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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 1H NMR spectroscopy applied to static samples that allows one to separate 

mobile and immobile phases vs. temperature below freezing point (Tf,b) of bulk liquid. At T < Tf,b 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 1H 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 

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 

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]. 
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Water-soluble sulfuric acid lignin is a by-product 

of the acid saccharification of raw materials to 

produce biofuel [23, 24]. In various industries and 

technologies, water-soluble lignins have potential 

applications as dispersants, surfactants, 

bioplastics, additives, etc. [22–26]. As a whole, 

the behavior of water bound to water-soluble and 

water-insoluble lignins is of importance; 

therefore, this aspect is analyzed in the present 

study with respect to the water-soluble lignin. 

The temperature and interfacial behaviors of 

water-soluble lignin in the wetted powders or 

aqueous media, as well as the behavior of water 

bound to lignin, are of importance since the 

related interfacial phenomena determine results 

of various applications of the materials. One of 

the effective methods to study the interfacial and 

temperature behaviors of bound water is the low-

temperature 1H NMR spectroscopy and related 

cryoporometry applied to static samples to 

register mobile phases but not immobile ones 

[27–33]. The NMR spectroscopy is also 

effectively used to analyze the chemical structure 

of lignins [34–37]. Lignin interactions with water 

and solutions in different dispersion media (e.g., 

air, chloroform alone and with addition of ion-

generating solutes such as trifluoroacetic acid 

F3CCOOD, TFAA) studied here in detail using 

the 1H NMR spectroscopy are of interest for a 

deeper insight into the interfacial phenomena with 

the participation of hydrated lignins. The 

temperature range of 200–280 K used here allows 

us to analyze the behavior of bound (unfrozen at 

T < 273 K) water differently interacting with 

lignin macromolecules, solutes, and dispersion 

media. Under these conditions, there are strongly 

(SBW) and weakly (WBW) bound waters 

(unfrozen at T < 265 K and 265 K < T < 273 K, 

respectively) and strongly (SAW) and weakly 

(WAW) associated waters (with the chemical 

shift of the proton resonance H = 4.0–5.5 ppm 

and 0.5–2.0 ppm, respectively) [27]. In the case 

of low porosity of wetted materials, a fraction of 

water located out of pores could be assigned to 

unbound water (UBW) possessing the 

characteristics similar to those of free bulk water. 

It should be noted that the bulk aqueous solution 

of TFAA or dimethylsulfoxide (DMSO) 

demonstrates a complex dependence of the 

freezing temperature vs. solute concentration 

(Fig. 1) [38, 39] due to the colligative properties 

(cryoscopic effects) of the solution [33]. 

 

 

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 

observed for solutions with polar co-solvents 

(e.g., alcohol and other deep eutectic solvents), 

dissolved and dissociated salts (NaCl, etc.), acids, 

and bases [38−47]. This behavior could be 

changed under the confined space effects in pores 

or in the interfacial layers at a solid surface out of 

pores. Note that nonpolar or weakly polar 

solvents (e.g., chloroform) immiscible with water 

do not lead to the cryoscopic effects (since the 

liquid phases are separated) in contrast to polar 

ones well mixed [48−58]. However, hydrophobic 

ones can change the interfacial and temperature 

behaviors and location of water bound to 

adsorbents to reduce the contact area between 

immiscible liquids that provides diminution of the 

Gibbs free energy of the system [27]. Note that 

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 F3CCOOD, and DMSO (CD3)2SO (Merck, 

NMR spectroscopy grade) were used to avoid 

additional 1H signals in the NMR spectra. Used 

water was bidistilled. 

METHODS 

The low–temperature 1H NMR spectra of 

static samples [27] with the wetted (h = 0.3 g 

water per gram of dry lignin) lignin powder were 

recorded using a Varian 400 Mercury 

spectrometer (magnetic field 9.4 T) utilizing 60o 

pulses of 1 s 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 1H NMR signal intensity 

for overlapped signals, and 5 % for single 

signals (that are used for subsequent calculations 

of the amounts of unfrozen water Cuw vs. T). 

Temperature control was accurate and precise to 

within 1 K. The accuracy of integral intensities 

was improved by compensating for phase 

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 280 K at a rate of 5 K/min with steps                  

T = 2–15 K, 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 1H 

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, 

CDCl3 alone or with addition of F3CCOOD 

(6/1 v/v) (~2 ml). 

Changes in the process of water 

freezing/melting are determined by a decrease in 

the Gibbs free energy (G) of water due to 

adsorption interactions in comparison to the bulk 

water [27]. This could be estimated from the 

equation for Gice vs. temperature for ice 

Gice = 0.0295 − 0.0413Т + 6.6436910−5(Т)2 + 

+ 2.2770810−8(Т)3 (kJ/mol),           (1) 

where Т = 273.16 − T at 180 K < T  273.15 K. 

The value of Gs 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 (Cuw in mg of water per gram of 

dry sample) were determined at T = 204−273 K 

[27] using tabulated G(T) data for ice. The area 

under the G(Cuw) curve (obtained from the 

dependences of both G and Cuw 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] 

max

0

( )
uwC

S uw uwA G C dC= −  ,           (2) 

where 
max

uwC  is the total amount of unfrozen water 

at T = 273 K, and A (> 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 S* = S/(Cuw
w + Cuw

s), where Cuw
w 

and Cuw
s are the amounts of weakly bound water, 

WBW (unfrozen at 265 K < T < 273.15 K) and 

strongly bound water, SBW (unfrozen at T < 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 (T < 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] 

,

,

2
( )

sl m GT
m m m

f

T k
T T T R

H R R







 = − = − =


,          (3) 

where Tm(R) is the melting temperature of ice in 

cylindrical pores of radius R, Tm, the bulk 

melting temperature, Hf the bulk enthalpy of 

fusion,  the density of the solid, sl the energy of 

solid-liquid interaction, and kGT is the 

Gibbs−Thomson constant (here kGT = 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) = dVuw(R)/dR) at T < 273 K [27]. The CSD 

(PSD) were converted into incremental CSD 

(ICSD, IPSD) V(Ri) = (fV(Ri+1) + fV(Ri))(Ri+1 − 

Ri)/2 at V,i(R) = Vuw. Integration of the fV(R) 

and fS(R) functions at 0.2 nm < 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 uw = 1 g/cm3) can 

be determined from the amount of this water 
max

uwC  (estimating pore volume as Vuw = 
max

uwC /uw) 

at T = 273.15 K and pore size distribution f(R) 

with a model of cylindrical pores [27] 
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              (4) 

where Rmin and Rmax are the minimal and maximal 

radii of pores filled by unfrozen water, 

respectively [27]. The average melting 

temperature <Tm> was calculated as the ratio of 

the first and zero moments of the Cuw(T) functions 

0 0

min min

( ) / ( )

T T

m uw uw

T T

T TC T dT C T dT =   ,          (5) 

where T0 = 273.15 K, and Tmin is the temperature 

corresponding to Cuw = 0. 

The chemical shift of the proton resonance 

(H(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 <nHB>, according to the 

hydrogen bond network entropy definition 

S  −kBlnnHB [63]. Therefore, the temperature 

derivative of the measured fractional chemical 

shift 

lnln ( ) HB

p pp

nT S

T T T

        
− = −     

      
           (6) 

should be proportional to the constant pressure 

specific heat CP(T) (CP = T(S/T)P). This aspect 

was analyzed in detail elsewhere [63]. One could 

assume that the function s(T) = −T((ln(T))/T)P 

could demonstrate a different behavior for weakly 

(WAW) and strongly (SAW) associated waters, 

which are characterized by different H values vs. 

T [27]. Deuterated CDCl3 and CF3COOD 

(D amounts > 99.9 %) were used upon the 
1H NMR spectra recording to avoid signals from 

dispersion medium (and solute) used. 

Applications of the low-temperature 1H 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 

ωB97X−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), ΔGs = Gl−Gg, 

where Gl and Gg are the Gibbs free energies of a 

molecule free or bound to silica cluster in the 

liquid (subscript l) and gas (g) media, 

respectively. The calculations were performed 
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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 

ωB97X−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 H values has 

been calculated with a simple equation [78] 

2

2 0.5

2

exp[ ( ) ]
( ) (2 )

2

j

j

f
 
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

−
− −

=  ,          (7) 

where j is the number of H atom, 2 is the 

distribution dispersion, and j is the value of 

chemical shift for j atom and  is the current 

value. The correlation equation H = a + bqH was 

used to estimate the H values for water (or other 

compounds) in the large models computed with 

the PM7 method (to calculate the qH values). The 

equation constants a and b were estimated using 

the GIAO/ωB97X−D/cc−pVDZ method applied 

to a set of water clusters (20, 22, 44, and 100 H2O 

to calculate the H values) and also calculated with 

the PM7 method (to obtain the qH 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 

H = 1−3 ppm (WAW) and increasing one at 

H = 4−6 ppm (SAW) (Fig. 2). At nH2O > 100, the 

results change only slightly and the spectra are 

very similar at nH2O  384. 

 

 

Fig. 2. 1H NMR spectra (normalized to unit) of water clusters and droplets of various sizes from 5H2O to 5966H2O 

computed using the GIAO/ωB97X−D/cc−pVDZ & PM7 correlation H/qH method (SAW is strongly predominant 

at nH2O  100) 

 

RESULTS AND DISCUSSION 

The 1H NMR spectra of static samples with 

wetted lignin, located in different dispersion 

media (Fig. 3), and related computation results 

obtained with eqs. (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 

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 h = 0.3 g/g bound to lignin in different dispersion media 

Medium Signal 
Сuw

s 

(mg/g) 

Сuw
w 

(mg/g) 

−ΔGs 

(kJ/mol) 

γS/γS* 

(J/g) 

<Tm> 

(K) 

Snano,uw 

(m2/g) 

Smeso,uw 

(m2/g) 

Vnano,uw 

(cm3/g) 

Vmeso,uw 

(cm3/g) 

Vmacro,uw 

(cm3/g) 

Air 1 7.8 3.3 2.99 0.81/73.0 232.5 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 3.5 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. S* = S/(Cuw
w + Cuw

s) per gram of bound water (S is per gram of lignin). Gs is the changes in the Gibbs free energy of the 

first adsorption layer (Smacro,uw  0 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 1H 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 e, f) 

could be attributed to the aqueous solution of 

TFAA. The freezing point depression due to CE 

for the bulk mixture (FPDCE,b) with consideration 

of the used amounts of water and TFAA could 

give Tf,b = 225–230 K. However, significant 

decrease in signal intensity of water is observed at 

T < 248 K (Fig. 3 e). 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 H 

values (e.g., catechol at H = 6.87 and 6.95 ppm, 

phenol 6.99 and 7.33 ppm, formic acid 8.47 ppm, 

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. 3 a) or 

CDCl3 (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 Cuw
s + Cuw

w < 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 1H 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 CDCl3 

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 TCE,b = 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 > TCE,b 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. 3 g) 

demonstrates both CSE and CE, especially for 

water solution in DMSO (signal at H = 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        

CDMSO = 50–85 wt. % (Fig. 1); (ii) MCP has Suw 

up to 250 m2/g [62], which is several times larger 

than that for the lignin systems (Table 1) because 

MCP is composed of linear polysaccharides (with 

β(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 < 220 K (Fig. 3 g, signal at  = 4–5 ppm) 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 Tf,b = 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 

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 m2/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,uw, Vmeso,uw, 

and SBW decrease but Vmacro,uw and WBW/UBW 

increase) (Figs. 5 and 6) to reduce the contact area 

between immiscible liquids. The Suw and Vmeso,uw 

values increase with addition of TFAA (Table 1, 

Fig. 5). However, it is possible certain 

overestimation of these values (as well as −ΔGs 

and , Table 1) due to the colligative properties of 

the acidic solution; i.e., eq. (3) should be 

corrected, e.g., Tf,CSE – Tf,CE/CSE = –k/R, where 

 < 1 for miscible compounds (e.g., TFAA + 

water) and  = 0 for immiscible ones (e.g., water 

+ chloroform). The <Tm> value (Table 1) 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 <Tm> value 

decreases in comparison to signal 2 (in air) and 

signal 3 (in chloroform) due to the cryoscopic 

effects. 
The chemical shifts H 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 H(T) 

https://en.wikipedia.org/wiki/Glycosidic_bond
https://en.wikipedia.org/wiki/Glucose
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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 

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. 

 

 

 

Fig. 3. 1H NMR spectra of water (0.3 g/g)/lignin in different dispersion media: (a, b) air, (c, d) chloroform-d, and (e, f) 

6CDCl3+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 CDCl3 medium with addition of DMSO (0.7 g/g): H = 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. 4. (a) The chemical shifts H(T) of bound water as a 

function of temperature for selected signals (see 

Fig. 3); and (b) function s(T) = −T((ln(T))/T)P 

vs. temperature for the same lines as in (a) (with 

no signal 1 of too low intensity) 

Fig. 5. (a) The amounts of unfrozen water Cuw(T) vs. 

temperature for selected signals (see Fig. 3) and 

(b) the relations between Cuw(T) and changes in 

the Gibbs free energy of water due to the 

interactions with lignin 

 

 

 

 

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 

G vs. Cuw (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 Cuw
s 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. 6 a, b, curves 1) 

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, 

curves 5) 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 = 0.3 g/g are mainly located in 

nanopores and narrow mesopores in lignin 

particles. 

The theoretical calculations show that dry and 

wetted lignin molecules have different 1H 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 1H NMR spectra of lignin molecule (762 atoms, 5556.52 Da) hydrated by 313 

H2O (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 H2O) bound to a smaller molecule (378 atoms, 2753.13 Da) calculated with PM7 

(4) and GIAO/ωB97X−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 

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 kJ/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 1H 

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 1H NMR 

spectroscopy of static samples that allows one to 

separate mobile and immobile phases vs. 

temperature below freezing point Tf,b of a bulk 

liquid. At T < Tf,b several effects could be 

observed in the wetted lignin powder such as the 

confined space effects in pores or voids between 

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 (h = 0.3 g/g) was studied in 

air and chloroform-d alone and in mixture with 

deuterated trifluoroacetic acid using the 1H 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 T < TCE,b  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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Міжфазна та температурна поведінка води та розчинів, що зв’язані у порошку 

водорозчинного лігніну 
 

В.М. Гунько, В.В. Туров 
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Перетворення лігнінів різного походження на цінні продукти є важливим з практичної точки зору. Одним 

із відповідних шляхів є отримання водорозчинних лігнінів, для яких взаємодія з водою та водними розчинами 

відіграє важливу роль в ефективності практичного застосування цих матеріалів. Можна припустити, що 

взаємодія лігнінів з водою та розчинами сильно залежить від дисперсійних середовищ і присутності 

різноманітних (наприклад, полярних та іоногенеруючих) розчинених речовин у воді. Міжфазну та 

температурну поведінку води (розчинів), зв’язаної з частинками лігніну у зволожених порошках, можна 

ефективно досліджувати за допомогою низькотемпературної 1H ЯМР-спектроскопії статичних зразків, що 

дозволяє розділити рухливі та нерухомі фази в залежності від температури нижче точки замерзання (Tf) 

рідини. При T < Tf у вологих зразках порошку можна спостерігати кілька ефектів, таких як ефекти 

обмеженого простору (CSE) у порах або порожнечах між або всередині макромолекул, кріоскопічні ефекти 

(CE) у розчинах, часткове заморожування рідин, кріоконцентрація та диференціація розчинів, кластеризація 

зв’язаних рідин тощо. Щоб з’ясувати деякі з цих ефектів, змочений лігнін (водорозчинний) при постійному 

ступені гідратації (h = 0.3 г/г) досліджували на повітрі та хлороформі-d окремо та в суміші з дейтерованою 

трифтороцтовою кислотою з використанням методу 1H ЯМР, застосованого до статичних зразків. Крім 

того, методами квантової хімії досліджували гідратовані молекули лігніну. Отримані результати показують, 

що як CSE, так і CE впливають на температурну поведінку зв’язаної води та пов’язаних розчинів. Однак їхній 

синергетичний ефект відсутній, тому що чим міцніше зв’язана вода (розчин), тим нижча активність води як 

розчинника; тобто, CSE може частково пригнічувати CE. Отримані результати становлять інтерес з 

практичної точки зору для застосування водорозчинних лігнінів. 

Ключові слова: водорозчинний лігнін, зв’язана вода, міжфазні явища, ефекти обмеженого простору, 

кріоскопічні ефекти, ефект дисперсійного середовища 
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