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Abstract 

Lignin, one of the most abundant natural polymer after cellulose has attracted great attention in 

academia as well as in industry for miscellaneous applications. Lignin also exhibits very high 

potential as a renewable sustainable resource for galaxy of high value biochemicals. Due to 

typical structure of lignin, it can be converted into different type of useful products. From 

lignocellulose biorefinery prospective point of view, it can be regarded as an economic bio 

product and can also be used as filler in several polymers to form blend or composites. Recently 

lignin based hydrogels have shown excellent performance for removal of various pollutants from 
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water. The adsorption properties of lignin based hydrogels can further be improved by using the 

combination of nanomaterials and lignin that results in promising hydrogel nanocomposites. In 

nature, most abundant structures are formed by the combination of lignin, cellulose and 

hemicelluloses. So, in this article, we have attempted to comprehensively review the research 

work carried out in the direction of usage of lignin based hydrogel for removal of toxic pollutants 

including metal ions and dyes.  
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1. Introduction 

Hydrogels belongs to a category of soft matter comprising of polymeric cross-linked three-

dimensional structure [1,2]. The characteristics of hydrogels such as flexibility, elasticity and 

permeability are attributed to their high water absorption ability [3]. They shows both half liquid-

like and half solid-like properties [4,5]. Three-dimensional structure of hydrogel is generally 

organized by (a) chemical cross linking and (b) physical cross linking [6,7]. Coordination bonds, 

electrostatic interaction, hydrogen bonding and hydrophobic interaction are responsible for the 

formation of physically cross-linked hydrogels. The aqueous solution of amphiphilic organic 

molecules [8] or inorganic nanoparticles [9] can produce hydrogel through supramolecular 

chemistry. Physically cross-linked hydrogels have sol–gel phase transition [10] on exposure to 

external stimuli [11,12]. On the other hand, change in external conditions such as pH [13], 

electric field [14], temperature [15,16] and ionic strength [5] leads to the volume phase 
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transitions [17] in chemically cross linked hydrogels. These hydrogels exhibits permanent three 

dimensional networks. Because of these features, hydrogels have potential use in various 

applications such as superabsorbent, bio actuators, microfluidic devices, packaging materials 

catalyst supports and biomedical materials [18–26]. Super absorbent characteristics of hydrogels 

are attributed to their ability to absorb huge quantity of water, about 10-20 times as compared to 

their original molecular weight, after absorbing water hydrogel achieves a swollen sate [27,28]. 

On the other hand, Xerogels (an important class of gels) may be defined as hydrogels without 

water, dried hydrogels, water is removed from hydrogels network. While, aerogels exhibits the 

removal of water molecules from hydrogels network with no deformation of structure [29]. The 

diffusion process of hydrogel depends on their structure and the thermodynamic behavior of 

components used in the formation of hydrogel network [7]. The swelling capability of a hydrogel 

is linked to the porosity of network and porosity generally depends on (a) crosslinking density 

and (b) attraction between hydrogel and aqueous solution. The porosity of structure also permits 

the adsorption of pollutants from wastewater or water [30,31]. Water exists in different forms in 

the network of hydrogel. The presence of water in hydrogel can be divided into four types [32] 

as: (a) free water present in outer part that can be removed easily or easily extractable bulk water 

of hydrogel structure, (b) physically entrapped water, exist in interstices of network named 

interstitial water, (c) chemically attached bound water through functional groups and linked 

directly to network, it cannot be removed under normal conditions from hydrogel network, (d) 

semi bound water, neither free nor bound water, but exist in between these two type of water. 

DSC thermogram can be used to identify and characterize the water present in hydrogel [33]. 

The development of network of hydrogel depends on the kind and quantity of cross linker used 

in the formation of hydrogel. Different types of cross linkers are required for different 



applications [32]. Cross-linkers can be classified as (a) physical and (b) chemical cross-linkers. 

Physical cross linking includes hydrogen bonding, freeze thawing, thermo gelation and charge 

interactions [34–39]. Chemical cross linking in hydrogels may be due to the radical 

polymerization, high energy irradiation, enzymes and reaction of functional groups [40–44]. 

Insolubility of hydrogels is because of the presence of chemical and physical cross links. At 

equilibrium swelling state, dispersion and cohesive forces of hydrogel becomes equal [32,45]. 

Dipole–dipole, electrostatic and hydrophobic forces can contribute to cohesive forces, covalent 

bond is usually responsible for cohesive forces. Biopolymers based materials such as hydrogels 

and fibres are lighted topic and represent the most promising biorenewable materials for various 

applications [46–49]. Tunable and degradation characteristics are advantages of biopolymer 

based hydrogels. The use of lignin for different  applications has been reported earlier and well-

reviewed due to the inherent advantages of lignin [48] [50] [51–56]. So, in this article, we will 

primarily focus on the recent progress carried out in lignin based hydrogel material for water 

treatment. 

 

2. Lignin Structure 

In 1838, the structure of wood was first elucidated by Anselme Payen, French scientist [57]. He 

obtained a material by reacting wood with nitric acid which looks like thread called cellulose. 

There was substance enriched of carbon even after the extraction of cellulose. Anselme Payen 

used the better extraction process and successfully obtained a new encrusting substance named 

lignin [56]. It was found in 1890 that lignin did not belong to polysaccharides and cellulose and 

lignin were differing by methoxy groups [56]. Lignocellulosic biomass has attracted great 

attention because of its accessibility and lack of contest with supply of feed[58] [59] [60] [61] 



[62,63]. Lignocellulosic biomass made up of three components [64]: (a) cellulose, (b) 

hemicellulose and (c) lignin (Figure 1) [65] [66] [67] [68]. Study regarding lignin is still going 

on because of its specific characteristics. 

Lignin is found in plant and most of the plant biomass can consist of 30% of lignin [69]. In earth, 

after cellulose, lignin is most abundant aromatic natural complex polymer [52] [70] [71]. 

Strength, integrity and inflexibility [72] of plant cell are provided by binding of lignin with 

cellulose and hemicelluloses[73] [74] [75] as shown in Figure 2 (a). Several pre-treatment 

processes are used for the extraction of lignin from different lignocellulosic resources. Most of 

the currently used pre-treatment processes have been found to generate toxic compounds and 

inhibitors during the lignin processing (Figure 2b) 

Amorphous lignin polymer has significant use in fluid flow, pathogen resistance and response to 

stress [76]. Such lignin-polysaccharides network helps in bio refining by cell walls. 

Monolignols˗p-coumaryl, sinapyl and coniferyl alcohols  [77,78] are the three phenylpropanoid 

from which lignin is derived giving p˗hydroxyphenyl (H), syringyl (S) and guaicyl (G) units 

respectively. Generally, the linkages β˗O˗4', β˗5', α˗O˗4', 4˗O˗5', β˗β' exist in between the 

subunits, β˗1' and 5˗5' linkages also exist but in small amount. 0–5/95–100/0, 0–8/25–50/46–75 

and 5–33/33–80/20–54 are the H/G/S ratio in softwood, hardwood and grasses respectively [79]. 

The structure of lignin can be best depicted by common empirical chemical formula. The 

common empirical chemical formula is based on C9 formula which represent the nine carbon 

atom molar ratio with respect to other elements, formula shows common repeating unit which 

are formed by monolignols. C9H7.92O2.40(OCH3)0.92 and C9H7.49O2.53(OCH3)1.39 [80] are the C9 

formula of softwood and hardwood lignin respectively. The difference between softwood and 

hardwood is due to their different monolignols ratio. 



Freudenberg [81] (1965), Adler [82] (1977), Brunow et al. [83] (1998) and Gellerstedt [84] 

(2007) respectively developed structure for spruce (softwood) lignin and beech (hardwood) 

lignin structure was produced by Nimz [85] (1974). According to Adler [82] and Gellerstedt 

[84], models for structure of lignin can be represented in different ways. The structure of type 1 

and type 2 lignin existing in plant was given by Gellerstedt el al. [84,86]. The weight/weight 

percentage (w/w %) of spruce lignin is 48 in type 1 whereas it is 40 in type 2 [84,86]. 

Glucomannan-lignin-xylan (w/w = 9:9:1) and xylan-lignin-glucomannan (w/w = 2:3:1) are the 

complexes contained type 1 lignin and type 2 lignin respectively. Type 1 lignin is attached 

directly to cellulose strands via hydrogen bridges. The repeating units of type 1 lignin are 

connected by the distinct linkages. Type 2 lignin is situated across the cellulose fibrils enclosed 

in type 1 lignin. Generally, ether bond linkage i.e. β-O-4′ exist in between the repeating units for 

both softwood and hardwood lignin. About 50% and 60% [53,87] of β-O-4′ ether bonds can be 

found in softwood and hardwood lignin respectively. 

 

3. Lignin Hydrogels for Water Purification 

Lignin based hydrogels have been reported to be used in water treatment for removing different 

pollutant [88–102] from water or wastewater (Table 1). Recently, Li et al. synthesized highly 

porous lignosulfonate based graphene hydrogel through hydrothermal method for lead ion (Pb2+) 

[88] adsorption from water. A very high adsorption capacity i.e. 1210 mg g-1 was reported for 

removal of Pb2+. The dispersion of lignosulfonate/graphene oxide aqueous solution comprising 1 

mg mL-1 graphene oxide and 0.050 mg mL-1 lignosulfonate before and after the treatment by 

hydrothermal is demonstrated in Figure 3a.  



The developed lignosulfonate based graphene hydrogel having mass 5.4 ± 0.2 mg with 98.6% 

water was thin and intense sufficient to tolerate about 100 g weight by three hydrogels. (Figure 

3b and c). On application of tension, some deformations were detected which were disappeared 

shortly. Highly porous three dimensional structure of lignosulfonate based graphene hydrogel 

was confirmed by SEM images as represented in Figure 3d-f. The variable pore sizes 

(nanometers to micrometers) of this hydrogel were observed. High specific surface area of 459.3 

m2 g-1 was provided by the micro and mesoporosity while macroporosity insured approachability 

to such surface. Three dimensional porous structures were developed by hydrophilic aerated 

groups and pi-pi interaction between the sheets of grapheme (Figure 3). 

Dual role i.e. dispersant and functional agents were played by the lignosulfonate in the formation 

of hydrogel. Hydrothermal process for the synthesis of this hydrogel occurred through the 

aggregation of graphene oxide sheets due to pi-pi interactions whereas lignosulfonate did not 

undergo any change in its structure on hydrothermal treatment. The homogeneous dispersion was 

given by negatively charged lignosulfonate to graphene oxide sheets via electrostatic repulsion. 

The interaction between lignosulfonate and reduced graphene oxide sheets was explained by 

noncovalent interactions such as pi-pi conjugation and hydrogen bonding as shown in Figure 4.  

Importantly, lignosulfonate based graphene hydrogel was fabricated in a column-packed device 

(Figure 5a) for the fast Pb2+ removal from aqueous solution with excellent adsorption capacity 

i.e. 308 mg g-1 in 40 min, which was 1210 mg g-1 in 240 min for conventional shaking adsorption 

method. The column-packed adsorption gave effective way to use the interior pores of 

lignosulfonate based graphene hydrogel for the adsorption of Pb2+ ions. Adsorption experiments 

were performed for Pb2+ ions by using batch method with 40 ml Pb2+ aqueous solution, 400 mg 

mL-1 of Pb2+ initial concentration. The graph between adsorption capacities and contact times are 



given in Figure 5b. Moreover, this hydrogel showed excellent reusable and regeneration study 

after many adsorption–desorption (Figure 5c). The 90% and 82% adsorption capacities were 

preserved after five and ten cycles respectively. 

 In another work, adsorption capacity of 235 mg g-1 was reported for adsorption of Pb2+ by using 

lignin grafted polyacrylic hydrogel [89]. Closed honeycomb cell morphology was obtained for 

polyacrylic, while porous and rough surface with enhanced surface was observed by grafting of 

polyacrylic acid onto lignin. The mechanisn of Pb2+ adsorption was explained on the basis of ion 

exchange or electrostatic attraction [89]. 

Yin et al. synthesized cellulose-lignin composite hydrogel using ultrasonic irradiation for the 

removal of Pb2+ from water [90]. The optimum adsorption capacity of 786.16 mg g-1 was 

reported in this hydrogel for Pb2+ adsorption. Kwak et al used silk sericin and lignin blend as 

adsorbent from agricultural by-products for the effective removal of hexavalent chromium (Cr6+) 

with adsorption capacity 139.86 mg g-1 [91]. Dax et al. developed hemicelluloses based 

hydrogels for the application of removal of pollutants such as arsenic and chromium ions from 

aqueous solution [92]. Two molar mass molar of 7.1 and 28 kDa of O-acetyl 

galactoglucomannan macromonomers (GGM) with methacrylate groups (MA) were applied as 

crosslinker in the formation of hydrogels utilizing monomer of [2-

(methacryloyloxy)ethyl]trimethylammonium chloride. The reaction occurred between O-acetyl 

galactoglucomannan and glycidyl methacrylate to form O-acetyl galactoglucomannan 

macromonomers through transesterification.  Hydrogels with different GGM were represented as 

GGM5-MA (Mn = 4.7 kDa) and GGM22-MA (Mn = 21.5 kDa). It was found that swelling 

capacity for GGM5-MA was 3.7 times higher as comparison to GGM22-MA. The swelling 

capacity was visualized in simple way by showing one radical and one polymer chain arising in 



the reaction system (Figure 6). Polymer chain was attached to one GGM-MA (Figure 6, (1)), 

growth began and attached to second GGM-MA. Then, third GGM-MA chain came in contact 

with active polymer chain (Figure 6, (2)). The flexibility of three chains was still maintained for 

both hydrogels (GGM5-MA and GGM22-MA). The difference in swelling potential was 

observed when three GGM-MA chains were merged (Figure 6, (3)). The swelling capacity of 

hydrogel was decreased at this stage and it was difficult for chains to depart. The swelling ability 

was reduced due to the formation of strong crosslinked network in hydrogel utilizing GGM22-

MA as crosslinker as highlighted in red (Figure 6(4)). Initially at time 0, brownish color was 

shown by dried synthetic polymer, which was changed to transparent after swelling in 22 h. 

Figure 7 shows the SEM images of freeze dried GGM based hydrogel at three magnifications. 

The unevenly distributed particles having smooth surface was seen at low magnification (Figure 

7a). The porous surface was observed after drying process (Figure 7b). At high magnification, 

extended surface of this hydrogel was found (Figure 7c). The potential of the newly synthesized 

hydrogels was investigated for wastewater treatment by carrying out different sorption 

experiments at pH 9. Figure 8 demonstrates the sorption (S) of the developed hydrogels as a 

function of the swelling rate (Q). It was concluded from this study that the hydrogels in general 

exhibited the good sorption capacities for both arsenates/ chromates as the capacities were found 

more at higher swelling rate. 

A lignin hydrogel based on bentonite/sodium lignosulfonate/acrylamide/maleic anhydride 

(BLPAMA) was prepared for the adsorption of lead ions (Pb2+) and exhibited high adsorption 

capacity of 322.70 mg g-1 [93]. In this work, the behavior of the synthesized hydrogels was 

studied as a function of different reaction parameters such as initial pH, contact time, adsorbent  

dosage, temperature, concentration of Pb2+, and additive electrolyte.  Figure 9 shows the 



mechanism for the synthesis of BLPAMA hydrogel. Different characterization techniques such 

as FTIR, TGA, XPS and SEM were used for detailed elucidation of the BLPAMA hydrogel 

adsorption mechanisms on a micro level. Figure 10 shows the comparative surface 

morphologies of both the BLPAMA and Pb2+ loaded hydrogel (BLPAMA) and significant 

changes were observed for both the hydrogels confirming the successful adsorption of metal 

ions.  These results were further supported by the XPS spectra and were also in agreement with 

the experimental results of the effect of initial pH/ the ionic strength (Figure 11).  The 

mechanism of adsorption of lead ions onto this hydrogel was explained primarily by ion 

exchange and chelation. In another study, the effect of lignin on the adsorption capacity of 

starch/acryl amide-based hydrogels for the adsorption of Cu2+ and Ni2+ was investigated [94]. In 

this work interpenetrating polymer network (IPN) were created for the adsorption of metal ions. 

Scanning electron microscopy (SEM) and infrared spectroscopy was employed to investigate the 

morphology and functional groups incorporated onto the surface. Fick’s law was further used to 

study the behavior of hydrogels in water. All the IPN based hydrogels were found to show 

Fickean water transport mechanism and were proposed to have a high potential to develop metal 

ion-collector membranes [94].   Grafting of acrylic acid monomer on lignosulfonate backbone 

was carried out using N,N′-methylene-bis-acrylamide and laccase/t-BHP(tert-butyl 

hydroperoxide) as cross linker and initiator respectively [95]. Figure 12 shows the proposed 

schematic for synthesis of LS-g-AA hydrogels.  The successful grafting of the monomer was 

confirmed using FTIR (Figure 13). 

Lignosulfonate-g-acrylic acid showed high methylene blue dye adsorption capacity of 2013 mg 

g-1. The effect of pH, time and methylene blue dye concentration on adsorption capacity was 

studied. Excellent reusability was shown by lignosulfonate grafted acrylic acid hydrogel with 



adsorption capacity 1757 and 1681 mg g-1 for 3 and 4 cycle respectively. The photograph of 

lignosulfonate grafted acrylic acid hydrogel is shown in Figure 14. Transparency of 

lignosulfonate grafted acrylic acid hydrogel was interrupted by the formation of bubbles, which 

were due to entraining air during stirring of reaction.  Tang et al. have reported their studies on 

the preparation of lignin sulfonate-based mesoporous materials (LSMMs) for adsorbing 

malachite green from aqueous solution [96]. Copolymer adsorbent was synthesized by grafting 

of acrylic acid and acrylamide onto backbone of lignin sulfonate for the application of malachite 

green dye removal from water [96].  Figure 15 shows the schematic of the structure unit of the 

LSMMs. Adsorption capacity, 150.376 mg g-1 was reported for adsorption of malachite green 

(MG) dye. This synthesized material was mesoporous confirmed by using N2 

adsorption/desorption. The mesoporous structure was affirmed from capillary action at around 

P/P0 = 0.45–1.0 and diameter of 3.8 nm. High BET surface area of 118 m2 g-1 for lignin 

sulfonate-g-poly (acrylic acid-r-acrylamide) was mentioned. The adsorption of the malachite 

green (MG) dye was confirmed through FTIR (Figure 16) and SEM. The structure of lignin 

sulfonate-g-poly (acrylic acid-r-acrylamide) (Figure 17b) was rough and porous in comparison 

to lignin sulfonate (Figure 17a). Hence adsorption efficiency was improved with the presence of 

pores in lignin sulfonate-g-poly (acrylic acid-r-acrylamide). The hydrogel of acylated 

hemicelluloses, acrylic acid and sodium lignosulfonate was prepared by using initiator 

ammonium persulfate and N,N,N',N'-tetramethylethane-1,2-diamine with high adsorption 

capacity of for 2691 mg g-1 methylene blue dye [97]. The effect of sodium lignosulfonate on the 

morphology of prepared hydrogel was studied in detail. The honeycomb-like morphology was 

observed for all samples. The pore size of hydrogel was not affected by the sodium 

lignosulfonate concentration. In this work, sodium lignosulfonate dosage was found to exhibit a 



strong influence on the swelling ratio as well as the adsorption capacity. The adsorption kinetics 

was fitted with pseudo-second-order kinetics and isotherm well fitted by Langmuir isotherm. 

Even after the further cycle, the hydrogel was found to exhibit an approximately 80% adsorption 

efficiency and was proposed to be a promising material for dye wastewater treatment [97]. Luo 

et al. have also developed hydrogel of kraft lignin-N-isopropyl acrylamide and applied for the 

removal of methylene blue dye from aqueous solution [98]. Gassara et al. have also reported 

their studies on the usage of manganese peroxidase, lignin peroxidase and laccase with 

polyacrylamide hydrogel and pectin for the degradation of bisphenol A [99]. Bisphenol A 

degradation was low by using free enzyme while it was high with encapsulated enzymes on 

hydrogel.  Figure 18 shows the possible pathways of degradation of bisphenol A.  The enzyme 

activity was found to be increased in the presence of pectin. 

 

4. Conclusion & Future Trends 

The number of published articles is increasing [53] continuously on synthesis and 

characterization of lignin based materials for different types of applications as indicated in 

Figure 19. The published articles are more on biopolymers such as starch and cellulose in 

comparison to lignin. This is due to the following reasons: (a) biopolymers such as cellulose and 

starch can be applied in diverse applications and (b) still there are several issues related to lignin 

valorization such as complexity, economical and technical aspects. Technologies for the 

production of lignin can be improved in order to increase the further interest in lignin based 

materials. 

Nanomaterials have been utilized for various applications [103–105]. The mechanical strength as 

well as adsorption efficiency of lignin hydrogels can be improved by incorporating 



nanomaterials into their matrix [25,30,31,106–110]. To the best of our knowledge, up to date 

there is only one article on lignin based hydrogel using graphene oxide [88] as already discussed 

in this review. Hence different nanomaterials such as silicate nanoparticles, metal oxide 

nanoparticles, nanocellulose, graphene, carbon nanotubes and graphene oxide can be used with 

lignin hydrogels to develop new materials for the removal of various pollutants from water or 

wastewater [110-115].  
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Figure 1. (a) Proposed lignin structure with several linkages; (b) three primary alcohol structures 

in lignin [55]. Reprinted with permission. [55] Copyright 2016 Elsevier. 

 

 

 

 

 

 

 



 

 

 

Figure 2. (a) Simplified diagram showing complex structures of plant cell walls [73]. Reprinted 

with permission. [73] Copyright 2013 Elsevier. 

 

 

 



Figure 2. (b) Schematic representation of pre-treatment and possible lignocellulose-derived 

inhibitors (or toxic compounds) generated from pre-treatment [73]. Reprinted with permission. 

[73] Copyright 2013 Elsevier. 

 

 

 

 

 

 

Figure 3. (a) Photographs of aqueous dispersion of lignosulfonate and graphene oxide before 

and after hydrothermal treatment, (b and c) photographs of strong and light lignosulfonate based 

graphene hydrogel, (d–f) SEM images for lignosulfonate based graphene hydrogel at various 

magnifications [88]. Reprinted with permission. [88] Copyright 2016 Royal Society of 

Chemistry. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Schematic presentation for the formation of lignosulfonate based graphene hydrogel, 

hydrogen bonding and pi-pi interactions between reduced graphene oxide and lignosulfonate 

[88]. Reprinted with permission. [88] Copyright 2016 Royal Society of Chemistry. 



 

 

 

 

 

 

 

 

 

 

 

 Figure 5. (a) Column-packed device schematic representation, (b) Adsorption capacities of 

lignosulfonate based graphene hydrogel with time for Pb2+ removal, (c) reusable and 

regeneration study of lignosulfonate based graphene hydrogel for Pb2+ removal [88]. Reprinted 

with permission. [88] Copyright 2016 Royal Society of Chemistry. 



 

 

 

 

 

Figure 6. Schematic representation of GGM-MA crosslinker with different molar mass. (1) and 

(2) reaction of three GGM22-MA chains with active polymer chain, (3) more probability of 

interlinking of GGM22-MA chains in comparison to GGM5-MA due to the large quantity of MA 

groups (highlighted in green), (4) formation of crosslinked network of GGM22-MA [92]. GGM: 

O-acetyl galactoglucomannan macromonomers, MA: methacrylate groups, GGM5-MA (Mn = 



4.7 kDa), GGM22-MA (Mn = 21.5 kDa) [92]. Reprinted with permission. [92] Copyright 2014 

Elsevier. 

 

 

 

 

 

 

 

 

Figure 7. SEM images swelled GGM-based hydrogel at different magnification [92]. Reprinted 

with permission. [92] Copyright 2014 Elsevier. 

 

 

 

 

 

 

 



 

 

 

Figure 8. Sorption of As (V) and Cr (VI) for different hydrogels and Amberlite IRA 400-Cl as a 

commercial product [92]. Reprinted with permission. [92] Copyright 2014 Elsevier. 

 

 

 

 

 



 

 

 

Figure 9. Proposed mechanism for the preparation of BLPAMA hydrogel [93]. Reprinted with 

permission. [93] Copyright 2014 Springer. 

 

 

 

 



 

 

 

 

 

 

Figure 10. SEM micrographs of BLPAMA before (a) and after (b) Pb2+ adsorption 

(magnification: ×200) [93]. Reprinted with permission. [93] Copyright 2014 Springer. 

 

 

 

 

 

 

 

 

 



 

 

 

 



 

Figure 11. The typical XPS wide scan spectra of BLPAMA before (a) and after (b) 

Pb2+ adsorption, N 1 s spectra of BLPAMA before (c) and after (d) Pb2+ adsorption, O1s 



spectra of BLPAMA before (e) and after (f) Pb2+ adsorption [93]. Reprinted with permission. 

[93] Copyright 2014 Springer. 

 

Figure 12. Proposed schematic for synthesis of LS-g-AA hydrogels. [95]. Reprinted with 

permission. [95] Copyright 2016 Elsevier. 

 



 

Figure 13. FT-IR spectra of LS (a), LS-g-AA (-COOH) hydrogels (b) and LS-g-AA (-COONa) 

hydrogels (c). [95]. Reprinted with permission. [95] Copyright 2016 Elsevier. 

 

 

 

 

 

 

 



 

 

Figure 14. Photograph of LS-g-AA hydrogels in the cylindrical mold [95]. Reprinted with 

permission. [95] Copyright 2016 Elsevier. 

 

 

 

 

 

 

 

 

 

 



 

Figure 15. Proposed schematic of the structure unit of the LSMMs. [96]. Reprinted with 

permission. [96] Copyright 2016 Elsevier. 

 

 

 

 

 

 

 

 

 

 



 

Figure 16. FT-IR spectra of the LSMMs before (black) and after (red) adsorbing MG (blue) 

[96]. Reprinted with permission. [96] Copyright 2016 Elsevier. 

 

 

 

 

 



 

 

Figure 17. SEM morphology of (a) lignin sulfonate and (b) lignin sulfonate-g-poly (acrylic 

acid-r-acrylamide) [96]. Reprinted with permission. [96] Copyright 2016 Elsevier. 

 

 

 



Figure 18. Possible pathways of degradation of bisphenol A. [99]. Reprinted with permission. 

[99] Copyright 2016 Elsevier. 

 

 

 

Figure 19. Progress in production of publications [53] on (□) PLA, (●) lignin, (△) starch, (∇) 

cellulose [53]. Reprinted with permission. [53] Copyright 2017 Elsevier. 

 

 

 

 

 

 

 

 



Table 1. Various lignin based materials utilized for water treatment. 

Lignin Based Material Pollutant Reference 

Lignosulfonate based graphene 

hydrogel 

Pb2+ [88] 

Lignin grafted polyacrylic 

hydrogel 

Pb2+ [89] 

cellulose-lignin composite 

hydrogel 

Pb2+ [90] 

Silk sericin and lignin blend 

adsorbent 

Cr6+ [91] 

Hemicelluloses based hydrogels As5+ and Cr6+ [92] 

Bentonite/sodium 

lignosulfonate/acrylamide/maleic 

anhydride hydrogel 

Pb2+ [93] 

Lignin/peat/starch/acryl amide-

based hydrogel 

Cu2+ and Ni2+ [94] 

Lignosulfonate-g-acrylic acid 

hydrogel 

Methylene blue [95] 

Lignin sulfonate-g-poly (acrylic 

acid-r-acrylamide) copolymer 

adsorbent 

Malachite green [96] 

Acylated hemicelluloses/acrylic 

acid/sodium lignosulfonate 

Methylene blue [97] 



hydrogel 

Kraft lignin-N-isopropyl 

acrylamide hydrogel 

Methylene blue [98] 

Manganese peroxidase/lignin 

peroxidase/laccase/polyacrylamide/ 

pectin hydrogel 

Bisphenol A [99] 

 

 

 

 

 

 

 

 

 

 

 

 


