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Abstract Mass transport of liberated lignin frag-
ments from pits and fiber walls into black liquor is 
considered a determining step in the delignification 
process. However, our current understanding of the 
diffusion of lignin through cellulose and the influen-
tial parameter on this process is very limited. A com-
prehensive and detailed study of lignin mass transport 
through cellulosic materials is, therefore, of great 
importance. In this study, diffusion cell methodology 
is implemented to systematically investigate the trans-
port of fractionated kraft lignin molecules through 
model cellulose membranes. Pulping is a complex 
process and lignin is very heterogenous material 

therefore to perform a more detailed study on lignin 
diffusion, we included an additional solvent fractiona-
tion step. One of the benefits of this method is that the 
setup can be adjusted to various experimental condi-
tions allowing the complex chemical reactions occur-
ring during pulping, which would affect the mass 
transfer of lignin, to be avoided. Here, the effects of 
the alkalinity of the aqueous solution and molecular 
weight of the kraft lignin molecules on their diffusion 
were investigated. Additionally,  NMR spectroscopy, 
size exclusion chromatography, and UV/Vis spectros-
copy were used to characterize the starting material 
and the molecules that passed through the membrane. 
Lignin molecules detected in the acceptor chamber 
of the diffusion cells had lower molecular weights, 
indicating a size fractionation between the donor and 
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acceptor chamber. UV/Vis showed higher concentra-
tions of ionized conjugated kraft lignin molecules 
in the acceptor chamber, which is a sign of chemi-
cal fractionation. This study suggests that the diffu-
sion of lignin through small cellulose pores can be 
enhanced by decreasing the average molecular weight 
of the diffusing kraft lignin molecules and increasing 
alkalinity.

Keywords Lignin · Lignin transport · Kraft 
process · Diffusion cells

Introduction

Many methods targeting the removal of one or more 
of the main macromolecular constituents of biomass, 
based on strong alkaline or acidic reagents, have been 
industrialized over the years (Sixta 2006). In chemi-
cal pulping, for example, the goal is to remove lignin 
with as little degradation of carbohydrates as possi-
ble (Favis et al. 1981). Conventional kraft pulping is 
the most utilized industrial chemical pulping method. 
The initial step of kraft pulping is the impregnation 
of wood chips with cooking liquor. Once transported 
into the wood chips, the cooking chemicals react with 
the lignin and polysaccharides in the wood matrix 
and form degradation products that gradually dif-
fuse into the bulk liquor (Bogren et al. 2007). It has 
been shown that longer cooking times at elevated 
temperatures provide higher delignification rates and 
increased carbohydrate degradation (Gierer 1980). 
Meanwhile, the average molecular weight of lignin 
in the black liquor increases for two main reasons: 
(i) the solubilized lignin molecules condense, which 
leads to an increase in the molecular weight of lignin 
in the free liquor (Komatsu and Yokoyama 2021) and 
(ii) larger lignin molecules diffuse out of the wood 
matrix into the free liquor (Mattsson et al. 2017). The 
diffusion of ions and cooking chemicals into wood 
chips has been studied in the literature (Birch et  al. 
1999; Kolavali and Theliander 2013). Although the 
chemical reactions and their kinetics during pulping 
have been reported in studies over the years (Lind-
gren and Lindström 1996; Bogren et  al. 2007), few 
studies have focused on the transport of the degraded 
lignin out of the wood matrix.

In 1981, Favis et  al. suggested that the rate of 
lignin removal from unbleached pulp in aqueous 

solutions is controlled by the diffusion of the lignin 
macromolecules (Favis et  al. 1981). In 1993, it 
was shown by Li et al. that the leaching of lignin is 
enhanced by increasing the temperature from 100 to 
140  °C and increasing the alkalinity of the solution 
from 0.1 to 1 M NaOH. They proposed that alkalinity 
affects the association of degraded lignin molecules, 
providing a higher diffusivity and faster transport 
through the fibers (Li and Macleod 1993). Later, the 
same authors investigated the effect of pH and ionic 
strength on the leaching of lignin, concluding that 
lignin diffusion can be affected by pores sizes, molec-
ular sizes, and electrostatic interactions between the 
fibers and lignin (Li et  al. 1997). More recently, the 
importance of mass transfer of lignin in pulping was 
presented by Mattsson et al. (2017) who showed that 
most of the delignification reactions are completed 
within 20 min from the start of the cooking. However, 
cooking is required for a longer period to observe the 
degraded products in the free bulk liquor. This is in 
line with the study by Brännvall and Rönnols (2021) 
where the lignin content of free and entrapped liquor 
in the lumen was investigated. The content of lignin 
available in the lumen liquor was higher than in the 
free liquor. They showed that the slowest mass trans-
port rate during cooking is the transport of dissolved 
lignin from the lumen liquor to the free liquor through 
fibers.

Based on these studies, the overall delignification 
process is diffusion-controlled (Favis et  al. 1981; 
Gustafson 1988; Li and Macleod 1993; Li et  al. 
1997), with the transport of degraded lignin macro-
molecules out of the cellulose matrix being the rate-
determining step. The importance of mass transfer of 
lignin out of the biomass matrix is not limited to kraft 
pulping; a kinetics study by Kawamata et  al. (2019) 
showed that the rate-limiting step in organosolv treat-
ment of cedarwood is the diffusion through the cel-
lulose layer.

A low concentration of residual lignin in unbleached 
pulp, with a minimum loss of carbohydrates, is gener-
ally desirable, therefore, the cooking time should be as 
short as possible. Given the importance of the lignin 
mass transfer rate to the overall rate of delignification, 
physicochemical factors that may affect mass transfer 
need to be understood. Diffusion events of degraded 
lignin through fibers can be accelerated through (i) a 
decrease in molecular weight and hydrodynamic radius 
of the molecules/aggregations, (ii) an increase in the 
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membrane pore size, which would influence the dif-
fusivity of the molecules, and (iii) a reduction in the 
attractive interactions between lignin and the mem-
brane or fiber walls (Li and Macleod 1993).

It is known that lignin molecules self-associate, 
potentially affecting the apparent molecular weight 
and slowing down the diffusion of lignin molecules. 
The lignin association process is affected by the con-
centration of lignin (Rudatin et  al. 1989), the ionic 
strength (Norgren et al. 2001, 2002), and the alkalin-
ity of the solution (Vainio et al. 2004). Higher alka-
linity reduces the association and a higher concen-
tration of lignin or salts in the solution increases the 
association. Additionally, the association process is 
reversible. (Dutta et al. 1989).

A comprehensive study of how different specific 
properties of the solution or the lignin molecules can 
affect lignin mass transport is of great importance. 
Pulping is a complex process, and several aspects 
can affect lignin diffusion, such as the presence of 
polysaccharides, condensation reactions, or degrada-
tion of carbohydrates during cooking. The molecu-
lar weight and pore sizes vary within different stages 
of the pulping. To systematically study the effect of 
molecular weight on the lignin mass transfer in differ-
ent alkalinity we have design an experimental system 
based on diffusion cells. To minimize the effect of 
complex chemical reactions taking place during pulp-
ing on mass transfer, already degraded lignin mol-
ecules (well characterized solvent fractionated kraft 
lignin) were used in this study. These lignin fractions 
have less variance in chemical structures and size 
than unfractionated lignin molecules. The pore size of 
the membranes used here are chosen in way to mimic 
the size of the smallest confinement that lignin needs 
to pass through in pulping, which is the distances 
between bundles of microfibril in the cell wall. The 
lignin samples were characterized using pulsed-field 
gradient 1H-NMR spectroscopy, 31P-NMR spectros-
copy, UV/Vis spectrophotometry, and size exclusion 
chromatography (SEC).

Experimental section

Materials

Softwood kraft lignin (KL), extracted through Lign-
oBoost™ technology, was provided by Stora Enso 

kraft pulp mill (Karlstadt, Sweden). The KL was 
dissolved in alkaline solutions, made by the dissolu-
tion of sodium hydroxide pellets (Sigma Aldrich, 
Germany) in deionized water. Regenerated cellulose 
(RC) membranes (Spectrum™ Labs Spectra/Por™ 
Darmstadt, Germany, 50  kDa molecular weight cut-
off (MWCO)) were used in the diffusion cells. For 
the solvent fractionation of KL, ethyl acetate and 
methanol were purchased from Sigma Aldrich (Ger-
many). Ethanol and acetone were of analytical grade, 
both purchased from VWR (Möndal, Sweden) sam-
ples were filtered by a grade 2 filter paper (Munktell, 
Sweden). All chemicals used for 31P-NMR analy-
sis, Dimethylformamide (DMF), pyridine, endo-N-
Hydroxy-5-norbornene-2,3-dicarboximide (eHNDI), 
chromium (III) acetylacetonate, 2-chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane, chloroform-
d1, were purchased from Sigma Aldrich (Germany). 
Deuterium oxide (99.9 atom % D, Sigma Aldrich, 
Darmstadt, Germany), and DMSO-d6 (99.9 atom % 
D, VWR chemicals) were used for diffusion NMR 
analysis. Water permeation measurements were per-
formed using 5 mCi (185 MBq) tritium-labeled water 
(PerkinElmer, USA). Ultima Gold (Perkin–Elmer, 
USA) was added to radio-diffusivity samples prior to 
measurements.

Fractionation of softwood KL

Sequential solvent fractionation of the softwood KL 
was performed according to a protocol previously 
introduced by Duval et al. (2016). Four solvents were 
used in the following order: ethyl acetate, ethanol, 
methanol, and acetone. The solvents were carefully 
selected by Duval et  al by considering the solution 
yield and the molecular weight distribution of the dis-
solved lignin in each solvent. It is expected that the 
molecular weight of the fractions increases from KL1 
to KL5.

Twenty  gram of KL were initially dispersed in 
200 mL ethyl acetate and the solution was stirred for 
2  h at room temperature. The soluble and insoluble 
parts were then separated using grade 2 filter paper. 
The soluble fraction was concentrated using a rotary 
evaporator and, after solvent removal, the soluble 
fraction was redispersed in deionized water and dried 
by freeze-drying. The insoluble fraction was redis-
persed in the next solvent and the same procedure was 
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repeated for all remaining solvents. Figure 1 summa-
rizes the process.

Pulsed-field gradient NMR spectroscopy

Samples were prepared by dissolving 50 mg of lignin 
samples in 1  mL of DMSO-d6. The self-diffusion 
coefficients, D, of the different fractions were studied 
using an AVANCE III HD Bruker NMR spectrom-
eter, operating at 14.1 T, equipped with a 5 mm diff30 
probe connected to a 60 A amplifier. Measurements 
were conducted at 298  K and the temperature was 
calibrated using pure methanol prior to the experi-
ments (Raiford et al. 1979).

For the 1H experiments, a 15.8 µs 1H-pulse, 0.5 s 
acquisition time, and 10  s recycle delay, were used. 
The chemical shifts were calibrated using tetra-
methylsilane as an external reference. A stimulated 
spin echo (diffste) was used for the solutions from the 
diffusion experiments, using 16 scans in 16 gradient 
steps. The parameters included a Δ = 50  ms diffu-
sion delay, a δ = 1 ms gradient pulse duration, and a 
g = 500 G/cm maximum gradient strength. The gradi-
ent strength was calibrated against a reference (HDO 
signal in  D2O with D = 1.902·10–9   m2/s at 298  K) 
(Mills 1973). DOSY processing was performed in 
Mestrenova 14.1.2 using the Inverse Laplace method.

The self-diffusion coefficients were calculated by 
fitting the attenuation of the signal integral intensity 
from diffusion experiments to the Stejskal-Tanner 
equation (Stejskal and Tanner 1965):

where I is the signal intensity, I0 the signal intensity at 
zero gradient strength, γ the gyromagnetic ratio of the 
nucleus studied, and g the variable gradient strength. 
The diffusion coefficients obtained where calibrated 
using a standard sample of pure  D2O (Holz and Wein-
gartner 1991).

31P-NMR spectroscopy

Functional group analysis was performed by 31P-
NMR according to previously reported work (Argyro-
poulos 1994). 30 mg of the lyophilized lignin samples 
were accurately weighed and 200 μL of dimethylfor-
mamide (DMF) and pyridine (1:1) were added. The 
solution was stirred for 30 min at 50 °C. Afterward, 
50 μL of the internal standard solution was added and 
the mixing continued for another 30 min. The inter-
nal standard solution comprised endo-N-Hydroxy-
5-norbornene-2,3-dicarboximide (eHNDI) in pyri-
dine (60 mg/mL) and contained 5 mg chromium (III) 
acetylacetonate per mL of pyridine. Finally, a solu-
tion of 100 μL of 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane and 450 μL deuterated chloroform 
was added dropwise to the sample. The reaction pro-
ceeded for 60  min and the 31P-NMR spectrum was 
recorded immediately thereafter, with 256 scans and 
a D1 delay of 5  s. Assignment of the signals was 
reported according to previous work (Argyropoulos 
1994). Measurements were performed in a Bruker 

(1)I = I0 exp
{

−D(� g�)2
}

(Δ − �∕3)

Fig. 1  Schematic repre-
sentation of the sequen-
tial solvent fractionation 
process. At each step 
lignin was dissolved in the 
mentioned solvent, stirred 
for 2 h and then filtered 
to be dissolved in the next 
solvent. Molecular weight 
of the fractionated samples 
is expected to increase from 
KL1 to KL5
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Avanche III HD 400 MHz instrument equipped with 
a BBFO probe and a Z-gradient coil.

Experimental setup of the diffusion cells and 
procedure

Mass transfer experiments were performed using dif-
fusion cells, as previously described (Ghaffari et  al. 
2022). The diffusion cells were custom-made PTFE 
cells, consisting of two half-cells. Each half-cell con-
tained five cylindrical chambers of 15  mL volume. 
The half-cells were held together tightly, using screw 
rods, to ensure no leakages. RC membranes were 
placed between the cells and sealed with O-rings. To 
ensure homogeneity of solutions in the donor (con-
taining lignin) and acceptor (containing blank solu-
tion) chambers and that the lignin diffusion to the sur-
face of the membrane was not the rate-limiting step, 
the diffusion cells were placed on an orbital shaker 
(PSU-20i, LabTeamet, Grant Instruments, Cam-
bridge, United Kingdom) operating at 100  rpm for 
the duration of the experiment. Donor solutions were 
prepared by dissolution of 100 mg of KL in 250 mL 
of NaOH solutions of 1, 0.1, and 0.01 M concentra-
tions. The solutions were stirred for at least 2  h to 
ensure complete dissolution of KL. Visually clear 
solutions were obtained. The 50  kDa MWCO RC 
membranes were pretreated in 0.1 M NaOH solution 
for at least 1  h before starting the experiments and 
washed thoroughly with 0.1 M NaOH before mount-
ing onto the diffusion cells. The diffusion cells setup 
was as follows: 15  mL of donor solution (contain-
ing lignin) and 15 mL of blank NaOH solution were 
simultaneously poured into the donor and acceptor 
chambers. 1  mL samples were collected from the 
acceptor chamber and replaced with the blank solu-
tion every 24  h for seven days. The replaced blank 
solution was accounted for in the calculations. The 
withdrawn acceptor samples were analyzed by UV/
vis absorbance spectroscopy using a Cary60 UV–Vis 
spectrophotometer (Agilent Technologies, Inc., CA, 
USA). Cary WinUV scan application software (ver-
sion 5.0.0.999, Agilent Technologies, Inc., CA, USA) 
was used for recording the spectra and device control. 
The samples were scanned from 600 to 200 nm at a 
rate of 4800  nm/min. The KL concentrations of the 
samples were quantified from sample absorbance at 
280 nm based on a calibration curve of KL samples in 

the concentration range of 10 to 40 mg/L. All diffu-
sion experiments were conducted in triplicate.

Water permeation of RC membrane in various 
alkalinities

The water diffusion through 50  kDa MWCO RC 
membranes was measured using diffusion cells, 
according to the methodology previously described 
in the literature (Andersson et al. 2013). As described 
in the previous section, membranes were mounted 
between diffusion cells and 15 mL of NaOH solution 
(1, 0.1, or 0.01 M) was added simultaneously to each 
donor and acceptor compartment. 10 µL of tritium-
labeled water was added to the donor chamber and, 
at specific time intervals, 0.5 mL samples were with-
drawn from the acceptor chamber and replaced imme-
diately with 0.5 mL of deionized water. The diffusion 
cells were kept on an orbital shaker (75 rpm) at room 
temperature. The withdrawn samples were analyzed 
by a liquid scintillation analyzer (Tri-Carb B2810TR, 
Perkin–Elmer, USA). 3  mL of Ultima Gold solu-
tion was added to each sample prior to analysis. The 
experiments were conducted in triplicate. The mass 
transfer rate of water through the membrane was 
calculated using Eq.  (2) derived by Van den Mooter 
et al. (Van den Mooter et al. 1994).

where D  (m2  s−1) is the diffusion coefficient, S  (m2) is 
the surface area of the membrane from which diffu-
sion occurs, and V  (m3) is the volumes of solution in 
the acceptor and donor chambers, h (m) is the thick-
ness of the membrane,  C0 and  Ca (g   m−3) are con-
centrations of the donor solution at the start and the 
acceptor solution at time t, respectively.

Size exclusion chromatography (SEC)

A SEC system (HPLC Pump 1515, Autosampler 
717plus, Waters, Milford, MA, USA) was used to 
analyze the molecular weight of samples collected 
from donor and acceptor chambers of the diffusion 
cells. The separation was done through two ana-
lytical columns packed with Superdex 200 Increase 
(300 mm × 10 mm, 9 μm) and Superdex 30 Increase 
(300 × 10  mm, 9  μm) (Cytiva, Uppsala, Sweden). 
0.1  M NaOH (analytical grade) with a flow rate of 

(2)2(DS∕hV)t = − ln
{(

C
0
− 2Ca

)

∕C
0

}
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0.5  mL/min was used as the mobile phase and the 
column was operated at ambient temperature. For the 
calibration, polyethylene glycol (PEG) standards were 
used, ranging from 0.2 to 35  kDa (Merck Schucha-
rdt OHG, Hohenbrunn, Germany). The system was 
equipped with a Waters 2414 refractive index (RI) 
detector and a Waters 2487 dual-wavelength UV 
detector, where the absorbances at wavelengths of 
280 and 350 nm were used for detection.

Results and discussion

This study aimed to investigate the influence of solu-
tion alkalinity on the diffusion of different fraction-
ated KL samples through RC membranes. To inter-
pret the results obtained from the diffusion cells, the 
starting material (unfractionated softwood KL) and 
the solvent-fractionated samples were characterized 
before being used in the diffusion cells.

Characterization of the fractionated lignin samples

Content of hydroxyl groups

The content of hydroxyl groups in fractionated and 
unfractionated lignin was measured using 31P-NMR 
analysis, based on a method previously introduced 
by Argyropoulos (1994). The concentration of phe-
nolic hydroxyls decreased with an increase in  MW 
of the fractions, indicating fewer end units in large 
 MW fractions (Table  1). In particular, the non-con-
densed phenolics (G-units in Table  1) support the 
observed decreasing trend. The trend is consistent 
with the cleavage of aryl ether linkages during pulp-
ing, which yielded smaller molecules with more free 
phenolic end groups. A reverse trend was observed 

for carboxylic hydroxyls, suggesting that the lower 
molecular weight fractions were more prone to oxi-
dation during the pulping, in agreement with current 
literature (Giummarella et al. 2020).

Molecular weight

SEC showed that the average molecular weights of 
different lignin samples in 0.1 M NaOH range from 
1.9 to 10.8  kDa (see Table  1). Since these values 
were based on PEG standards, which, similar to many 
other standards, are not true representations of lignin 
molecules (Andrianova et  al. 2018), these  MW val-
ues should only be regarded for comparison purposes 
between the different fractions. However, as expected, 
the results indicated a continuous increase in the aver-
age molecular weight from KL1 to KL5 (Duval and 
Lawoko 2014).

Lignin self‑diffusion

The different lignin fraction molecular sizes in an 
organic solvent were examined by measuring the self-
diffusion coefficients in DMSO-d6. Figure  2 shows 
the DOSY map, including the characteristic 1H-NMR 
peaks for lignin with KL1 on the top and KL5 on the 
bottom. The recorded self-diffusion coefficient varied 
from 13.1·10–11 to 3.6·10–11   m2   s−1 for KL1 to KL5 
(see table SI2). This agrees qualitatively well with the 
Stokes–Einstein law, stating that the diffusion coef-
ficient is inversely proportional to the hydrodynamic 
radius of the diffusing species.

In diffusion NMR analysis, the samples were dis-
solved in DMSO-d6. This is, however, very different 
from the industrial processing conditions during kraft 
cooking and a question remains around how these 
fractions behave when dissolved in alkaline solutions. 

Table 1  Quantification 
of  OH− functionalities 
of solvent-fractionated 
softwood KL samples by 
31P-NMR analysis

Sample Average molecu-
lar weights 
(kDa)

Aliphatic 
(mmol/g)

C5-sub-
stituted 
(mmol/g)

G-units (non-con-
densed) (mmol/g)

H-units 
(mmol/g)

Carboxylic 
(mmol/g)

KL 4.4 1.97 2.02 1.72 0.17 0.56
KL1 1.9 0.94 1.89 2.45 0.17 0.66
KL2 3.4 2.09 2.09 1.76 0.20 0.58
KL3 3.9 2.24 2.18 1.51 0.14 0.45
KL4 6.1 2.06 2.14 1.25 0.15 0.38
KL5 10.8 2.49 1.54 0.85 0.12 0.31
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Diffusion-cell experiments were therefore conducted 
to further elucidate this.

Transport through cellulose membranes

A key step in the lignification process is the trans-
port of lignin out of the wood chip matrix. In this 
study, diffusion cells were used to investigate the 
transport behaviour of five lignin fractions at dif-
ferent alkalinities. The concentrations of the KL 
molecules transported through the membrane to the 

acceptor chamber (referred to as “acceptor samples” 
from here on) were quantified by UV/Vis absorb-
ance. The results can be seen in Fig. 3.

The concentration in the acceptor chamber 
increased linearly with time, no abrupt changes can 
be seen during the experiment for the three concen-
trations of NaOH (3). An increase in the transport 
rate from KL5 to KL1 was observed, which is  in 
agreement with the data from the diffusion NMR 
experiments (Fig.  2). The systematically higher 
transport rates indicate a decrease in molecular 

Fig. 2  Five stacked DOSY 
NMR spectra of fraction-
ated lignin in DMSO-d6

Fig. 3  Concentration of lignin in acceptor chamber ver-
sus time in a 1 M NaOH solution; b 0.1 M NaOH solution; c 
0.01 M NaOH solution. The lignin concentrations were deter-

mined by UV/Vis absorbance according to a calibration curve 
for softwood KL in alkaline solutions
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weight from KL5 to KL1, in agreement with the 
SEC experiments (Table 1).

There was an increased diffusivity with increased 
NaOH concentration for all fractions and the unfrac-
tionated sample. Increasing the NaOH concentration 
in the solution can affect the transport of lignin mol-
ecules in several ways. It has been shown that cellu-
lose can swell in alkaline aqueous solutions (Grignon 
and Scallan 1980) and that the degree of swelling can 
cause a change in the size of the pores in the mem-
brane. To confirm if the transport properties of the 
membrane change with alkalinity, water transport 
through the 50 kDa MWCO RC membrane was stud-
ied in deionized water and alkaline solutions in the 
range of 0 to 1 M NaOH (Fig. 4a). The water diffu-
sivity increased by about 35% when the concentration 
of NaOH increased from 0 to 1  M, which could be 
due to either increased pore sizes or other changes 
in the membrane (Andersson et  al. 2013). Interest-
ingly, the lignin diffusivity increased by a factor of 
3 to 5 (depending on the fractions) when the alkalin-
ity increased from 0.01 M NaOH to 1 M NaOH (see 
Fig.  4b and Supplementary Information Table SI3 
for values). Therefore, the increase in membrane dif-
fusivity due to swelling cannot solely account for the 
lignin transport rate changes. This indicates that the 
NaOH concentration also influences lignin molecules 
and/or their interactions with the membrane.

An increase in alkalinity affects lignin mol-
ecules in solution in various ways, one of which is 
by decreased association. It has been shown that 
when the concentration of  OH− ions in the solution 

increases, the association of molecules decreases 
(Norgren et al. 2001). This is due to the higher charge 
of lignin molecules at higher alkalinities, resulting 
in an increased repulsion, thereby reducing the elec-
trostatic association and preventing the formation of 
aggregates. The lignin molecules can also adsorb to 
the fully bleached softwood kraft pulp fibers, as pre-
viously suggested by Norgren and Bergfors (2005). 
If the lignin is adsorbed to the cellulose membrane 
surface, this can slow down its diffusion through the 
pores. The adsorption phenomenon is less likely to 
occur when the alkalinity of the solution is higher, 
due to the aforementioned reasons, meaning that the 
phenomenon is less pronounced when lignin is dis-
solved in a good solvent. It should be noted that as the 
ionic strength of the solution increases, the thickness 
of the electrostatic double layer decreases and the 
screening of charges increases (Berg 2010). However, 
how does the ionic strength affect the diffusion or 
adsorption of lignin molecules through the cellulose 
membrane pores is not discussed further in this study.

An increased transport rate was observed with 
increasing concentration of NaOH in the diffusion 
experiments, which could indicate decreasing sizes 
of the diffusion species. The association between KL 
molecules in highly alkaline solutions is limited, yet 
possible (Rudatin et al. 1989). In fact, Rudatin et al. 
(1989) reported indications of association between 
KL molecules even at pH levels around 13.5 when 
molecules were larger. The diffusivity of the unfrac-
tionated sample is located between KL1 and KL2 
in 0.1 and 1  M NaOH, however, when alkalinity is 

Fig. 4  a Tritium-labeled water diffusivity of the 50 kDa MWCO membrane in different alkalinities; b Diffusivity of fractionated 
lignin in different alkalinities
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lowered, the diffusivity of unfractionated sample is 
pushed toward larger  MW fractions indicating that 
more aggregates can be present in the lower alka-
linity. When the alkalinity increased from 0.01 to 
0.1  M NaOH, the diffusivity of fractions KL4 and 
KL5 improved by a factor of 1.9, while for the lower 
 MW fractions (KL1, KL2, KL3) this increase was by 
a factor of 1.2. This observation could be explained 
by the difference in association tendency for different 
fractions, i.e., lower association in the low  MW frac-
tions. Since the association depends on the electro-
static interactions (repulsion), the degree of charging 
is an important factor when considering the associa-
tion behaviour of the sample. Depending on the  MW, 
the  pKa of the phenolic groups changes (Norgren and 
Lindström 2000). If the  MW is higher, the  pKa value 
shifts towards higher alkalinity and the dissociation 
curve becomes flatter. This means that, at a certain 
alkalinity, the fraction of dissociated phenolic groups 
(charged molecules) is higher for small molecules 
than for large molecules (Norgren and Lindström 
2000). Therefore, when alkalinity increased from 
0.01 M NaOH, the increase in the number of charged 
molecules could be higher in the high  MW frac-
tions since the low  MW species were mostly already 
charged at lower alkalinities.

Another possible explanation for the increased 
transport at 1  M NaOH could be that some of the 
lignin’s native bonds break over time, forming low 
 MW fragments with higher diffusivity. This effect 
should be more pronounced for the high  MW fractions 
since they were less degraded by the pulping process 
(Crestini et al. 2017).

The  MW of the lignin molecules in the donor and 
acceptor chambers was determined using SEC at dif-
ferent alkalinities. However, as mentioned earlier 
lignin molecules can associate in alkaline solution 
and this association is sensitive to alkalinity level 
which can affect the SEC results where smaller  Mw 
can be recorded for lignin molecules dissolved in 
higher alkalinity. The  MW value of the donor sam-
ples in 1 M NaOH was lower than that of the donor 
samples in 0.1 M or 0.01 M NaOH (values are pre-
sented in Table SI 1 in the supplementary informa-
tion). This could be an indication of the formation of 
fewer aggregates or some degradation of molecules in 
1 M NaOH. However, one should be aware that abso-
lute  MW determinations of lignin are challenging. 
Therefore, for comparison purposes, the following 

discussions are based on the retention times  (RT) 
shown in the chromatograms.

Figure  5 shows all the chromatograms from the 
donor and acceptor samples at different NaOH con-
centrations. The overall shapes of the donor chroma-
tograms for each fraction were similar at all NaOH 
concentrations, except for the peak at a retention 
time of around 74  min. This peak was visible for 
all KLs in the 1 M NaOH samples but, in the 0.1 M 
and 0.01  M solutions, it could only be observed for 
KL1. The 74-min-peak should represent molecules 
of sizes less than 0.5  kDa and it likely represents a 
degradation product of lignin at high NaOH concen-
trations. The KL1 sample contained most of the low-
est molecular weight molecules, which explains why 
the 74 min-peak is present in KL1 graphs at all alka-
linities. When the concentration of NaOH increases, 
native ether bonds in the molecules may break, gen-
erating smaller molecules. High alkalinity could also 
prevent potential associations and small lignin frag-
ments could be released and detected in the SEC 
chromatogram. Independent of the reason, the larger 
proportion of small molecules in the 1 M NaOH sam-
ples can explain the higher transport rates of lignin at 
this alkalinity (see Fig. 6a, b for a schematic view of 
the effect of  MW on the lignin transport mechanism).

The SEC chromatograms for the acceptors are pre-
sented in Fig. 5d–f. All the 0.01 M acceptor samples 
had very low concentrations, therefore, their chroma-
tograms appear noisier. Before, we showed that the 
transport rate of lignin over the membrane increased 
with increasing alkalinity but are all fractions affected 
similarly, or is the effect emphasized for some frac-
tions more than others? The onset of the SEC curves 
correlates to the largest molecules that have been 
able to pass through the membrane during the dif-
fusion experiment, which was unchanged for KL1, 
KL2, and KL3 when alkalinity was increased from 
0.01 to 1 M NaOH. However, for KL4 and KL5, the 
onset of the curves is moved from about 60  min to 
shorter retention times, i.e., 57 and 54  min, respec-
tively (see purple and blue arrows in Fig.  5d). This 
indicates that higher alkalinities facilitate the trans-
port of larger molecules, whereas lower alkalinities 
hinder this transport. This could be explained by the 
association of KL molecules, previously suggested as 
a reason behind the slow diffusion of lignin through 
fiber walls (Li and Mui 1999; Mattsson et al. 2017). If 
the large lignin molecules associate with each other, 
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or with smaller lignin molecules, they could create 
loose clusters, which would significantly slow down 
their diffusion. Thus, they would not be detected in 
the SEC chromatograms of acceptor samples in low 
alkalinities.

The UV/Vis spectra from samples of varying alka-
linity were compared to investigate whether there 
was a chemical difference between the samples. To 
enable a more straightforward interpretation, all 
the graphs have been normalized to absorbance at 

300 nm, see Fig. 7. In the donor spectra, as the alka-
linity decreased, the maximum moved from 300 nm 
to shorter wavelengths around 280  nm, which was 
more obviously observed for the higher  Mw frac-
tions like KL5. Furthermore, the donor spectra of 
the smaller  Mw fractions (KL1 and KL2) showed 
higher absorbances around 350 nm in 1 M and 0.1 M 
NaOH compared to the higher  Mw fractions. The 
UV/Vis spectra of the acceptor samples are shown in 
Fig. 7d, e, f, where they differ significantly from the 

Fig. 5  UV detector 
response of SEC at 280 nm 
for various fractions of KL 
in the donor chamber of dif-
fusion cells in a 1 M NaOH; 
b 0.1 M NaOH; c 0.01 M 
NaOH, and in the acceptor 
chamber of d 1 M NaOH; 
e 0.1 M NaOH; f 0.01 M 
NaOH after 168 h
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donor spectra, having an additional peak at around 
350 nm. The peak, with a shoulder at around 320 nm, 
increased with increasing NaOH concentration. At 
higher NaOH concentrations, i.e., 0.1 and 1  M, the 
maximum shifted from 280 to 300  nm, which was 
also more apparent in higher  Mw fractions like KL5.

Previous studies have shown that the ionization of 
the hydroxyl groups could induce hyperchromic and 
bathochromic shifts in the UV/Vis spectrum (Gold-
mann et al. 2017). Lignin phenolic units with a con-
jugated bond in the α-position of the aliphatic chain 
were shown to have an additional absorbance peak at 
around 350 nm when present in alkaline conditions. 
The acceptor spectra in Fig. 7 show that the peak at 
350 nm is present at all three alkalinities and the rela-
tive intensity at 350 nm increases from KL1 to KL5.

The higher relative concentration of conjugated 
structures in the acceptor solution can be due to dif-
ferent possible reasons. Many lignin monomers or 
oligomers can have conjugated bonds in the aliphatic 
chain (Giummarella et  al. 2020), which would show 
absorbance peaks at 350  nm, 320  nm, and 300  nm, 
depending on the concentration of NaOH in the solu-
tion (see isosbestic points and changes in UV/Vis 

spectra with alkalinity for vanillin, as an example of 
a conjugated lignin monomer, in the Supplementary 
Information Fig. SI1). The breaking of aryl-ether 
bonds to smaller molecules occurs through quinone 
methide intermediates. The formation of conjugated 
bonds on α or β carbons results in the formation of 
conjugated phenolic end groups, which can be eas-
ily charged in alkaline solutions and show a peak at 
350 nm (Sixta 2006; Crestini et al. 2017). The occur-
rence of peaks at 350  nm in the acceptor solutions 
indicates a larger ratio of smaller conjugated mol-
ecules to unconjugated molecules. Potentially, these 
smaller molecules, such as monomers and oligomers, 
are transported faster than the larger molecules.

In addition, for the acceptor samples at 0.01  M 
NaOH, the intensities for the 280 nm peaks of KL1 
and KL2 were higher than for the 350  nm peaks, 
whereas intensities were more similar for the other 
fractions. This can be interpreted as the concentra-
tion of conjugated lignin units in KL1 and KL2 rela-
tive to the unconjugated ones being higher for 0.01 M 
samples.

Another observation was that the spectra for KL4 
and KL5 at different alkalinities were more similar 

Fig. 6  Schematic repre-
sentation of comparing KL 
diffusion through the pores 
of the membrane when a, b 
the alkalinity of the solution 
is the same but  MW is dif-
ferent; c, d  MW is the same 
but alkalinity is different
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than those of KL4 and KL3. Thus, KL4 and KL5 
seem to have a more chemically similar structure, in 
line with the 31P-NMR data. It is worth mentioning 
that the transport rate over the membranes and the 
SEC chromatograms for these two fractions also look 
very similar (see Fig. 3 and Fig. 5d–f).

Conclusion

Diffusion cells were used to study the diffusional 
transport of lignin molecules with varying molecular 
weights through model cellulose membranes and in 
solutions with different alkalinities. The differences in 
the UV/Vis absorbance spectra between samples from 
the donor and acceptor chambers showed chemical 
fractionation occurring during the diffusion experi-
ments for all solvent-fractionated samples. A distinct 
peak around 350  nm was observed in the acceptor 
samples. This peak correlates to conjugated lignin 
molecules at high alkalinities, where these groups 

can be attributed to small molecules such as mono-
mers and oligomers. As expected, higher molecular 
weight fractions exhibited lower transport rates but 
at higher alkalinities, the overall mass transport rates 
increased for all lignin molecules, with larger mol-
ecules exhibiting a more significant change. Based 
on these results, we propose the following reasons 
to explain the higher lignin transport rates at higher 
NaOH concentrations:

Dissociation of lignin aggregates at higher pH 
values could occur due to more charges on the mol-
ecules and higher electrostatic repulsion between the 
molecules.

Formation of small molecules could occur due to 
possibly slow degradation of lignin molecules at high 
alkalinities. The small molecules would pass through 
the membrane faster, therefore, their concentration 
would become enriched in the acceptor chamber. This 
was observed as a peak in the SEC chromatograms at 
74 min for the 1 M NaOH samples.

Fig. 7  Normalized (to 1 at 300 nm) UV/Vis absorbance spectra of the donor (at the start) in a 1 M NaOH; b 0.01 M NaOH; c 
0.01 M NaOH and acceptor (after 168 h) samples in d 1 M NaOH; e 0.1 M NaOH; f KL5 in 0.01 M NaOH
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Changes in the membranes could also account 
for the increased diffusivity of lignin. As shown, the 
diffusion of water over the membranes increases by 
increasing the concentration of NaOH, which is a 
sign that the membrane changes as alkalinity changes. 
This study was performed in a simplified setup and at 
room temperature, it should be noted that diffusion is 
a complex and temperature sensitive phenomena and 
by increasing the temperature the diffusion rate would 
increase, therefore, the results of this study should be 
interpreted with caution in regard to extrapolating to 
the pulping processes.

The current study has provided more detailed 
information on the diffusion of lignin in highly alka-
line conditions than is available in existing literature. 
These findings can be employed in modern pulping 
processes to improve the available process for a better 
yield and higher efficiency.
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