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ABSTRACT 

Lignin is a complex natural polymer and it is one of the main constituent of the 

lignocellulosic biomass. Moreover, it is a bio-renewable material and it is available in 

large amounts as by-product of residues from the wood and paper industries. Lignin-

based hydrogels with high swelling capabilities were prepared by crosslinking poly 
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(methyl vinyl ether co-maleic acid) and different technical lignins in ammonium and 

sodium hydroxide solutions. The produced hydrogels showed a wide range of water 

absorption capacities varying from 13 to 130 g of water per 1 g of sample. It was 

observed that materials with higher water uptake poorer mechanical performance, as 

evaluated in terms of storage and loss modulus (G’ and G”, respectively). Methylene 

blue (MB) was used as a model dye to evaluate the adsorption and release capabilities 

of the lignin hydrogels. Results suggested that these hydrogels showed a high MB load 

efficiency, which ranged from 440 mg to 840 mg/g. On the contrary, the percentages of 

MB released depended on the negative surface charge of the hydrogels, showing values 

which ranged from 0.06 to 0.35 %. Thus, these materials have potential to be used as 

adsorbents for the removal of organic dyes from waste water. 

Keywords: Lignin hydrogels; Water absorption; Dye removal. 

1. Introduction 

Isolation and utilization of lignin as one of the major constituents of lignocellulosic 

biomass is increasingly moving into the limelight of biorefinery strategies [1]. Lignin is 

a complex aromatic heteropolymer synthesised mainly from three monomers differing 

in their number of methoxyl groups: p-coumaryl, coniferyl, and sinapyl alcohols [2]. 

Lignin is the second most abundant biopolymer after cellulose on the planet and it 

constitutes between 15 and 40% of the dry matter of plant biomass [3,4]. 

Currently, worldwide chemical wood pulping industry produces ca. 70 Mt of lignin [5]. 

However, the largest part of this polymer is burned to generate energy, while a small 

amount of it, estimated at 1-2%, is isolated from black liquors and used for a wide 

variety of materials applications [5]. Therefore, lignin and especially technical lignins 
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are attractive raw materials for several industrial purposes with significant sustainability 

and green chemical connotations [4,5].  

The use of lignin and other bio-renewable polymers have attracted a greater attention of 

the research community due to the advantages such as their low cost and/or 

biodegradability [6]. Bio-renewable polymers coming from lignocellulosic biomass 

have a significant potential to reduce the dependence on petrochemical-based feedstock 

[7]. Recently, multiple research works have been published describing novel uses of 

lignin such as binder material in lithium batteries
 
[8] or raw material for the production 

of new polymeric materials [9,10]. In addition to this, in the last few years, several 

studies have focused on the use of lignin as starting material for the production of 

hydrogels and aerogels, using for toxic compound removal
 
[11,12] and as coating 

materials to prepare slow-release fertilizers [13], among other uses.  

Hydrogels are materials made of crosslinked polymeric network structures that can 

absorb and retain significant amounts of water or biological fluids without being 

dissolved [14,15]. These physico-chemical properties of hydrogels make them suitable 

materials to be used for drug delivery applications [15-17], tissue engineering [16,18], 

wound dressings [19] or agricultural/environmental applications [13,20]. The latter 

includes the use of lignins for removal of contaminants from water [11,21,22].
 
This is a 

promising approach as lignin contains a high concentration of functional groups that can 

form electrostatic interactions with a wide variety of compounds present in residual 

waters.
 

Different toxic organic compounds can be found in processing residual water streams. 

Organic dyes are included in this group of molecules as they are commonly used in 

several industries such as textile, cosmetic or papermaking [23]. It is estimated that 
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about 2% of these compounds are directly discharged into water resources [24,25]. 

These organic dyes, can be very harmful for the aquatic life and food chain due to 

mutagenic and carcinogenic effects even at low concentrations [26,27]. Several 

methods, such as coagulation-flocculation, oxidation, membrane separation or 

electrochemical processes, could be employed to remove these toxic compounds 

[28,29]. To this end, adsorption is an effective and simple method to remove pollutants 

from wastewater [26]. In this scenario, hydrogels represent valuable alternative as water 

purification medium.  

The present work describes the synthesis and characterization of lignin-based hydrogels 

for water purification applications. The hydrogels were synthetized by crosslinking 

lignin with poly (methyl vinyl ether co-maleic acid) (PMVE/MA) using a simple 

thermal process. Overall, these new hydrogels can be considered a green material as the 

process do not use any toxic solvent/reagent and it is based on a renewable biopolymer. 

Different types of lignins obtained from different raw materials and processed with 

different pulping treatments were used in this study. The resulting hydrogels were 

characterised by Fourier transform infrared spectroscopy (FTIR), water uptake capacity, 

mechanical properties and scanning electron microscopy (SEM) analysis. Finally, the 

dye adsorption and desorption capacities of the hydrogels were studied.  

2. Materials and methods 

2.1. Materials 

Gantrez
®

 S-97, copolymer of methyl vinyl ether and maleic acid, with a molar mass of 

1,200,000 was a donated from Ashland, Barcelona, Spain. Ammonia 30% (as NH3) and 

NaOH 99% (as pellets) were purchased form PanReac Appli Chem, Helsinki, Finland. 

Methylene blue (MB) was supplied by Sigma-Aldrich, Dorset, UK.  
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Lignin samples used in this study were obtained through three different pulping 

processes and all of them were recovered by precipitation from organosolv, soda and 

kraft liquors produced in these processes. Organosolv pulping process was performed 

under the following operating conditions: 210ºC for 60 min, using aqueous 60% ethanol 

as the reagent, being the solid/liquid ratio 1:10 [30]. Soda pulping process was 

performed at 100ºC, for 150 min, containing 7% NaOH (o.d.) and the solid/liquid ratio 

was 1:10 [31]. In these two processes wheat straw was used as the raw material. 

Isolation of wheat straw organosolv lignin (OSL) was performed under liquor-to-ratio 

1:2, followed by addition of sulphuric acid at pH 2. Wheat straw soda lignin (SSL) was 

precipitated using sulphuric acid following the procedure described by Domínguez-

Robles et al [31]. Softwood kraft lignin (SKL) was an industrial lignin from a kraft pulp 

mill (Metsä Fibre, Finland) that produces paper-grade softwood (pine and spruce) pulp. 

The lignin was precipitated from the black liquor using carbon dioxide followed by acid 

wash to remove inorganic substances. The lignin isolation protocol was similar as 

explained earlier by Tomani [32].  

2.2. Characterization of the lignin samples  

The total lignin content was considered to be the sum of Klason lignin and acid soluble 

lignin. In these determinations, an acid hydrolysis was performed to define the Klason 

lignin by gravimetric yield, acid soluble lignin from the UV-absorption of the 

hydrolysate at 215 and 280 nm, and carbohydrates from the hydrolysate using HPAEC-

PAD [33]. Ash content was determined separately from the lignin samples 

gravimetrically in a muffle furnace. Samples were heated to 800ºC and maintained at 

this temperature for 3-6 h until black carbon particles had disappeared.  
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Hydroxyl content analyses were determined using a quantitative 
31

P NMR procedure as 

published by Granata and Argyropoulos [34]. NMR spectra were acquired using a 

Bruker 500 MHz spectrometer (Billerica, MA, USA). The NMR parameters used were 

1024 scans with pulse delay of 5s, 90ºC pulse and line boarding of 2 and default base 

line correction.  

The molar mass measurements of the lignin samples were determined by size exclusion 

chromatography (SEC) with UV detection at 280 nm as explained elsewhere [35]. 

Samples were dissolved in 0.1 M NaOH solution (1mg/ml) and filtered (0.45 µm). SEC 

analysis was performed using 0.1 M NaOH eluent (pH 13, using a flow of 0.5 ml/min 

and a temperature of 25ºC) and PSS MCX 1000 & 100000 Å columns. The molar mass 

distributions (MMD), number average molar mass (Mn), weight average molar mass 

(Mw) and polydispersity (PD) were calculated against polystyrene sulphonate standards 

(eight standards with a range of 3420 – 148500 g/mol) and using Waters Empower 3 

software (Milford, MA, USA).  

2.3. Preparation of superabsorbent hydrogels films 

For each batch of lignin hydrogels, 3 g of lignin-containing sample (o.d.) (10% w/w) 

were mixed in 21 ml of aqueous NaOH (0.5 M) or NH4OH (1M) under magnetic 

stirring for 1 hour at room temperature. Then 6 g of PMVE/MA (20% w/w) were then 

added to this mixture and the solution was mixed again using a spatula due the high 

viscosity.  

The solutions were centrifuged at 3,500 rpm for 15 minutes in order to remove any 

remaining air bubbles. After this step, the solutions were poured into silicone moulds of 

40 mm diameter and 1 mm deep. The cast blend was dried for 48 hours at room 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

temperature and then cured in oven at 80ºC for 24 h to induce crosslinking between 

PMVE/MA and lignin.  

 

2.4. Dynamic and equilibrium swelling studies 

For swelling studies, crosslinked samples (ca. 0.5 cm
2
) of the above formulations were 

weighed in the dry state (mo) and then swollen in deionized water at room temperature 

for 24 h. The swelling kinetics was defined by removing the samples from the water at 

selected time intervals, dried gently with filter paper to eliminate the excess surface 

water and weighed (mt). Thus, the percentage swelling was calculated by using 

Equation (1). These studies were done in triplicate to calculate the average value (± 

standard deviation). 

% Swelling = (
mt − mo

mo
)  x 100                                                                                            (𝟏)  

2.5. Fourier transform infrared spectroscopy (FTIR) 

The lignin and hydrogel samples were analysed using Attenuated Total Reflectance 

Fourier Transform Infrared Spectroscopy (ATR-IR). The spectra were measured from 

the samples before and after curing at 80
º
C as well as the lignin samples and the 

PMVE/MA were recorded using a Spectrum Two
TM

 instrument (Perkin Elmer, 

Waltham, MA, USA) by the attenuated total reflectance (ATR) technique. The spectra 

were recorded from 4000 to 450 cm
-1

 with a resolution of 4 cm
-1

 and performing 20 

scans. 

2.6. Rheological study 
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Hydrogels were swollen in water at room temperature for 24 h before the rheological 

measurements were taken using an AR-G2 rheometer (TA Instruments, New Castle, 

DE, USA) equipped with a 20 mm parallel plate. Measurement of the storage modulus 

(G′) and loss modulus (G″) were conducted at shear stress range from 0.01 to 1000 Pa at 

controlled frequency of 0.1 Hz. The measurements were stopped when both storage 

modulus and loss modulus began to decrease significantly.  For each sample at least 

three specimens were measured, and the values were averaged. 

2.7. Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) of selected hydrogel samples was performed to 

investigate their morphology. Lignin hydrogels were first placed into deionized water to 

equilibrium at room temperature. Then, the samples were frozen at -40ºC for 24 h and 

freeze-dried in a Beta 1-8 LDplus freeze drier (Martin Christ, Osterode am Harz, 

Germany) under vacuum at -42ºC for 48 h. Before SEM observation, specimens of the 

hydrogels were sputter coated with a thin layer of platinum. SEM analysis was 

performed with a Zeiss Merlin field emission scanning electron microscope (FE-SEM) 

with an on-axis in-lens secondary electron detection mode and a chamber secondary 

electron detection mode.  

2.8. Methylene blue uptake 

Dry hydrogels (weighing between 20 and 30 mg) were placed in 20 mL of aqueous 

solution of MB (1mg/mL) and stirred using an orbital shaker (90 rpm) for 48 h at room 

temperature. The MB concentration in the solution was measured by spectrophotometry 

at 665 nm, using an automated microplate reader (Varioskan Flash, Thermo Scientific, 

USA). The amount of MB adsorbed by the hydrogel was calculated by using the 

Equation (2).  
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MB Loading Content =  
(Ci − Cr)V1

m1
                                                                                     (𝟐) 

Where Ci is the initial MB concentration in the solution (g/ml), Cr is the concentration 

after selected adsorption time (g/ml), V1 is the total volume of the solution (ml) and m1 

is the weight of the hydrogel (g o.d.). 

The strength of the MB retention was also studied. The selected hydrogels loaded with 

MB were frozen at -40ºC for 24 hours thereafter and further freeze-dried in a Beta 1-8 

LDplus freeze drier (Martin Christ, Osterode am Harz, Germany) under vacuum at -

42ºC for 48 h. Freeze-dried hydrogels were placed in deionized water and the release of 

MB was determined at different time intervals, using an automated microplate reader 

(Varioskan Flash, Thermo Scientific, USA) as has been mentioned previously. The 

cumulative amount of cationic model molecule released from lignin hydrogels was 

calculated from Equation (3) [36].
 

Cumulative Amount Released % =  
Mt

M0
 x 100                                                                   (𝟑) 

Where Mt is the amount of MB released from the lignin hydrogels at time t and M0 is he 

actual amount of MB loaded in these hydrogels. 

3. Results and discussion 

3.1. Lignin characterization 

The three lignin samples used for the hydrogels synthesis were characterised to 

establish their chemical composition (Table 1). Determining Klason (KL) lignin and 

acid-soluble lignin (ASL) content in a sample is the most common method used to 

define the total lignin content. SKL and OSL presented the highest lignin content, 

achieving values above 90%. The impurities present in these samples such as 
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carbohydrates and ashes were less than those obtained for the SSL. The ash content was 

especially high in this latter sample (29.25%). This high value could be explained by the 

higher silica (7.3 %) and ash (9.6%) content in wheat straw [37]. Part of this inorganic 

material can end up in the lignin precipitate after a soda pulping process [38], while not 

that much in ethanol-based organosolv treatment, as has been previously reported [30]. 

Table 1 goes here 

Fig. 1 shows the GPC chromatographic peaks of the isolated lignins and Table 2 shows 

their molar masses. The lignin molar mass can be different depending on the raw 

material and the extraction process used [39]. In this study, three different pulping 

processes were performed, organosolv, soda and kraft processes, using the same 

feedstock (wheat straw) for the first two processes and softwood for the last one. 

Organosolv lignin (OSL) had lower molecular mass than soda and kraft lignins (SSL 

and SKL), which agreed with literature [40]. Organosolv lignins usually has a low 

molar mass and polydispersity compared to other type of lignins. It indicates that lignin 

coming from organosolv process is more depolymerised than lignin obtained from 

alkaline processes such as soda or kraft processes. Also, repolymerisation reactions 

could be induced during alkaline pulping, increasing the Mw of the samples [41]. All 

this could explain the results showed in the Table 2. 

Table 2 goes here 

Fig. 1 goes here 

The functional groups in all the different types of lignins were measured to assess the 

importance of their reactivity in crosslinking. Both aliphatic and phenolic OH groups 

may be involved in the formation of ester linkages with the acids groups from 
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polycarboxylic acid. The 
31

P NMR spectra in Fig. 2 and the calculated values in the 

Table 3 illustrate the differences between straw and softwood lignins. The aliphatic 

hydroxyl groups may come from residual carbohydrates or from free hydroxyl groups in 

the side chain of the phenyl-propane units of the lignin samples. Wheat straw soda 

lignin (SSL) showed a notable amount of aliphatic OH (2.33 mmol/g) followed by SKL 

(1.82 mmol/g) and OSL (1.32 mmol/g). These results are consistent with the previously 

measured higher content of carbohydrates found for wheat straw soda lignin (Table 1).  

The total phenolic OH content was higher for SKL followed by OSL and SSL (4.14, 

2.97 and 1.27 mmol/g, respectively). In straw lignins, the number of syringyl units is 

inherently high due to the fact that these lignins are considered as HGS type lignins. 

Consequently, three types of OH groups were found (HOH, GOH and SOH). 

The amount of syringyl units is low by its nature in softwood lignins. Therefore, the 

obtained number of syringyl units for SKL (1.81 mmol/g) is due to the condensed 

phenolic units. This obtained value is slightly higher than the previously reported values 

for different softwood kraft lignin samples [42].
 

Guaicyl phenolic groups are the most abundant phenolic groups in softwood lignin. The 

value for SKL (2.08 mmol/g) is consistent with the values published for softwood kraft 

lignins [42]. The values obtained for OSL and SSL are in line with the results published 

earlier for similar lignin samples [43,44]. The results of the H phenolic groups are in 

consonance with those found in the literature [40,44]. The lower amount of these H 

phenolic groups obtained for SSL when compared to the other wheat straw lignin (OSL) 

could be due to the alkaline process used in the first one [45].  

The carboxylic acid content was higher for SSL sample (0.88 mmol/g). This value was 

almost two-fold higher than the values obtained in the other two lignin samples (0.48 
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and 0.40 mmol/g for OSL and SKL, respectively). Additionally, in the 
31

P NMR 

spectrum of the OSL appears a narrow band which is only present in this sample. This 

band corresponds to the shift of phosphorylated alcohol groups in ethanol (146.3 ppm) 

[42], and it is due to the residual reagent used in the organosolv pulping process. 

Although this lignin sample was dried at 60 ºC in the vacuum oven for 48 hours, the 

ethanol was no removed. This may be because strong physical interactions have been 

formed as has also been observed earlier in ethanol-based lignin fractionation [42,46]. 

Table 3 goes here 

Fig. 2 goes here 

3.2. Hydrogel synthesis 

Lignin hydrogels were produced using three different lignin samples (OSL, SSL and 

SKL) and PMVE/MA using a thermal treatment (80ºC) to induce the crosslinking. For 

comparison, non-crosslinked hydrogels were produced in similar manner without the 

thermal treatment. Both specimens were placed into deionized water, and the non-

crosslinked hydrogels disintegrated, while the cured samples became swollen. This is an 

evidence that the crosslinked was only formed using the thermal treatment (80ºC). 

Some examples of lignin-based hydrogels can be found in the literature [6,11,13]. 

However, one of the novel aspects of the present work is the simplicity of the synthetic 

procedure. The synthetic step only requires to use a thermal procedure in solid state 

without using any type of organic solvents or potentially toxic reagents (such as 

initiators). Additionally, the crosslinking reaction is an esterification reaction and the 

main sub-product of this reactions is water. Accordingly, the obtained hydrogels can be 

considered a “green” material as they are prepared using a renewable biopolymer and its 
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synthetic procedure can be considered environmental friendly. Finally, due to its 

simplicity the synthetic step can be consider scalable for industrial production of the 

lignin-based hydrogels. 

3.3. FTIR analysis 

In order to establish the chemical nature of crosslinking, the hydrogel samples were 

subjected to FTIR analysis. The obtained spectra were compared with the spectra of the 

pure polymers and non-crosslinked hydrogels (Fig. 3). 

The peak assignment is summarised in Table 4 [31,47,48]. The spectra of PMVE/MA 

presented a characteristic band at 1704 cm
-1

, that can be assigned to the acid carbonyl 

groups. Additionally, the shoulder at 1777 cm
-1

 indicated the presence of maleic 

anhydride groups in the PMVE/MA. On the other hand, the spectra of the hydrogels 

treated at 80ºC showed two different carbonyl peaks. The first at ca. 1708 cm
-1

 was 

assigned to the acid carbonyl groups. The second carbonyl peak at ca.1773 cm
-1 

can be 

attributed to the formation of anhydride groups between adjacent acid groups in the 

PMVE/MA or between acid groups from the lignin and the PMVE/MA acid groups 

(Fig. 3). A shift on the C=O peak from 1708 to 1735 cm
-1

 in the FTIR spectra of the 

crosslinked hydrogels indicates the esterification reaction had occurred [47-49]. 

However, when the crosslinking degree is very low it is hard to view this absorption 

band of ester carbonyl. These IR measurement results are consistent with that reported 

by Zhang et al [47]. To further understand the crosslinking process, Fig. 4 shows the 

chemical structures and proposed chemical reactions that take place during this process.  

Additionally, the spectra of the crosslinked hydrogels showed an increase in the 

intensity of the bands located at ca. 1185 and 1071 cm
-1

 when compared to the non-

crosslinked hydrogels (Fig. S1, supporting information). These two bands were 
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attributed to C-O-C group, which is also presented in the PMVE/MA polymer. This 

greater intensity of these bands in the crosslinked hydrogels may be due to the 

formation of anhydride groups, as mentioned above, but also the formation of ester 

bonds between OH groups of lignins and carboxyl group of PMVE/MA. 

Fig. 3 goes here 

Table 4 goes here 

Fig. 4 goes here 

3.4. Swelling studies 

For swelling studies, the crosslinked hydrogels were placed in deionized water for 24 h, 

and their water uptake capacity was measured at different time intervals. The percentage 

swelling ratio was plotted against time (Fig. 5). OSL-NH4OH hydrogels could not be 

studied since they disintegrated in water solution during the swelling test. These results 

suggested that the crosslinking degree of these materials was too low to produce a stable 

hydrogel. 

Lignin type and the solvent used to prepare the hydrogels influenced the swelling 

kinetics of the resulting hydrogels. Lower swelling capacity was observed for the 

hydrogels prepared using sodium hydroxide as the solvent (13.1, 30.2 and 131.3 g of 

water per 1 g of initial sample, for SSL, SKL and OSL, respectively) when compared to 

the hydrogels obtained using ammonium hydroxide as base (54 g/g, 123.3 g/g for SSL 

and SKL, respectively). Thus, it seems clear that the hydrogel samples made with 

ammonium hydroxide can absorb a higher amount of water compared with the 

hydrogels prepared using sodium hydroxide. It is well known that the degree of 
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swelling decrease at the expense of increasing the crosslink density [50] which was also 

observed in the present study. 

The chemical structure of the lignin molecules also affected the swelling capacities. The 

lower water intake was observed in the hydrogels prepared using SSL followed by SKL 

and OSL. These differences could be explained by the different amount of aliphatic OH 

groups presented for the three studied lignins (Table 3). The thermal induced 

crosslinking between PMVE/MA acid groups and the hydroxyl groups of lignin samples 

is expected to occur via esterification reaction as explained above. Hydroxyl groups 

coming from lignin could be aliphatic OH or phenolic OH, however, according to the 

31
P NMR results (Table 3) and the values obtained in the swelling experiments (Fig. 5), 

aliphatic OH groups seem to have a stronger influence on this crosslinking mechanism. 

These results indicate that a greater proportion of the lignin aliphatic OH may be 

increasing the degree of crosslinking and, thus, there is less free volume to 

accommodate water. 

The swelling study revealed that these lignin hydrogels were able to absorb a larger 

amount of water (ranged from 13.1 to 131.3 g of water per 1 g of initial sample) 

compared to other hydrogels found in the literature made also from PMVE/MA and 

Polyethylene glycol (PEG) (22.50 g/g) [17]. Synthetic hydrogel composed of poly 

(ethylene glycol) (PEG)/poly (N-isopropylacrylamide-co-acrylamido-2-methylpropyl 

sulphonic acid) presented a water intake values around 60 g/g. Moreover, the same 

hydrogel was able to absorb about 200 g/g when placed within an electric field [51]. 

Additionally, the great swelling capacities of these lignin-based hydrogels make them 

appealing materials for biological applications, such as wound dressing. The higher 

water content would allow vapour and oxygen transmission to the wounds [52]. Also, in 

the treatment of emergency burns hydrogels could be very effective due to their cooling 
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and hydrating effect [53]. Indeed, there are already some materials for this type of 

application, such as Burnshield hydrogel burn dressing, Burnshield (Pty) Ltd [54]. 

Fig. 5 goes here 

3.5. Mechanical properties  

The rheological properties of the hydrogels were measured to establish the elastic 

properties of these materials, such as gel strength. Dynamical mechanical analysis of the 

swollen lignin hydrogels was performed by changing the oscillatory stress from 0.01 to 

1000 Pa at a constant frequency (1Hz). The analysis provided information about the 

storage modulus (G’), the loss modulus (G”) and the phase angle (Table 5).  

The phase angle shows the rheological behaviour of the analysed material, a phase angle 

of 0º indicates a perfectly elastic material. On the other hand, a phase angle of 90º 

means a perfectly viscous material. Furthermore, a larger value of G’ when compared to 

G” indicates that the analysed material has pronounced elastic properties [55].
 

Both parameters, G’ and G”, varied according to the lignin type and the solvent used to 

perform the hydrogels. Storage modulus (G’) was higher for the samples prepared using 

NaOH solutions when compared to the samples prepared using NH4OH solutions. 

Additionally, wheat straw soda lignin (SSL) showed improved mechanical properties. 

The results showed a clear tendency indicating that hydrogels able to absorb a higher 

amount of water showed lower storage modulus. As previously described, the degree of 

swelling is inversely related to the crosslink density [50]. Therefore, this fact illustrates 

the contribution of the chemical crosslinking to the viscoelastic properties.  
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For all the samples it was found that the storage modulus was higher than the loss 

modulus (G’/G” > 1), exhibiting the formation of an elastic network. These results are 

also supported by the obtained values for the phase angle (lower than 45º).  

Table 5 goes here 

3.6. Characterization of synthesized hydrogels by SEM  

SEM characterizations of freeze-dried lignin-based hydrogels are shown in Fig. 6. It can 

be observed that all the samples showed a highly porous structure including different 

pore size distributions. Both large and small pores are appreciable in all the materials, 

indicating an inhomogeneous structure. It seems that the samples SSL-NaOH, SSL-

NH4OH and SKL-NaOH showed a more homogeneous pore size distribution. 

Furthermore, these three hydrogels presented higher storage modulus values when 

compared to the other two samples.  These results can be correlated with the swelling 

capacity as SSL-NaOH, SSL-NH4OH and SKL-NaOH hydrogels showed the lowest 

swelling capacities. In contrast, OSL-NaOH and SKL-NH4OH showed a more irregular 

structure consistent with a higher water uptake. As before, these SEM micrographs are 

in agreement with the results described previously.  

Fig. 6 goes here 

3.7. MB adsorption  

Lignin-based hydrogels presented high negative charge due to the numerous carboxylic 

acid groups present in the samples, as was illustrated by the FTIR spectra. In order to 

take advantage of this property the absorption of a cationic dye was evaluated. 

Methylene blue (MB) was selected as a cationic model molecule as it is the most 

commonly used substance for dying cotton, wood and silk. This compound has been 
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proven to be very harmful for human and animals [56,57] causing severe and permanent 

eye injury. MB is also associated with adverse health effects if inhaled or swallowed, 

such as breath shortness, nausea, vomiting or even mental confusion. Then, this 

compound is a good model as it should be removed from the effluents [56,57].
 

Fig. 7(a) showed the MB absorption of the lignin-based hydrogels. It is noticeable that 

the hydrogels showed high affinity for MB as some of them (SSL-NH4OH and SKL-

NH4OH hydrogel samples) were able to absorb >800 mg per g of dry hydrogel. The 

hydrogels that present higher MB absorption were the ones that were prepared using an 

aqueous ammonium hydroxide solution rather than an aqueous sodium hydroxide 

solution. Interestingly OSL-NaOH hydrogels presented the highest maximum water 

adsorption (Fig. 4) but not the highest MB uptake. Consequently, the main factor that 

could have an influence on the MB adsorption is the alkali type used to prepare the 

hydrogels, although the nature of the lignin also showed a minimal influence on the MB 

adsorption.  

These adsorption values of MB (ranged from 460 to 840 mg/g dry sample) of these 

lignin hydrogels are similar or even much higher to those obtained with different 

commercial activated carbons (CACs) or coals found in the literature such as, CAC 

(Merck) (980.3 mg/g); AC produced from New Zealand coal (588.43 mg/g); bituminous 

coal (323.68 mg/g); or charcoal (62.7 mg/g) [57]. However, the use of the AC is 

restricted due to its relatively high cost [57].  

During the recent years the potential of bio-renewable polymers to be included in 

hydrogels for MB removal from waste waters has been evaluated in several works. 

[27,58-60]. When the MB uptake studies were done in similar conditions to the 

PMVE/MA-lignin hydrogels the absorption capacities were similar (800-1000 mg/g) 
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[58,59]. Additionally, PMVE/MA-lignin hydrogels presented higher MB uptake than 

the hydrogels described by Luo et al. (15 mg/g) [60] and Cheng et al. (95.6 – 148.8 

mg/g) [27]. Moreover, one the main advantage of the present system over the materials 

described in the literature is that the synthesis of the lignin-hydrogel does not require 

the use of any toxic solvents/reagents and it is simple and can be easily scalable. The 

majority of the hydrogels described in the literature require the use of complex synthetic 

procedures and some of them use highly toxic reagents such as acrylamides [58-60]. 

Therefore, the synthesised hydrogels could be an interesting alternative from the 

removal of cationic dyes from waste water as these materials showed a high efficiency 

and required little processing.  

After evaluating the MB uptake capacity of the hydrogels, the next step was to study 

MB retention. It is important to show that the MB was strongly bound to the hydrogel 

backbone of these materials. Firstly, the swollen hydrogels loaded with MB were placed 

directly into deionized water. However, no release of MB could be observed within 24 

hours (or whichever time you followed this). Therefore, the hydrogels loaded with MB 

were freeze-dried and placed into deionized water and the release of MB was followed 

as function of time.  

Fig. 7(b) shows the MB release curves from the different hydrogels. All lignin 

hydrogels showed a strong MB retention capacity as after several days less than 0.5% of 

the initial loading was released. Additionally, it can be observed SSL hydrogels showed 

stronger MB retention as the release was significantly smaller. This may be due to the 

higher carboxyl group content in the SSL sample yielding to hydrogels with higher 

concentration of negatively charged groups when compared to the other two lignin-

based hydrogels [61,62]. These carboxylic acid groups present a larger electronegativiy 
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(pKa = 4-5), compared to phenolic OH groups (pKa = 10), and the aliphatic OH groups 

(pKa = 16-18).  

The obtained percentage of MB released from the hydrogels ranged from 0.06 to 0.35 

%. These results were lower than those obtained with other synthetic hydrogels 

described in the literature (ranged from 0.44 to 35.22 %) [51]. These results could be 

explained by the entrapment of the MB molecules within the network structure of the 

hydrogels and by the strong binding interactions between the MB molecules due to the 

negative charge of the hydrogels. 

Fig. 7 goes here 

 

 

4. Conclusions 

Renewable and biocompatible hydrogels for removing cationic dyes from waste water 

were successfully synthesised and characterised by crosslinking different technical 

lignins with PMVE/MA via ester linkages. The hydrogels were obtained using a green 

process as no organic solvents or potentially toxic reagents were used and the main 

reaction by product was water.  Hydrogel characterization indicated that the base 

(NaOH or NH4OH) and lignin structure in the production of these materials were two 

key aspects for the material properties. Lignin hydrogels synthesized using ammonium 

hydroxide as solvent were able to absorb a larger amount of water and MB when 

compared to the other hydrogels. In addition, the hydrogels made with SSL showed 

stronger MB retention. This lignin sample also improved the mechanical properties.  
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The water absorption capacity was very high when compared to hydrogels presented in 

literature, and therefore suggest that these products could be applied as super-absorbents 

material. The MB adsorption results obtained for the lignin hydrogels were comparable 

to the ones obtained for activated charcoals. The amount of MB released was less than 

1% for all the hydrogels. Minor differences were observed between the different lignin-

based hydrogels. Thus, these novel and environmental friendly hydrogels may lead to 

some potential promising application removing harmful substance in effluents.  

According to all the measured parameters, it can be concluded that the SSL-NH4OH 

hydrogel are the best hydrogels for MB removal. As they presented good mechanical 

properties and MB uptake. Furthermore, this specimen presented the higher strength of 

MB retention.  
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Table 1. Chemical composition of the lignin samples. 

Sample 
Klason lignin 

Acid soluble 

lignin 
Carbohydrates Ash 

(% of o.d.) 

OSL 91.4 2.4 1.2 0.7 

SSL 64.9 3.9 2.8 29.3 

SKL 96.0 2.9 1.3 2.2 
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Table 2. Number average (Mn) and weight average (Mw) molecular weights and 

polydispersity (PD) of the lignin samples. 

Samples Mn (g/mol) Mw (g/mol) PD
 

OSL 1490 2520 1.7 

SSL 1970 4170 2.1 

SKL 2270 5360 2.4 
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Table 3. Number of aliphatic and phenolic hydroxyl groups and carboxylic acids in 

selected samples. Cond. PhOH = free phenols in condensed guaiacyl units; G-PhOH = 

free phenols in guaiacylic structures; p-PhOH = free phenols in para-hydroxyphenyl 

structures and COOH = carboxylic acids. 

Samples 

Aliphatic 

OH 

(mmol/g) 

Total  

PhOH 

(mmol/g) 

Cond. 

PhOH 

(mmol/g) 

G-PhOH 

(mmol/g) 

p-PhOH 

(mmol/g) 

COOH 

(mmol/g) 

OSL 1.32 2.97 1.42 1.06 0.49 0.48 

SSL 2.33 1.27 0.47 0.54 0.25 0.88 

SKL 1.82 4.14 1.81 2.08 0.24 0.40 
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Table 4. FTIR band assignments of selected bands from PMVE/MA, lignin and 

crosslinked hydrogels. 

Wavenumber 

(cm
-1

) 
Origin Assignment 

1773 Hydrogels COOR in anhydrides 

1704 PMVE/MA C=O stretch in carboxylic acid 

1777 PMVE/MA COOR in anhydrides 

1596 Lignin samples Aromatic 

1510 Lignin samples Aromatic 
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Table 5. Viscoelastic parameters of the lignin-based hydrogels. 

Samples 
Storage modulus 

G’ (Pa) 

Loss modulus 

G’’ (Pa) 

Phase angle 

(º) 

Max. oscillation stress   

(Pa) 

SSL-NaOH 9334.4 (± 294.6) 953.1 (± 105.5) 5.8 (± 0.6) 15.7 (± 0.0) - 24.9 (± 0.0)  

SKL-NaOH 2169.1 (± 114.6) 338.7 (± 42.3) 8.9 (± 1.2) 6.0 (± 0.0) - 9.5 (± 0.0)   

OSL-NaOH 1023.7 (± 45.1) 191.1 (± 32.2) 10.9 (± 1.7) 2.3 (± 0.0) - 3.6 (± 0.0)  

SSL-NH4OH 2880.2 (± 106.1) 620.5 (± 33.7) 12.2 (± 0.9) 2.4 (± 0.0) - 3.8 (± 0.0)  

SKL-NH4OH 387.7 (± 23.6) 166.5 (± 16.7) 23.3 (± 2.4) 2.1 (± 0.0) - 3.3 (± 0.0)  
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Figure captions 

Fig. 1. Molar mass distribution of isolated lignin samples. 

Fig. 2. 
31

P NMR spectra of isolated lignin samples. 

Fig. 3. FTIR-ATR spectra of non-crosslinked (NC), crosslinked hydrogels (oven) using 

NH4OH and NaOH, and the reference materials used and PMVE/MA and lignin 

samples. Hydrogels made from OSL (A), SSL (B) and SKL (C). 

Fig. 4. Chemical structures and proposed chemical reactions taking place during the 

crosslinking process. 

Fig. 5. Swelling kinetics for the studied lignin-based hydrogels in deionized water. 

Fig. 6. SEM micrographs lignin-based hydrogels prepared from aqueous sodium 

hydroxide (0.5M) blend of 20% w/w PMVE/MA containing (A) 10% of SSL, (B) 10% 

of SKL and (C) 10% of OSL. The other micrographs correspond to lignin-based 

hydrogels prepared from aqueous ammonium hydroxide (1M) blend of 20% w/w 

PMVE/MA containing (D) 10% of SSL and (E and E’) 10% of SKL. 

Fig. 7. Absorption (a) and Release (b) of MB from lignin-based hydrogels. 
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Fig. 1 

 

 

  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

International Journal of Biological Macromolecules. Domínguez-Robles et al., 2018. 

Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Graphical abstract 
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Highlights  

 Technical lignins from three different processes were used to produce the 

hydrogels.  

 Hydrogels were synthetized by crosslinking lignin with PMVE/MA. 

 Lignins and hydrogels were deeply characterised.  

 Structural features of lignin samples affected the performance of hydrogels. 

 Lignin based hydrogels were used to successfully remove an organic dye. 
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