and 6.95 ppm,
phenol 6.99 and 7.33 ppm, formic acid 8.47 ppm,
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etc.) [34]. Some fragments of macromolecules (as
well as residual ash) having various bonds with H
could be dissolved in SAW. This provides
signals 1 (structures with the C—H bonds in alkyl
functionalities) and 4 (H atoms in O-containing
functionalities and aromatic structures as
mentioned above).

The main fraction of water interacting with
the lignin powder, located in air (Fig.3a) or
CDCls (Fig. 3 c) dispersion media, corresponds to
WBW or unbound water since it frozen at T close
to 273 K. The presence of UBW is confirmed by
condition Cyy® + Cyw" < h for each sample studied
(Table 1). This could be explained by several
factors: (i) amount of water at h = 0.3 g/g is too
small to dissolve lignin particles, which remain as
a wetted powder; (ii) lignin particles are weakly
porous (i.e., not all water could be located in
pores/voids); (iii) swelling effect is insignificant
(i.e., small amount of bound water does not
provide broadening of pores and increased
porosity of the particles); (iv) as a whole, only a
fraction of water is in contact with lignin
molecules (a surface of lignin particles). Upon
freezing-out (close to ~273 K) of a major fraction
of UBW/WBW in the liquid phase, intensity of
signals 1 and 4 only slightly decreases (after
freezing of UBW) with decreasing temperature
(Fig. 3 b,d) due to both CSE and colligative
properties of the solutions of organics of low-
molecular weights in a fraction of SAW. It should
be noted that the lignin powder (immobile
macromolecules) does not contribute the *H NMR
spectra of static samples due to measurement
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conditions allowing recording the spectra of a
mobile phase only.

Addition of TFAA strongly changes the
temperature behavior of bound water/solution in
comparison to samples located in air and CDCl;
dispersion media (Figs.3-6) due to the
cryoscopic effect for the TFAA/water mixture
(Fig. 1). For the used contents of water and
TFAA, the freezing temperature of similar bulk
solutions could be Tcep = 225-230 K due to CE.
However, only a small fraction of the solution is
unfrozen at lower temperatures (Fig. 3 e, f) due to
the CSE/CE for the bound TFAA solution with
certain addition of other dissolved compounds
(e.g., formic acid, phenol, etc.) (Fig. 3 d). One
may assume that CSE could partially inhibit CE.
Therefore, the summarized CSE + CE do not
prevent freezing-out of a significant fraction of
the solution even at T > Tcg,p Since signal intensity
diminution is observed already at 270 K< T< 273 K
in comparison to that at 280 K (Figs. 3 and 5 a).
Thus, CSE partially inhibits CE since the stronger
bound the solution the lower the activity of water
as a solvent [27]. Note that the water/DMSO
mixture bound to microcellulose (Fig.3Q)
demonstrates both CSE and CE, especially for
water solution in DMSO (signal at o4 = 3.0-3.5 ppm).
The CSE+CE influence on water/DMSO is
stronger than that on water/TFAA bound to the
lignin powder due to several factors: (i) CE for the
bulk solution is stronger for the former at
Comso = 50-85 wt. % (Fig. 1); (ii) MCP has Suw
up to 250 m?/g [62], which is several times larger
than that for the lignin systems (Table 1) because
MCP is composed of linear polysaccharides (with

B(1—4) linked D-glucose units) more
hydrophilic than crosslinked lignin
macromolecules including aromatic

functionalities. Water (DMSO-free) bound to
MCP is practically completely frozen at
T<220K (Fig. 3 g, signal at 6=4-5ppm) in
contrast to water mixed with DMSO (3.0-3.5 ppm)
due to the CE influence similar to CE for
water/TFAA bound to lignin. Note that the
freezing point depression due to CE for the used
amounts of water and DMSO (in bulk)
corresponds to Trp = 245 K (Fig. 1). However, not
all water interacts with DMSO (Fig. 3 g).
Additionally, a fraction of DMSO could be
dissolved in chloroform with no contacts with
water, and the CSE could inhibits CE. All these
effects could lead to greater FPDce for the
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mixture. Thus, aromatic functionalities and
crosslinking of lignin macromolecules could
inhibit strong interactions with water and aqueous
solutions. Therefore, the dual
hydrophobic/hydrophilic nature of lignins should
be considered upon practical applications of these
materials.

The Value Of SUW = Snano,uw + Smeso,uw (Smacro,uw ~ 0
for all samples studied since water in macropores
mainly corresponds to UBW with no direct
contact to a surface of lignin particles) is equal to
40 m?/g for a sample located in air (Table 1). For
chloroform as a dispersion medium, this value is
much smaller because chloroform can displace
water from pores onto the outer surface or into
macropores of lignin particles (Vnano,uws Vimeso.uw,
and SBW decrease but Vmacrouw and WBW/UBW
increase) (Figs. 5 and 6) to reduce the contact area
between immiscible liquids. The Suw and Vimeso,uw
values increase with addition of TFAA (Table 1,
Fig.5). However, it is possible certain
overestimation of these values (as well as —AG;
and y, Table 1) due to the colligative properties of
the acidic solution; i.e., eq. (3) should be
corrected, e.g., ATtcse— aATrceicse = —k/R, where
a <1 for miscible compounds (e.g., TFAA +
water) and « = 0 for immiscible ones (e.g., water
+ chloroform). The <Tn,> value (Table1) is
minimal for signals 1 and 4 attributed to the
solutions of small organic molecules mobile due
to dissolution in SAW/UBW. For the TFAA
solution in SAW/UBW/WBW, the <T,> value
decreases in comparison to signal 2 (in air) and
signal 3 (in chloroform) due to the cryoscopic
effects.

The chemical shifts o4 related to different
signals in mobile phases with bound water and
solutions depend on temperature (Fig. 4 a). This
effect (as well as changes in other characteristics,
Figs. 5 and 6) could be explained by several
factors: (i) freezing-out (or melting) of UBW at T
close to 273 K, then WBW (up to 265 K) and
finally SBW (T = 204-265 K); (ii) effects of the
dispersion media (air vs. chloroform); (iii) effects
of solutes (TFAA and low-molecular weight
fragments of lignin (including ash) and residual
amounts of reagents used on lignin preparation);
(iv) reorganization of unfrozen water upon
freezing-out of a water fraction due to larger
volume of ice than liquid water and changes in
structure of pores (voids) infilled by unfrozen and
frozen water or solutions. Therefore, the ou(T)
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functions are nonmonotonic (Fig. 4 a) due to the
mentioned effects. These effects also cause the
appearance of some extrema of the s(T) function
(Fig. 4 b) related to changes in the entropy of the
hydrogen bond network. The maximal changes in

%231
m221

this function are observed at temperatures close to
270-273 K since melting/freezing of
SAW/UBW/WBW, providing  predominant
contribution to total amount of water/solutions,
occurs in this temperature range.

/o~ N
~_ TN 2727K
2708

N S U267
Wzsz
k/\ 252
238

208

Fig. 3. H NMR spectra of water (0.3 g/g)/lignin in different dispersion media: (a, b) air, (c, d) chloroform-d, and (g, f)
6CDClIs+1TFAA, the right column (b, d, f) shows the spectra only at lower temperatures for a better view; (g) wetted
microcellulose powder (h = 0.14 g/g) located in CDCl; medium with addition of DMSO (0.7 g/g): &4 = 3.0-3.5 ppm
(water/DMSO), 2 ppm (residual DMSO with attached H), and 4-5 ppm (bound water)
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Fig. 6. The size distributions of pores infilled by unfrozen water for selected signals (see Fig. 3) as (a) differential
and (d) incremental distribution functions (high intensity of PSD for water/solution responsible for signal 5 is

due to CE for water/TFAA)
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Minimal changes in Cuw vs. T (Fig. 5 a) and
AG vs. Cyw (Fig. 5 b) are observed for signals 1
and 4 (in air) because of contribution of solutions
of polar organics (dissolved in
SAW/WBW/UBW) and the cryoscopic effects, as
well as CSE. In the chloroform dispersion
medium, the Cu° value decreases (Table 1,
Fig. 5 a). However, addition of TFAA gives the
opposite result. The changes in the unfrozen water
organization are well observed in the courses of
the PSD/IPSD functions for different signals (i.e.,
different water/solution structures) (Fig. 6)
related to the size distributions of pores (voids)
infilled by unfrozen water or solutions.

Minimal pore (cluster) sizes with minimal
intensity of PSD/IPSD (Fig.6a,b, curvesl)
correspond to a solution responsible for signal 1
(Fig. 3 a, b). Signal 2 is linked to clusters and
domains of maximal sizes with small intensity
especially for PSD (Fig. 6, curves 2, up to 50 nm
in radius), which could be attributed to
WBW/SAW. Signal 3 corresponds to decreased
contribution of smaller structures (R < 3 nm) and
increased contribution of larger ones (R > 3 nm)
in the chloroform medium (Fig. 6, curves 4) in
comparison to air (curves 3). Signal 5 (Fig. 6,
curves5) related to the TFAA solution
corresponds to maximal contributions over a

broad range of pores due to both confined space
and cryoscopic effects. Note that the PSD/IPSD at
R > 10 nm is only for signal 2 (WBW/SAW and
UBW). The structures responsible for other
signals are characterized by PSD/IPSD at
R <10 nm (Fig. 6). Therefore, bound water and
solutions at h=0.3g/g are mainly located in
nanopores and narrow mesopores in lignin
particles.

The theoretical calculations show that dry and
wetted lignin molecules have different *H spectra
(Fig. 7). Strongly hydrated lignin molecule
(h =1.015 g/g) has a spectrum mainly depending
on bound water. It is slightly broadened in
comparison to a spectrum of only bound water.
However, an experimental spectrum is broadened
in comparison to the theoretical ones due to more
complex structure of real lignin macromolecules
and particles. A decrease in the hydration degree
(h = 0.471 g/g) of twice smaller lignin molecule
(Fig. 7, curves 4 and 5) results in a certain upfield
shift (PM7) and downfield shift (DFT) of the
spectrum. This is due to the difference in the
water shell organization since the DFT method
gives a denser water shell than PM7 does (vide
infra). Note that the GIAO/DFT method gives the
spectrum of bound water (curve 5) closer to the
experimental one (curve 6) than PM7 gives
(curve 4).

Fig. 7. Theoretical calculations of the *H NMR spectra of lignin molecule (762 atoms, 5556.52 Da) hydrated by 313
H>O (h =1.015 g/g): (curve 1) only water molecules, (2) total spectrum of lignin/water, (3) only lignin, (4 and
5) water (h = 0.471 g/g, 72 H,0) bound to a smaller molecule (378 atoms, 2753.13 Da) calculated with PM7
(4) and GIAO/®B97X-D/cc—pVDZ (5), and (6) experimental spectrum of water bound to lignin in air at
272.7 K (upper spectrum in Fig. 3b) (for better view, all spectra are normalized to unit)

Individual small molecules alone do not
provide the porous structure characteristic for dry
(or weakly wetted) lignin particles or
macromolecules. The porosity (providing the

322

confined space effects) plays an important role in
the organization of bound water. However, in the
case of larger molecular model of lignin, there are
intramolecular voids infilled by water in contrast
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to a smaller model (Fig.7, inserts). This
difference explains the upfield shift of the
spectrum of water bound to smaller molecule
(Fig. 7, curve 4) in comparison to larger one
(curve 1) calculate by the PM7 method. Note that
the interaction energy between the lignin
molecule (smaller model) and water shell is equal
to —20.4 kJ/mol (PM7) and —30.2 kJ/mol (DFT)
per water molecule. Consequently, this molecular
model of lignin corresponds to hydrophilic one,
despite the interaction energy between water
molecules in the water shell is stronger as
—-33.3 kd/mol (PM7) and —45.5 kJ/mol (DFT) per
molecule. However, this difference explains the
absence of complete water spreading on the
surface of wetted lignin particles, since bound
water tends to form large clusters and domains out
of pores in lignin particles, and according to *H
NMR spectra (Fig. 3), this water is freezing-out at
temperature close to 273 K.

CONCLUSION

Conversion of lignins as byproducts of
different origin into various valuable products is
of importance from a practical point of view. One
of the corresponding pathways is the preparation
of water-soluble lignins, for which interactions
with water and aqueous solutions play an
important role in efficiency of the material
applications. One could assume that interactions
of any lignin with water and solutions depend
strongly on the dispersion media and the presence
of various (e.g., polar and ion-generating) solutes
in water. The interfacial and temperature
behaviors of water (solutions) bound to lignin
particles in wetted powders could be effectively
studied using low-temperature 'H NMR
spectroscopy of static samples that allows one to
separate mobile and immobile phases vs.
temperature below freezing point 7%y, of a bulk
liquid. At T<Ts, several effects could be
observed in the wetted lignin powder such as the
confined space effects in pores or voids between
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or inside 3D-branched crosslinked
macromolecules, cryoscopic effects in solutions,
partial freezing of liquids, cryoconcentration and
differentiation of solutions, clusterization of
bound liquids, etc. To elucidate some of these
effects, wetted lignin (water-soluble) at constant
degree of hydration (2 = 0.3 g/g) was studied in
air and chloroform-d alone and in mixture with
deuterated trifluoroacetic acid using the '"H NMR
spectroscopy  applied to static samples.
Additionally, hydrated lignin molecules were
modeled using quantum chemistry methods.
Obtained experimental results show that both
CSE and CE affect the temperature behavior of
bound water and related solutions depending on
the system composition. However, there is no
their synergetic effect because the stronger bound
the water (solution) the lower the activity of water
as a solvent; i.e., CSE could partially inhibit CE.
Therefore, the amounts of unfrozen solutions
bound to lignin particles at 7 < Tcep = 230 K are
much smaller (< 0.02 g/g) even with the presence
of TFAA than the total amount of water used
(0.3 g/g). The obtained results allow one a deeper
insight into a problem of interactions of water-
soluble lignin molecules and particles with
various environment that is of importance for
applications of the materials. In future, it could be
interesting to study water-soluble lignin over a
broad range of hydration up to its completely
dissolution in the aqueous media.
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Mi:x¢asHa Ta TeMnepaTrypHa NOBeAiHKAa BOAM TAa PO34YHMHIB, 110 3B’s13aHi y NOPOLIKY
BOJAOPO3YHMHHOIO JIrHIHY

B.M. I'ynbko, B.B. Typos

Tuemumym ximii nogepxui in. O.0. Yyuxa Hayionanvhoi akademii nayx Yxpainu
eyn. enepana Haymosa, 17, Kuis, 03164, Yxpaina, vlad_gunko@ukr.net

Tepemeopenns nicHiHig PI3HO20 NOXOONCEHHS HA YIHHI NPOOYKMU € 8ANCIUGUM 3 NPAKMUYHOL mouxu 30py. OOHuM
i3 6iIONOGIOHUX WIIAXIE € OMPUMAHHA 8000PO3UUHHUX ICHIHIB, OISl AKUX 83AEMO0i 3 80000 MA B0OHUMU POIHUHAMU
gidizpac 6axiciugy poib 6 ehekmueHOCmi NPAKMUYHO20 3ACMOCY8aANHA Yux mamepianie. Mooicna npunycmumu, wo
83A€MO0Is JNI2HIHIB 3 800010 MA DPOYUHAMU CULLHO 3ANEHCUMb 8I0 OUCNEPCILHUX Cepedosuly i NPUCYmMHOCHI
PISHOMAHIMHUX  (HANPUKIAO0, RONAPHUX MA IOHOZEHEpPYIOYUX) po3uuHenux pevosur y 600i. Mixcgazny ma
memnepamypHy HOBeOIHKY 800U (PO3UUHIB), 38 A3AHOI 3 YACMUHKAMU JICHIHY Y 360710M4CEHUX NOPOUIKAX, MONCHA
ehexmuero docniodncysamu 3a 0onomozoio HusbkomemnepamypHoi 'H SMP-cnexmpockonii cmamuynux 3paskis, ujo
0036011A€ Po30inumu pyxausi ma nepyxomi @asu 8 3anexcnocmi 6i0 memnepamypu Hudicue moyku samepsanus (1))
piounu. Ilpu T < Ty y eonocux 3paskax Nopowiky MOMCHA Cnocmepicamu KilbKa egexmis, maxux saK egexmu
obmedxcenozo npocmopy (CSE) y nopax abo nopodicreuax mixe abo ecepeOuri MaKkpomMonexyl, KpioCKOnIuHi egpexmu
(CE) y po3uunax, uacmrose 3amMopoxCy8anHs PIOUH, KPIOKOHYeHmpayis ma oupepenyiayisi po34uHis, Kiacmepuzayis
36 ’s3anux pioun mowjo. LlJob 3’scyeamu Oesiki 3 yux egpexmis, 3MOUeHULl NicHIH (6000PO3UUHHUL) NPU NOCTITIHOMY
cmyneni ciopamayii (h = 0.3 2/2) docridacysanu na nogimpi ma xaopogopmi-d okpemo ma 6 cymiuii 3 Oetimepos8anor
mpugmopoymoeoio kuciomoto 3 euxopucmannim memody 'H SAMP, sacmocosanozo 0o cmamuunux 3paskis. Kpim
mo2o, Memooamu K8AHMOBoI Ximii 00cioxHcysanu 2iopamosani monexyau rieHiny. Ompumani pe3yromamu noKa3yoms,
wo ax CSE, max i CE sniusaroms Ha memnepamypHy noseodiHKy 38 a3aHoi 600u ma nos’sa3auux posuurie. OOHaK ixHitl
CcuHepeemuyHull eghekm GIOCYMHILL, MOMY WO YUM MiYyHIiUe 368 A3aHA 6004 (PO3UUH), MUM HUNCYUA AKMUBHICIb 800U K
poszuunnura, moomo, CSE moowce uacmrogo npuenivyeamu CE. Ompumani pe3yivmamu CmMaHo8IAmMb iHmepec 3
NPAKMuyHOi MOYKU 30py OiA 3ACMOCY8AHNSA B000POIHUHHUX TIeHIHIE.

Knrouogi cnosa: 6000pozuunnutl nieHin, 36 53aHa 6004, MixcasHi seuwa, eekmu 06MeNceHo020 Nnpocmopy,
Kpiockoniuni eghexmu, egpexm oucnepcitinoeo cepedosunya
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