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1. Introduction 

The amount of pollutants generated by industry has grown exponentially worldwide 

over the past years [1]. This problem is of major concern, especially when related to water 

contamination, since all forms of life depend on water resources [2]. Additionally, the textile 

industry is one of the industries with the highest water consumption: on average, 

approximately 125 L of wastewater is generated per textile processing unit [3–5]. 

Furthermore, natural and synthetic dyes are predominantly used by this industry and, 

therefore, are primarily responsible for the pollution of the water used in its finishing 

processes [6]. Annually, approximately 2 to 3% of these dyes enter the wastewater from this 

sector [7].  

Concern regarding the disposal of textile wastewater without previous treatment into 

aquatic environments was one of the main motivations of this study since such wastewater 

can quickly lead to the depletion of dissolved oxygen, thereby resulting in an oxygen 

imbalance in these ecosystems [8,9]. The presence of dyes in water bodies also prevents the 

penetration of sunlight, thereby altering the photosynthetic activity of the environment, which 

results in the deterioration of the water quality and, consequently, in adverse effects on the 

local fauna and flora [10,11]. 

In an attempt to minimize the impacts that result from the inappropriate disposal of 

these substances into the environment, in the last decades, the search for new forms of 

treatment has intensified considerably [1,10,12]. Currently available techniques for the 

treatment of textile wastewater must be improved, and it is highly necessary to develop and 

implement alternative methodologies that are efficient and economically viable [12].  

Numerous methods are available for treating wastewater that contains dyes. Despite 

the availability of many techniques for removing dye contaminants from wastewaters, such as 

coagulation, chemical oxidation, membrane separation processes, electrochemical techniques, 

and aerobic and anaerobic microbial degradation, each of these methods has inherent 

limitations [10,13]. The disadvantages of these methods include low removal efficiency, high 

production of sewage sludge, generation of toxic by-products, and the use of more potentially 

toxic chemicals. In this context, the adsorption technique has been found to be the most 

effective and economical process, especially when by-products of other productive processes 

are employed as adsorbents [2,14]. 

In recent years, significant attention has been focused on adsorbent materials derived 

from lignin. This biopolymer is one of the main by-products of the cellulose industry and the 

second most abundant substance in nature (its content in wood ranges from 20 to 30% on a 
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dry basis). Although the molecular structure of lignin is very complex, it is known to contain 

several oxygenated functional groups such as alcoholic and phenolic hydroxyl groups and 

methoxyl groups. These functional groups can bind metal ions, pharmaceuticals and dye 

molecules by physicochemical interactions, which include ion exchange and complexation 

[15–18]. Hence, this material (in its natural or modified form) has been frequently used for the 

remediation of wastewater that contains dyes [7]. 

The chemical structure of lignin has distinctive characteristics, which depend on the 

origin and growing conditions of the plant. The processes used to obtain the lignin also 

greatly influence its final structure and properties [19]. Since naturally occurring lignin cannot 

be isolated in its unaltered form, several methods have been used to separate it from the other 

lignocellulosic materials of wood via physical and/or chemical techniques. In these methods, 

lignin is usually recovered as an insoluble residue, a derivative or an extract/liquor. In the 

Klason method, for example, the lignin is released as an insoluble residue after hydrolysis and 

solubilization of the samples with 72% sulfuric acid. In the isolation of the lignin as a 

derivative, soluble products are released during treatment with chemicals, and these products 

are separated at the end of the reaction. As an extract/liquor, organic solvents such as dioxane 

and water or acetone and water are used to obtain lignin [20]. 

According to some studies, only 5% of the available lignin is utilized worldwide. 

Hence, significant opportunities remain for developing advanced engineering materials with 

this compound and for identifying possible applications in its natural form [7,21]. There are 

several published reports in the literature on the extraction and characterization of lignins 

from vegetable biomasses. Two examples are the studies of Watkins et al. [22] and Naron et 

al. [23]. However, the data available on lignins from Eucalyptus remain highly scarce, 

especially in relation to their application in adsorption processes that involve dyes.  

Even in this context, the influence of the experimental parameters, such as the 

adsorbent dosage, pH and stirring frequency, on the adsorption capacity of these materials is 

not discussed extensively in the literature. In most studies, modifications are made to the 

structure of the lignocellulosic materials using various methods with strong oxidizing agents 

and other chemicals for their subsequent application almost exclusively in the removal of 

metals from aqueous solutions, while dye adsorption is covered by few studies. 

Suteu et al. [24], for example, evaluated the removal of a reactive dye, namely, 

Brilliant Red HE-3B, using industrial lignin. These authors found that the monolayer sorption 

capacity of industrial lignin was 10.173 mg g
-1

 and that this material was promising as a 

sorbent for reducing the pollution of textile wastewater. Zhang et al. [25] used organosolv 
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lignin from rice straw to remove methylene blue (MB) dye from water. In this study, the 

authors found that the monolayer capacity of this material was 40 mg g
-1

. Moreover, they 

demonstrated that the MB removal performance depends strongly on the pH value. Li et al. 

[26] investigated lignin-based hydrogels for the removal of cationic dyes. These authors 

showed that this adsorbent for MB dye removal showed a fivefold increase in capacity, 

namely, to 495 mg g
-1

 at 30 °C, compared to raw lignin (kraft lignin). 

In consideration of these results, the extraction of lignin from wood sawdust of the 

furniture industry has proved to be convenient since this sector generates a large amount of 

waste that rarely has an ecologically suitable destination and, therefore, can cause several 

problems to the environment [27,28]. Various positive results for the use of this material as an 

adsorbent have been reported [7]. In addition, we chose to work with sawdust of the               

E. grandis species because it is the most planted tree in the Brazilian territory (308,500 ha of 

planted area) [29] and the most frequently used material in furniture manufacturing.  

Therefore, the main objectives of this study were (i) to extract lignin from E. grandis 

sawdust, (ii) to characterize the extracted lignin via several analytical tools, and (iii) to 

evaluate its possible application as an adsorbent for the removal of MB dye from aqueous 

solutions by adsorption. 

 

 

2. Materials and methods 

 

2.1 Materials 

E. grandis sawdust was collected at Madeireira Peretto Material de Construção, which 

is located in the municipality of Caxias do Sul (Rio Grande do Sul state, southern Brazil), and 

this sawdust was generated from the cutting of logs without any type of previous treatment. 

The wood sawdust used in this study contains approximately 32 wt. % of lignin. Detailed 

information regarding this sawdust has been previously published elsewhere [30]. 

MB dye (C16H18ClN3S · 3H2O, Color Index 52015) was purchased from Vetec 

Química Fina, while the chemical reagents (KNO3, KOH, HNO3, HCl and NaOH) were of 

analytical grade and commercially obtained from Sigma-Aldrich (São Paulo, Brazil). All 

aqueous solutions were prepared with deionized water obtained from a Millipore Direct-Q 3 

UV system (Darmstadt, Germany). 
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2.2 Lignin extraction 

Klason lignin was extracted from the E. grandis sawdust using the T222 om-93 

method, which was proposed by the Technical Association of the Pulp and Paper Industry 

(TAPPI). The sawdust was sieved and subjected to three consecutive washes to remove the 

main extractives from the sawdust. The first wash was conducted with a mixture of 

ethanol/benzene (2:1, v/v), the second with ethanol, and the last with distilled water. For this, 

the sawdust was packed in a cellulose cartridge and placed in a Soxhlet with a condenser.  

These washes were carried out using temperatures close to the boiling points of the 

solvents with the aid of a heating blanket. To avoid the loss of solvent by evaporation, the 

system was connected to a thermostated water bath at 15 °C, which kept the system cool 

throughout the entire extraction procedure. The extraction time for each solvent was 4 h, and 

the time interval started after the first extraction cycle. 

After these three washes, the material (approximately 1.0 g of sawdust without 

extractives) was transferred to another flask that contained an aqueous solution of sulfuric 

acid (72%, v/v), where it remained under reflux for 4 h. Then, the lignin was washed with 

distilled water using vacuum filtration until the pH of the filtrate was close to neutral. Finally, 

the lignin was dried in an oven at 70 °C for 4 h and stored in a desiccator until the analyses. 

The lignin content was determined based on the oven-dry weight of sawdust, according to the 

method mentioned above. Prior to the adsorption tests, the extracted lignin was ground in an 

agate mortar using a pestle to standardize the size of the particles. 

 

2.3 Lignin characterization 

2.3.1 Elemental analysis   

The mass percentages of carbon, hydrogen, nitrogen, and sulfur in the E. grandis 

lignin sample were determined in an elemental analyser TRUSPEC 630-200-200 at the 

University of Aveiro (Portugal). The mass percentage of oxygen was obtained by calculating 

the following difference: [% O = 100% – (% C +% H +% N +% S)]. 

 

2.3.2 Fourier transform infrared (FT-IR) spectroscopy 

The main functional groups in the structure of the E. grandis lignin sample were 

identified by Fourier transform infrared (FT-IR) spectroscopy. A spectrum with                       

1,024 scans was recorded on a NICOLET iS10 spectrophotometer with a nominal resolution 

of 4 cm
-1

 and within the spectral range of 4,000 to 400 cm
-1

.  
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2.3.3 Solid-state 
13

C nuclear magnetic resonance (
13

C NMR) spectroscopy  

The 
13

C NMR spectrum of the E. grandis lignin in the solid state was obtained at the 

University of Aveiro (Portugal) in a BRUKER AVANCE III 400 MHz spectrometer 

operating with a magnetic field of the order of 9.4 T. The sample (~ 100 mg) was initially 

packaged in a 4 mm diameter rotor. The spectrum was recorded using the cross-polarization 

technique with a contact time of 2,000 μs and a rotation of the magic angle of 12 kHz. The 

time between two consecutive pulses was 5 s, and the acquisition time was 15 ms. 

 

2.3.4 Pyrolysis coupled to gas chromatography interfaced with mass spectrometry                     

(Py-GC/MS) 

The E. grandis lignin sample was pyrolysed using a FRONTIER LAB EGA 2020 

pyrolyser equipped with an AS-1020E sampler coupled to a gas chromatograph and a 

quadrupolar mass analyser from SHIMADZU (QP 2010 Ultra) at Université de Poitiers 

(France). The sample (~ 5 mg) was treated with 10 µL of a solution of tetramethylammonium 

hydroxide (TMAH) in methanol (50:50 v/v) in a stainless-steel cup and pyrolysed at 350 °C 

for 1 min.  

The pyrolysis products (pyrolysates) were introduced using an injector at 250 °C with 

a continuous and constant flow of helium gas of 1 mL min
-1

. The chromatographic separation 

was conducted on a Supelco SLB-5MS capillary column (30 m × 0.25 mm i.d. and 0.25 µm 

phase thickness). The column temperature was increased from 50 to 300 °C at a rate of                       

5 °C min
-1

 and maintained at 300 °C for 9 min. The ionization mode was electron impact               

(70 eV), and the source temperature was 220 °C. 

The main products of the pyrolysed lignin sample were identified based on their 

retention times (tR) and by comparison of their mass spectra with those reported in the 

literature and with spectra from the National Institute of Standards and Technology (NIST) 

data library. 

 

2.3.5 Field-emission scanning electron microscopy (FESEM) 

The morphology of the E. grandis lignin sample was evaluated using the field-

emission scanning electron microscopy (FESEM) technique. Prior to the analysis, the material 

was sputtered with a thin layer of gold for 3 min. Then, images were obtained using a 

TESCAN MIRA3 electron microscope that operated with a 20 kV electron beam. 
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2.3.6 Thermogravimetric analysis (TGA) 

The thermal stability of the E. grandis lignin sample was evaluated in a SHIMADZU 

TGA-50 thermogravimetric analyser. The sample (~ 10 mg) was analysed under an inert 

atmosphere of N2 with a flow of 50 mL min
-1

 using a platinum sample holder heated from                  

25 to 900 °C at a heating rate of 10 °C min
-1

. 

 

2.3.7 Specific surface area and pore size 

The specific surface area and the pore size of the E. grandis lignin sample were 

determined using the Brunauer, Emmett and Teller (BET) and the Barret, Joyner and Halenda 

(BJH) methods at the Université d’Orléans (France) in a NOVA surface area analyser from 

QUANTACHROME INSTRUMENTS. Approximately 150 mg of the sample was maintained 

at 150 °C under vacuum (~ 1 × 10
-3

 mbar) for 24 h to remove moisture and other volatile 

compounds that could possibly be adsorbed on the surface of the sample. The adsorption and 

desorption isotherms of N2 by the sample at 77 K were obtained using relative vapour 

pressures (P/P0) from 0.0116 to 0.0984. The average area occupied by an N2 molecule to form 

a complete monolayer was assumed to be 16.2 Å². 

 

2.3.8 pH at the zero-charge point (pHPZC) 

The pH at the zero charge point (pHPZC) was determined by the batch equilibrium 

method, which was adapted from Smičiklas [31]. Approximately 100 mg of the E. grandis 

lignin sample was transferred to several Erlenmeyer flasks with a capacity of 100 mL that 

contained 50 mL of a 0.1 mol L
-1

 KNO3 solution. The pH values were adjusted in the range of 

2.0 to 11.0 by adding 0.1 mol L
-1

 KOH or HNO3 solutions. The suspensions remained under 

constant stirring at a frequency of 150 rpm on an incubator shaker for 480 min at a controlled 

temperature of 25 °C. At the end of this procedure, all samples were filtered, and the initial 

and final pH values were measured on a DIGIMED DM-20 pH meter (São Paulo, Brazil).  

 

2.4 Adsorption experiments 

The influence of the experimental parameters (lignin dosage: 50, 75, 100, 125, 150, 

175, 200, 225, 250 and 300 mg; stirring frequency: 90, 120, 150, 180, 210 and 250 rpm; and 

initial pH: 2.0 to 11.0 in increments of unity) on the adsorption process was evaluated in 

terms of two response variables: the adsorption capacity of the MB by the E. grandis lignin 

sample (qt, mg g
-1

) and the percentage of MB removal (%R). 
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These variables were calculated using Equations (1) and (2), respectively [32]: 

 

q
t
 = 

(C0  -  Ct)

m
 ∙ V 

(1) 

 

%R = 
(C0 - Ct)

C0

  ∙ 100 
(2) 

 

where qt is the amount of MB retained per gram of lignin as a function of time (mg g
-1

);               

C0 and Ct are the initial concentration and the concentration at time t, respectively, of MB                    

(mg L
-1

); V is the volume of the dye solution (L), and m is the mass of the lignin (g). 

The adsorption equilibrium was evaluated using the optimum values obtained in the 

preliminary tests by varying the initial concentration of dye in the range of 50 to 150 mg L
-1

 

in intervals of 25 mg L
-1

. Isotherms were constructed from the analysis of the interaction 

between the adsorption capacity at equilibrium and the final concentration of MB, and at 

equilibrium at 25 °C and a contact time of 8 h. The obtained experimental data were adjusted 

according to the isothermal models of Freundlich [33], Langmuir [34], and Temkin and 

Dubinin-Radushkevich [32], all in their nonlinear forms. 

The expression proposed by Freundlich is presented as Equation (3):  

 

𝑞𝑒 =  𝑘𝐹𝐶𝑒
1/𝑛

 (3) 

 

where kF (mg g
-1

 (mg L
-1

) 
-1/n

) and n are constants that depend on the temperature and are 

related to the adsorption capacity and intensity, respectively.  

The expression proposed by Langmuir is presented as Equation (4): 

 

𝑞𝑒 =  
𝑞𝑚 𝑘𝐿𝐶𝑒

1 + 𝑘𝐿𝐶𝑒
 

(4) 

 

where Ce represents the concentration of MB at equilibrium (mg L
-1

), qe is the amount of MB 

adsorbed per unit mass of the adsorbent at equilibrium (mg g
-1

), qm is the maximum 

theoretical adsorption capacity that corresponds to a monolayer covering (mg g
-1

), and kL is 

the Langmuir isothermal constant (L mg
-1

). 
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The separation factor (RL) can be used to evaluate the adsorption process. The 

meaning of this parameter is described in Table 1, and it can be defined according to 

Equation (5) [32]: 

 

𝑅𝐿 =  
1

1 + 𝑘𝑙𝐶0
 

     (5) 

 

Table 1. Separation factor and types of isotherms 

Classification Isotherm type 

RL > 1 Unfavourable 

RL = 1 Linear 

0 < RL <1 Favourable 

RL = 0 Irreversible 

 

 

The expression proposed by Temkin is presented as Equation (6): 

 

𝑞𝑒 =  
𝑅𝑇

𝑏𝑡
 ln (𝐴𝑡𝐶𝑒) 

(6) 

 

where Ce represents the concentration of MB at equilibrium (mg L
-1

), qe is the amount of MB 

adsorbed per unit mass of lignin at equilibrium (mg g
-1

), At is the equilibrium binding constant 

(L mg
-1

) that corresponds to the maximum binding energy, bt is the maximum theoretical heat 

of adsorption (J mol
-1

), R is the universal gas constant (8.314 J K
-1

 mol
-1

), and T is the 

temperature (K). 

The expression proposed by Dubinin-Radushkevich is presented as Equation (7): 

 

𝑞𝑒 = 𝑞𝑠 exp (𝑘𝑎𝑑∈) (7) 

 

The parameter ∈ is calculated by Equation (8): 

 

∈ = 𝑅𝑇 𝑙𝑛  (1 +
1

𝐶𝑒
) (8) 

 

where qs is the adsorption capacity (mg g
-1

), kad is a constant related to the sorption energy   

(mol
2
 J

-2
), ∈ is the Polanyi potential (kJ mol

-1
), R is the gas constant (8.314 J K

-1
 mol

-1
) and        

T is the temperature (K). 
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The adsorption kinetics were evaluated using two models, namely, a pseudo-first-order 

(PFO) model [35] and a pseudo-second-order (PSO) model [36], which are presented in 

Equations (9) and (10), respectively: 

 

𝑞𝑡  =  𝑞𝑒(1 −  𝑒−𝑘1𝑡) (9) 

 

𝑞𝑡  =  
𝑞𝑒

2 𝑘2 𝑡

1 +  𝑘2 𝑞𝑒 𝑡
 

(10) 

 

where qe and qt are the amounts of MB retained per gram of lignin at equilibrium and at time t 

(mg g
-1

), respectively; k1 is the pseudo-first-order kinetic constant (min
-1

) and k2 is the 

pseudo-second-order kinetic constant (g mg
-1

min
-1

). 

The parameters of the models (equilibrium and kinetic) that minimized the objective 

function (Fobj) were estimated using the Microsoft Excel Solver tool. Fobj was defined as the 

mean square error of the amount of retained MB per gram of lignin, as expressed in  

Equation (11) was used. This function represents the difference between the experimental 

values and those calculated by the model. Hence, the lower its value, the more accurate the 

model is, and the better the behaviour of the experimental data are described. Thus, during 

parameter estimation, Fobj is minimized to identify the optimal parameter values. 

 

𝐹𝑜𝑏𝑗 =
1

𝑁𝑃
∑(𝑞𝑖

𝑒𝑥𝑝. − 𝑞𝑖
𝑐𝑎𝑙𝑐.)

2
𝑁𝑃

𝑖=1

 
(11) 

 

In the above equation, NP is the number of experimental points, and qi
exp. 

and qi
calc.

 

represent the experimental adsorption capacity and that calculated by the model (mg g
-1

). In 

addition, the models were compared statistically using the Fisher test (F). In this test, the 

variance is calculated for each of the models to be compared (σi
2
 and σj

2
) using the Fobj value 

obtained in the parameter estimation and their respective degrees of freedom (DF). The 

degrees of freedom represent the differences between the number of experimental points and 

the number of parameters (Npars) in the model. Then, the F value is obtained by calculating the 

ratio between the variances of the models to be compared according to Equation (12): 
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𝐹 =
𝜎𝑖

2

𝜎𝑗
2 =

𝐹𝑜𝑏𝑗,𝑖

𝐷𝐹𝑖

𝐹𝑜𝑏𝑗,𝑗

𝐷𝐹𝑗

=

𝐹𝑜𝑏𝑗,𝑖

𝑁𝑃𝑖 − 𝑁𝑝𝑎𝑟𝑠,𝑖

𝐹𝑜𝑏𝑗,𝑖

𝑁𝑃𝑗 − 𝑁𝑝𝑎𝑟𝑠,𝑗

   

(12) 

 

This test determines whether there is a significant difference between the models when 

the confidence is 95% and (NP – Npars) degrees of freedom are considered. If the F value is 

within the maximum and minimum limits of Fisher's F distribution (Fmax and Fmin), the 

hypothesis of statistical equality between the models is supported [37]. 

In addition, to select the model that best fits the set of experimental data, the values of 

the coefficient of determination (R
2
), which is defined in Equation (13), were also 

considered: 

 

𝑅2 = 1 − 
∑ (𝑦𝑖 𝑚𝑜𝑑 − 𝑦𝑖 𝑒𝑥𝑝)

2𝑛
𝑖=1

∑ (𝑦𝑖 𝑒𝑥𝑝 − 𝑦𝑖 𝑒𝑥𝑝̅̅ ̅̅ ̅̅ ̅)
2𝑛

𝑖=1

   
(13) 

                                 

where 𝑦𝑖 𝑒𝑥𝑝 are the experimentally observed values and 𝑦𝑖 𝑒𝑥𝑝̅̅ ̅̅ ̅̅ ̅ is the observed experimental 

average of the n experimental data [38]. 

The thermodynamic parameters were determined under the same experimental 

conditions as those used to assess the equilibrium and kinetics of the adsorption process, 

except for the C0 factor, for which only the value of 100 mg L
-1

 was used. The values of 

ΔG°ads and kC were determined through the direct application of Equations (14) and (15), 

respectively, while ΔH°ads and ΔS°ads were obtained from the angular and linear coefficients, 

respectively, by applying the method of linear regression to the van't Hoff equation  

(Equation (16)): 

 

∆𝐺𝑎𝑑𝑠
° =  − 𝑅𝑇 𝑙𝑛 𝑘𝑒             (14) 

 

𝑘𝑐 =  
𝐶0 −  𝐶𝑒

𝐶𝑒
 (15) 

 

𝑙𝑛 𝑘𝑒 =  
− ∆𝐻𝑎𝑑𝑠

°

𝑅𝑇
+  

∆𝑆𝑎𝑑𝑠
°

𝑅
 (16) 

 

where R is the ideal gas constant (8.314 J mol
-1

 K
-1

), T is the temperature (K), kc is the 

equilibrium constant and C0 (mg L
-1

) and Ce (mg L
-1

) represent the initial MB concentration 

and the concentration of MB at equilibrium, respectively, in the solution. 
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To evaluate the reuse of E. grandis lignin, after the MB adsorption, four cycles of 

desorption/adsorption were conducted. Each cycle consisted an adsorption test, followed by 

washing with Milli-Q water (desorption), since materials from waste from plant sources 

cannot be recovered by methods that involve excessive heat. The use of acidic or basic 

solutions, along with pure solvents, such as methanol, ethanol and acetone, was avoided in 

this final step of this work to make the process more environmentally friendly (by minimizing 

waste and using a non-toxic solvent).  

At the end of the first adsorption test, the Erlenmeyer contents were filtered and 

washed with five 100 mL portions of Milli-Q water. Then, the lignin sample retained in the 

filter paper was dried in an oven at 70 °C for 12 h. The adsorption, with the regenerated 

material, was carried out four additional times, and the removal percentages were compared 

with the percentage obtained the first time. All of these tests were performed in duplicate 

based on the previously optimized experimental parameters. 

 

 

3. Results and discussion 

 

3.1 Lignin characterization 

3.1.1 Preliminary considerations  

The Klason method used in the present work proved to be efficient, robust and 

relatively inexpensive. Moreover, the extraction percentage was approximately 26 wt. %, and 

the average cost of isolating of this material from the E. grandis sawdust was approximately 

US$ 20.8 per gram. The extraction percentage found here was similar to others values 

described in the literature. Xiao et al. [39], for example, reported a content of 26.9 wt. % for a 

lignin extracted from an E. urophylla  E. grandis clonal hybrid, while Salem et al. [40] 

found a content of 27.9 wt. % for a lignin isolated from E. grandis. Concerning the particle 

size, the lignin sample consists of fragments with an average diameter of approximately                              

1.15 ± 0.18 mm. 

 

3.1.2 Elemental analysis 

The elemental composition of the E. grandis lignin sample is presented in Table 2. 

Carbon and oxygen are present in larger mass proportions in the material, which may be 

indicative of the presence of several oxygenated functional groups in the structure of lignin. 

The values reported here are very similar to those that have been obtained for samples of 
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lignins from pulp mills in South Africa and other lignins, such as Pinus [23]. These 

percentages are also similar to those obtained by other authors who analysed Eucalyptus 

species [41,42]. 

 

Table 2. Results of the elemental analysis for E. grandis lignin 

Element Mass percentage (%) 

C 57.66 

H 5.09 

N 0.11 

S 0.32 

O 36.82 

 

 

3.1.3 Fourier transform infrared (FT-IR) spectroscopy 

Figures 1 shows the FT-IR spectra of the E. grandis lignin sample (a) before and                

(b) after MB adsorption, and the assignments of the main peaks in the FT-IR spectrum of 

Figure 1a are summarized in Table 3. 

 

Figure 1. FT-IR spectra of the E. grandis lignin (a) before and (b) after MB adsorption 
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Table 3. Assignments of the main peaks in the FT-IR spectrum of the E. grandis lignin before MB adsorption 

[20,43,44] 

Wavenumbers (cm
-1

) Functional groups 

3429 Stretching vibration of O-H groups 

2936 and 2841 Asymmetric and symmetric stretching of aliphatic C-H 

1707 C=O stretching of carboxylic acids, ketones, and aldehydes 

1607 and 1504 Aromatic ring vibration 

1456 Asymmetric deformation of aliphatic C-H 

1313 Axial C-O deformation of syringe and/or guaiacyl units 

1214 Aromatic C-O stretching 

1028 
C-H deformation in the plane in guaiacyl units and C-O in 

secondary alcohols and aliphatic ethers 

906, 578 and 461 
Deformation of aliphatic and aromatic C-H outside the 

plane 

 

 

The axial and angular deformations identified in the FT-IR spectrum of the E. grandis 

lignin sample (Figure 1a) are mostly similar to those reported by Piló-Veloso [20], Morais et 

al. [43] and Saliba et al. [44]. Moreover, comparable FT-IR spectra were obtain in other 

study, e.g., of modified sugarcane bagasse lignin and Shorea robusta lignin [45,46]. Hence, 

although these lignins come from different sources, the functional groups present in the 

chemical structures of these materials are similar.  

All these functional groups can interact with the MB molecules during the adsorption 

process. This can be observed in Figure 1b. Although some peaks have shifted to smaller 

wavenumbers or their intensities have changed, both spectra show similar characteristics. 

However, after MB adsorption, the peaks at 1502 and 1327 cm
-1

 increased in intensity, 

thereby demonstrating that the aromatic and C-O groups participate more directly in the 

removal. Similar results have been reported in other studies that also used vegetable 

biomasses to remove MB dye [47–49]. 

 

3.1.4 Solid-state 
13

C nuclear magnetic resonance (
13

C NMR) spectroscopy   

A solid-state 
13

C NMR spectrum of the E. grandis lignin sample is shown in Figure 2. 

The 
13

C NMR spectrum presents the main characteristic signals for the lignin. These results 

are supported by the FT-IR analysis since the identified peaks are directly correlated with the 

functional groups identified in the FT-IR spectrum. 
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Figure 2. Solid-state 
13

C NMR spectrum of E. grandis lignin 
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In the region that corresponds to aliphatic carbons (100 to 20 ppm), a low-intensity 

signal at 43 ppm is observed, which is attributed to CH2-type carbons and possibly CH3-type 

carbons of saturated aliphatic chains. In addition, the region at 55 ppm shows a very intense 

peak, which is characteristic of the methoxyl group (OCH3) [19]. Additionally, in this region 

(from 60 to 95 ppm), signals related to α, β and  aliphatic carbons are observed, which are 

related to chemical bonds β-O-4, α-O-4, β-β and β-5 [50–52]. Regarding the aromatic carbon 

region (160 to 100 ppm), the signals observed at 107, 128, 137 and 147 ppm are characteristic 

of guaiacyl units. Syringyl units can be identified between 152 and 154 ppm [53]. Finally, the 

spectrum shows a very discrete peak at 207 ppm, which corresponds to a low incidence of 

carbonyl carbon atoms in the chemical structure of E. grandis lignin [19]. 

 

3.1.5 Pyrolysis coupled to gas chromatography interfaced with mass spectrometry             

(Py-GC/MS) 

Twenty compounds were identified by GC-MS (Table 4) in the pyrogram of the                   

E. grandis lignin sample (Figure 3). These compounds were mainly phenolic moieties that 

are characteristic of lignocellulosic materials [54,55]. The ubiquitous palmitic (C16) and 

stearic (C18) fatty acid methyl esters, which are not specific, were also detected. 
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Figure 3. Pyrogram of E. grandis lignin 

 

 

Table 4. Pyrolysis products identified in the pyrogram of E. grandis lignin 

Peak # Compound Retention time (min) 

1 trimethoxy benzene 17.8 

2 dimethoxy phenol 19.2 

3 trimethoxy methylbenzene 20.2 

4 dimethoxy benzaldehyde 22.5 

5 dimethoxy (2-methoxyethenyl)benzene 23.0 

6 tetramethoxy benzene 23.5 

7 dimethoxy acetophenone 24.4 

8 dimethoxy benzoic acid methyl ester 24.9 

9 trimethoxy benzaldehyde 25.2 

10 dimethoxy benzeneacetic acid methyl ester 25.7 

11 trimethoxy propenylbenzene 26.2 

12 trimethoxy acetophenone 26.9 

13 trimethoxy benzoic acid 27.2 

14 trimethoxy benzoic acid methyl ester 27.8 

15 trimethoxyphenyl propionic acid 28.7 

16 trimethoxy benzyl methyl ether 29.2 

17 hexadecanoic acid, methyl ester 31.9 

18 heptadecanoic acid, methyl ester 33.9 

19 octadecanoic acid, methyl ester 35.8 

20 eicosanoic acid, methyl ester 39.3 
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As previously discussed, no sulfur-containing compounds were identified in the 

pyrogram of the lignin sample, which further supports the origination of this element 

(quantified in the elemental analysis) from sulfuric acid that had not been completely 

eliminated at the end of the extraction step. 

 

3.1.6 Field-emission scanning electron microscopy (FESEM) 

FESEM images of the E. grandis lignin sample are shown in Figure 4. The surface of 

the material is highly irregular, with unevenness and undulations, which are consistent with 

the dehydration of vegetable tissues by drying processes [56,57]. In addition, the particles that 

compose the lignin sample are highly heterogeneous in terms of both shape and size, and they 

show high roughness. Similar morphologies were observed by Taleb et al. [53] for modified 

lignin from coffee grounds, by Bortoluz et al. [28] for lignin from Pinus elliottii sawdust and 

by Poletto et al. [58] for lignin from E. grandis sawdust. Finally, this analysis showed that                    

E. grandis lignin has a favourable morphology for the removal of dyes, such as MB. 

 

Figure 4. FESEM images of E. grandis lignin with magnification levels of (a) 500 × and (b) 2,000 × 

 

 

3.1.7 Thermogravimetric analysis (TG) 

Figure 5 shows the thermogravimetric curve (TG) of the E. grandis lignin sample 

and its first derivative (DTG). The DTG curve shows that three main mass loss events 

occurred during the thermal degradation of the lignin: The first stage of decomposition occurs 

at approximately 70 °C and corresponds to the loss of sample moisture that was not 
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completely removed during the drying step that was carried out at the end of the extraction 

procedure. The second event, in which the highest rate of mass loss occurs (38.5%), was 

observed at 395 °C and, according to Beall and Eilckner [59], refers to the degradation of 

aliphatic side chains of the lignin structure. Similar results have been obtained by other 

authors, such as Pereira et al. [60], who evaluated the thermal decomposition of lignin 

samples extracted from Eucalyptus spp. Finally, the third and last event occurs gradually at a 

maximum temperature of approximately 630 °C; in this event, the mass loss is attributed to 

the depletion of aromatic rings from the chemical structure of lignin [22]. The knowledge of 

these properties enables the evaluation of the adsorption process at high temperatures since 

the material has satisfactory thermal stability. 

 

Figure 5. TG and DTG curves of the E. grandis lignin 
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3.1.8 Specific surface area (BET) and pore size (BJH) 

The obtained adsorption and desorption isotherms of N2 for the E. grandis lignin 

sample are shown in Figure 6. These isotherms behave similarly to isotherms classified as 

type V, according to the International Union of Pure and Applied Chemistry (IUPAC) [61], 

which suggests the occurrence of adsorption in mesoporous materials through weak 

interactions. There is also a hysteresis loop, which indicates the possible presence of 

metastable fluid states within the pores, interconnected pores, or even pores without a defined 

structure [62]. 
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Figure 6. N2 adsorption and desorption isotherms for E. grandis lignin 
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The presence of pores was demonstrated by the BJH method, which is usually applied 

to determine the radius and volume of pores in mesoporous materials. The lignin sample has 

an irregular pore distribution profile, which is in accordance with the hysteresis loop in 

Figure 6. Moreover, the material is mostly mesoporous, with a maximum pore value of 

approximately 25 Å; thus, the material is heterogeneous, as previously determined in the 

FESEM analysis (Figure 4). These results demonstrate that the lignin of E. grandis has pores 

of adequate size for the adsorption of the MB, which has a molecular diameter of between                 

8 and 9 Å [63]. 

The specific surface area determined using the desorption isotherm and the BET 

method was approximately 20 m
2
 g

-1
. This value is relatively small when compared to that of 

activated carbon fibres obtained from lignin [64] but relatively large when compared to that 

for straw lignin [65], as presented in Table 5. The small values found for the surface area, 

volume and pore radius are likely due to the sample preparation procedures, mainly the drying 

method and conditions [65]. 

 
Table 5. Specific surface areas of various lignin samples 

Residue 
Specific area 

(m
2
 g

-1
) 

Reference 

Straw lignin 0.1 [53] 

E. grandis lignin 20 This work 

Activated carbon fibres from lignin 3100 [52] 
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3.1.9 pH at the zero-charge point (pHPZC) 

The results regarding the pHPZC determination for the E. grandis lignin sample are 

presented in Figure 7. According to Raij [66], the pHPZC is the pH value at which there is 

equality between the positive and negative charges on the surface of a material, and with this 

information, it is possible to describe the properties that result from the double electrical layer 

at the interface of a material under various pH conditions. 

 

Figure 7. Determination of the pHPZC of E. grandis lignin. Experimental conditions: pH = 2.0-11.0; lignin 

dosage = 100 mg; temperature = 25 °C; and contact time = 24 h 
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When the pH of the medium is lower than the pHPZC, the adsorbent material is 

positively charged, which favours the adsorption of adsorbates with negative charge density, 

such as anionic dyes. If the pH of the medium exceeds the pHPZC, the adsorbent is negatively 

charged, which favours the adsorption of adsorbates with positive charges, such as MB and 

other cationic dyes [67]. 

According to Figure 7, the pHPZC value of the E. grandis lignin sample is equal to 

3.15, from which we infer that the process of adsorption of MB by the lignin should be 

favoured in scenarios with pH > 3.15. 
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3.2 Adsorption experiments 

3.2.1 Effect of the lignin dosage 

Figure 8 presents the influence of the E. grandis lignin dosage on the MB removal 

performance. The results show that %R presents an increasing trend as the lignin dosage 

increases. This may be due to the availability of more active sites for adsorption [15]. In 

contrast, the qt values exhibit the opposite trend. Hence, larger amounts of adsorbent promote 

greater MB removal but also reduce the yield, with smaller amounts of dye adsorbed per gram 

of lignin. 

 

Figure 8. Influence of the E. grandis lignin dosage on the MB removal performance. Experimental conditions: 

pH = 5.6; stirring intensity = 150 rpm; temperature = 25 °C; contact time = 8 h; and MB concentration =                  

100 mg L
-1 
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The lignin dosage for the other adsorption tests was selected by considering amounts 

of adsorbent for which %R was at least 80%. A mass of 225 mg was selected since larger 

masses would generated more waste. In addition, the gains in terms of %R are not highly 

significant as it would be necessary to increase the amount of lignin by approximately 11% to 

realize an increase in %R of approximately 4%. 
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3.2.2 Effect of the stirring frequency 

The results regarding the effect of the stirring frequency of the system on the MB 

removal performance by the E. grandis lignin sample are presented in Figure 9.  

 

Figure 9. Effect of the stirring frequency on the MB removal performance. Experimental conditions: pH = 5.6; 

lignin dosage = 225 mg; temperature = 25 °C; contact time = 8 h; and MB concentration = 100 mg L
-1
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The value of qt is maximal when the stirring frequency of the system is 150 rpm. For 

values that exceed 150 rpm, qt tends to decrease slightly; hence, an increase in the stirring 

frequency in this range is unfavourable to the adsorbent-adsorbate interaction since the high 

turbulence rate of the medium promotes the dragging of the molecules of MB by the fluid 

before they can interact with the lignin [68]. Therefore, the stirring frequency was fixed to 

150 rpm to carry out the other adsorption tests. 

 

3.2.3 Effect of the pH 

Figure 10 shows the influence of pH on the MB removal performance by the                        

E. grandis lignin sample. According to this plot, qt reaches its minimum values under highly 

acidic (pH < 4.0) or highly alkaline (pH > 9.0) conditions. In these two scenarios, a weak 
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interaction likely occurs between the MB and lignin due to the excess H3O
+
 and OH

-
 ions 

present in the medium and the competition between these species [69]. 

 

Figure 10. Effect of the initial pH on the MB removal performance. Experimental conditions: stirring                 

frequency = 150 rpm; lignin dosage = 225 mg; temperature = 25 °C; contact time = 8 h; and MB concentration = 

100 mg L
-1
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This behaviour is supported by the pHPZC value of the adsorbent, namely, 3.15. At pH 

values for which pH < pHPZC, the lignin is positively charged, namely, it has the same charge 

as the MB, thereby resulting in electrostatic repulsion between them. In contrast, at values of 

pH > pHPZC, the lignin is negatively charged, which should, in principle, favour the 

interaction with the adsorbate, thereby implying an increase in the qt values since MB is a 

cationic dye. However, at pH = 5.0, the values of qt remain practically constant (with an 

average value of qt = 19.5 mg g
-1

) until pH = 9.0. 

In practice, MB at pH > 5.6 is of the leuco-MB form (Figure 11) [70]. Under this 

condition, no relocated is relocated on the dye structure, and the electrostatic interactions 

between the adsorbent (which is negatively charged) and the adsorbate are disadvantaged. 

Therefore, in this region of pH values, the mechanism of interaction between the adsorbent 

and the adsorbate is likely to be mediated by - interactions that occur between the aromatic 

system of the dye and the aromatic portions of the chemical structure of lignin [71]. 
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Figure 11. Chemical structure of MB as a function of the pH 

 

 

Based on these observations, the optimal pH values for carrying out the adsorption 

tests as a function of the initial pH are in the range of 5.0 to 8.0, where the best gains in terms 

of qt occur. In this context, a pH value of 5.6 was selected for the other adsorption tests since 

the difference in terms of %R is less than 3% compared to the result obtained at pH = 9.0. 

 

3.2.4 Effect of initial dye concentration and contact time 

The adsorption tests that were carried out to evaluate the influence of the initial dye 

concentration showed that the increase in the MB concentration leads to an increased 

adsorption capacity of the E. grandis lignin. This behavior may be associated with the fact 

that more concentrated MB dye solutions provide a larger amount of adsorbate particles near 

the adsorbent surface and, consequently, a lower resistance to MB mass transfer between the 

aqueous and solid phases [72]. 

Moreover, the data set revealed that the MB dye removal occurs rapidly within the 

first 50 min of contact time and then proceeds gradually until 6 h. From this point, the qt 

values differ by less than 1% from the final value obtained after 8 h, showing that the 

equilibrium has been reached. For this reason, the contact time selected for our study was 

fixed at 8 h. 

Zhang et al. [25] observed analogous behavior for the adsorption of MB dye by lignin 

from rice straw. In this case, the adsorption process is favored in the first 30 min since at this 

stage, there is a greater quantity of active sites available on the adsorbent surface. After a 

certain period of time, many of these sites are already occupied, and consequently, the 

interaction with the remaining sites is difficult due to the repulsion between the adsorbed and 

nonadsorbed dye molecules (steric impediment). 
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Finally, this study also shows that the MB concentration of 100 mg L
-1

 is the most 

appropriate for evaluation of the thermodynamics in the present study. Higher MB 

concentrations require high dilution factors to determine the final concentration of the MB 

solution by visible spectrophotometry, which increases the chances of very large reading 

errors. Moreover, 100 mg L
-1

 is an intermediate concentration in real wastewater from the 

textile industry, as dye concentrations generally range from 10 to 200 mg L
-1

, depending on 

the fiber and dye type used [73]. 

 

3.2.5 Equilibrium studies 

Table 6 presents the parameters identified for the Freundlich, Langmuir, Temkin and 

Dubinin-Radushkevich models, while Figure 12 shows the isotherms in their nonlinear 

forms. To determine whether these models differ statistically, Fisher’s test was conducted by 

evaluating the isotherms in pairs. 

 

Table 6. Parameters obtained from the Freundlich, Langmuir, Temkin and Dubinin-Radushkevich isotherm 

models and the Fisher test 

Isotherm model Parameter Obtained value 

Freundlich 

kF (mg g
-1 

(L mg
-1

)
1/n

) 2.12 

1/n 0.524 

R
2
 0.9475 

Fobj 0.785 

Langmuir 

kL (L mg
-1

) 0.0223 

RL 

qm (mg g
-1

) 

0.473 – 0.230 

31.97 

R
2
 0.9540 

Fobj 0.762 

Temkin 

At (L g
-1

) 0.229 

bt
 
(J mg

-1
) 6.81 

R
2
 0.9441 

Fobj 0.833 

Dubinin-Radushkevich 

qs (mg g
-1

) 23.1 

kad (mol
2 
J

-2
) 0.00661 

R
2
 0.9204 

Fobj 1.20 

Fisher test 

Fmin = 0.0648 Fmax = 15.4 

Comparison between isotherm models F value 

Freundlich vs. Langmuir 1.03 

Freundlich vs. Temkin 0.941 

Freundlich vs. Dubinin-Radushkevich 0.649 

 Langmuir vs. Temkin 0.914 

Langmuir vs. Dubinin-Radushkevich 0.630 

 Temkin vs. Dubinin-Radushkevich 0.689 
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The results demonstrate that for all of the evaluated pairs, the F value is within the Fmin 

and Fmax intervals. Thus, all of the tested isothermal models can be considered identical to one 

another (based on a 95% confidence interval). This result can also be observed in Figure 12, 

where all models show a satisfactory adjustment to the experimental data. Among these 

values, the Freundlich vs. Langmuir pair resulted in an F value more distant from the Fmin and 

Fmax extremes; hence, these models are the most compatible with each other, and both can 

describe the adsorption process. However, to better understand the adsorption process, is 

necessary to also consider the values of R
2
 and Fobj.  

 

Figure 12. Experimental data adjusted to the Freundlich, Langmuir, Temkin and Dubinin-Radushkevich 

isotherms 
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According to the analysis of the Fobj values, the error associated with the experimental 

data is smaller for the Langmuir model. In addition, the value of R
2
 indicates that there is a 

better correlation of data for this model. Thus, regardless of whether other models also 

provide information on the analysed adsorption process, the Langmuir model is even more 

suitable for this objective. In the study of Taleb et al. [53], it was also found that Langmuir is 

the most suitable model for describing the adsorption of MB by lignin from coffee grounds. 

This result demonstrates that the adsorption process of the MB by E. grandis lignin occurs in 
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a homogeneous system without interaction between the adsorbed molecules and that there is 

monolayer coverage [27,74]. 

Comparing the qm value of the E. grandis lignin with those of other similar materials 

that have also been used to remove MB, the E. grandis lignin had a relatively low maximum 

adsorption capacity compared to modified lignins, such as sulfonate lignin-based hydrogels 

[26] and lignin-based activated carbon from black liquor [75]. However, compared to lignins 

used in native form, it presented a similar result [25,53]. Table 7 presents additional details 

on the results obtained in these studies.  

 

Table 7. Comparison with modified and native lignins in terms of the qm values and operational conditions for 

MB adsorption 

Adsorbent 
qm 

(mg g
-1

) 
Operational conditions Reference 

Sulfonate lignin-based 

hydrogels 
540.5 

Adsorbent dosage = 40 mg; 

Temperature = 30 °C; 

Contact time = 24 h; 

MB concentration = 100 to 1,000 mg L
-1 

 

[26] 

Lignin-based activated 

carbon from black 

liquor 

92.51 

Stirring frequency = 200 rpm; 

Adsorbent dosage = 50 mg; 

Temperature = 25 °C; 

pH = 5.0 – 6.0; 

Contact time = 16 h; 

MB concentration = 100 to 400 mg L
-1 

 

[75] 

E. grandis lignin 31.97 

Stirring frequency = 150 rpm;  

Adsorbent dosage = 225 mg; 

Temperature = 25 °C; 

pH = natural; 

Contact time = 8 h;  

MB concentration = 50 to 150 mg L
-1 

 

This study 

Lignin from rice straw 40.02 

Adsorbent dosage = 100 mg;  

Temperature = 20 °C; 

Contact time = 24 h;  

MB concentration = 10 to 200 mg L
-1 

 

[25] 

Lignin from coffee 

grounds 
66.22 

Adsorbent dosage = 60 mg;  

Temperature = 25 °C; 

pH = natural; 

Contact time = 24 h;  

MB concentration = 10 to 100 mg L
-1 

[53] 
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Although the qm value of E. grandis lignin is significantly lower than those of 

modified lignins, this adsorbent does not require high temperatures during its processing or 

activation steps; hence, it has a lower production cost. Regarding the constant kL, the value 

reported here is lower than that obtained by Zhang et al. [25] (0.2083 L mg
-1

), who evaluated 

the adsorption of MB by lignin from rice straw, but close to that obtained by Zou et al. [74] 

(0.0750 L mg
-1

), who analysed MB removal using modified pine sawdust. The values for the 

parameter RL are equal to 0.473 (at the lowest concentration of MB) and 0.230 (at the highest 

concentration of MB) and are within the range of 0 < RL <1, which demonstrates once again 

that the process of adsorption of MB by E. grandis lignin is favourable [32].   

 

3.2.6 Kinetic studies 

Table 8 presents the parameters identified for the pseudo-first-order and pseudo-

second-order kinetic models. The results of the F test demonstrate that, in a first analysis, the 

evaluated kinetic models are statistically identical within the range of MB concentrations 

when using a 95% confidence level. However, for all cases, the pseudo-second-order model 

showed the best correlation (R²) with the experimental data. Additionally, the results obtained 

for Fobj in the pseudo-second-order model show that the errors associated with the 

experimental data are smaller than those of the pseudo-first-order model. Thus, the pseudo-

second-order model was regarded the most suitable for assessing the MB removal rate by the 

lignin sample.  

According to Yagub et al. [10], most studies on the adsorption of dyes by 

lignocellulosic materials show that the best adjustments are obtained primarily with the 

pseudo-second-order model. In this context, examples are presented in the studies of Zhang et 

al. [25] and Ponnusami et al. [76], which evaluated MB removal by lignin from rice husk and 

from guava leaf, respectively.  

The largest value of the kinetic constant of the pseudo-second-order (k2) model was 

identified for the concentration of 100 mg L
-1

; thus, under this experimental condition, the 

process reaches equilibrium faster than with other concentrations of MB. According to the 

literature, the value of k2 depends strongly on the initial concentration of dye in the medium, 

and higher removal rates are often associated with lower concentrations. However, Plazinski 

et al. [77] explain that although this behaviour is commonly observed, this parameter will not 

always depend directly on the experimental conditions of the process. Doğan et al. [78], for 

example, evaluated MB removal by perlite and observed a behaviour similar to that reported 

by this study. The adsorption of this dye was conducted in batches using solutions with 
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concentrations that ranged from 50 to 80 mg L
-1

, and the largest k2 value                                   

(0.0861 g mg
-1

 min
-1

) was observed for the solution with a concentration of 65 mg L
-1

. 

 

Table 8. Kinetic parameters for the nonlinear pseudo-first- and pseudo-second-order models 

Parameter MB dye concentrations (mg L
-1

) 

 50 75 100 125 150 

Pseudo-first order 

qt (exp) (mg g
-1

) 8.15 12.47 15.68 18.75 22.10 

qt (cal) (mg g
-1

) 6.76 10.15 14.81 16.29 18.05 

k1 × 10
-3

 (min
-1

) 0.0451 0.301 0.482 0.513 0.241 

R
2 0.8947 0.8749 0.9942 0.8950 0.9141 

Fobj 0.753 1.58 0.137 3.35 3.355 

Pseudo-second order 

qt (exp) (mg g
-1

) 8.15 12.47 15.68 18.75 22.10 

qt (cal) (mg g
-1

) 7.62 10.58 14.94 16.59 18.58 

k2 × 10
-3

 (g mg
-1

 min
-1

) 0.00640 0.0404 0.118 0.0766 0.0234 

R
2 0.9433 0.9094 0.9957 0.9041 0.9183 

Fobj 0.405 1.15 0.102 3.06 3.19 

Fisher test 

Fmin    0.172   

F 1.86 1.38 1.34 1.09 1.05 

Fmáx   5.82   

 

 

3.2.7 Thermodynamic parameters 

The results regarding the thermodynamic parameters for MB removal by the E. 

grandis lignin are presented in Table 9. According to these results, the value of ΔG°ads 

decreases as the temperature increases; hence, the spontaneity of the adsorption increases. 

This behaviour is characteristic of endothermic processes in which an increase in temperature 
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favours dye removal. Similar results were also reported by Akkaya and Güzel [79] and Zou et 

al. [74], who evaluated MB removal by cucumber peels and by Pinus tabulaeformis sawdust, 

respectively. 

 

Table 9. Thermodynamic parameters for MB removal 

T(K) kc ΔG°ads  

(kJ mol
-1

) 

ΔH°ads  

(kJ mol
-1

) 

ΔS°ads  

(J mol
-1

K
-1

) 

R² 

278 1.31 – 0.620  

 

+38.64 

 

 

+141.3 

 

 

0.9971 

288 2.44 – 2.14 

298 3.74 – 3.27 

308 6.86 – 4.93 

318 10.82 – 6.30 

 

 

The obtained ΔH°ads value exceeds zero, thereby proving that the adsorption process is 

endothermic, which is supported by the other results and discussed in the present study. Its 

magnitude is within the range for physical adsorption; hence, the interactions between the MB 

molecules and the E. grandis lignin are of this type [79,80]. If the regression of experimental 

equilibrium data follows the Langmuir model, chemical adsorption typically occurs. 

However, Dąbrowski [81] explains that the Langmuir model can also describe physical 

adsorption satisfactorily. 

Finally, the positive value found for ΔS°ads indicates that there is an increase in the 

randomness of the system. Thus, the disorder at the solid-solution interface increases occurs 

during adsorption [82]. 

 

3.3 Suggested mechanism for MB removal by E. grandis lignin 

Based on the results obtained in this work, it was possible to outline the main 

mechanisms responsible for the adsorption of the MB molecules by the E. grandis lignin 

sample. Figure 13 illustrates these possible interactions. According to the FT-IR and                   

13
C NMR spectroscopy analyses, E. grandis lignin has a structure rich in oxygenated 

functional groups. These functional groups can interact with MB molecules through hydrogen 

bonds, which are one of the main intermolecular forces responsible for adsorption. In 

addition, the incidence of aromatic rings in the chemical structure of the lignin and in the 

structure of the dye can also favour π- π interactions, thereby contributing to the MB removal 

by the lignin [83,84]. 
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Figure 13. Possible interactions between the MB molecules and E. grandis lignin  

 

 

Finally, it was determined that electrostatic interactions had little or no influence on 

the adsorption of MB by the E. grandis lignin. According to the experiment in which the 

effect of the initial pH of the medium was examined, the superficial charges of the adsorbent 

and the adsorbate are not opposed when the pH exceeds the pHPZC due to the leuco form of 

the MB dye at pH > 5.6. 

 

3.4 Regeneration of the E. grandis lignin 

After MB removal by the E. grandis lignin sample from aqueous solutions, the dye 

was desorbed from the adsorbent with Milli-Q water to investigate the possibility of reusing 

the adsorbent in other removal cycles. Figure 14 summarizes these results. 

The obtained values for %R decrease as the lignin is reused, with a larger decrease 

from the first to the second use (~ 13.5%), which was followed by a smaller decrease in the 

next step (~ 2.9%), and an even smaller decrease from the third to the fourth use (~ 2.8%). 

The difference between the first and the fourth uses is approximately 19%; hence, the                      

E. grandis lignin can be regenerated at least four times to remove MB without a significant 

loss of efficiency. 

(Leuco-AM)
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Figure 14. Reuse of the E. grandis lignin. Experimental conditions: C0 = 100 mg L
-1

; m = 225 mg; v = 150 rpm; 

t = 8 h; and T = 25 °C 
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These results demonstrate that even after the two stages of desorption, MB molecules 

remain bound to the lignin due to a phenomenon that has been referred to as “irreversible 

adsorption” [85,86]. This can be observed in Figure 15, which shows lignin with a greenish 

colour after the end of the first desorption process, which differs substantially from its crude 

form (before the first adsorption test). 

 

Figure 15. E. grandis lignin appearance: (a) before and (b) after the first desorption 
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4. Conclusions 

This study reports the extraction of E. grandis lignin and its use in MB removal from 

aqueous solutions by adsorption. The method proved to be suitable for the extraction of the 

lignin from a sawdust sample since it was demonstrated through characterization analyses that 

the obtained material has characteristics similar to those reported in the literature. The 

characterization data showed the presence of several functional groups, among them phenolic 

hydroxyl and methoxyl groups, along with both surface and morphological heterogeneity. The 

specific surface area of the E. grandis lignin was determined to be 20 m
2
 g

-1
. Regarding 

pHPZC, it was found that the pH required to neutralize the material surface was equal to                 

3.15 and that this characteristic influences the sample's adsorption capacity.  

Regarding the optimization of the adsorption process variables, it was found that all of 

the variables influence the removal of MB by the lignin sample. The values obtained in this 

optimization for the contact time (8 h), adsorbent dosage (225 mg), stirring frequency                     

(150 rpm), and initial pH (5.6) proved to be the most suitable for the process overall, and 

removal rates of approximately 90% were realized. 

According to the adsorption equilibrium studies, the Langmuir model was the model 

that best fit the experimental data; hence, the interaction between MB and E. grandis lignin is 

favourable and occurs with the formation of monolayers. The values obtained for the 

Langmuir isothermal constant (kL) and maximum adsorption capacity (qm) were                        

0.0223 L mg
-1

 and 31.97 mg g
-1

, respectively. Regarding the kinetics, the pseudo-second-

order model best represented the obtained experimental data. The values obtained for the 

kinetic constant (k2) varied between 0.00640 and 0.118 g mg
-1

 min
-1

; thus, the process is slow 

and, therefore, equilibrium is not reached quickly under the investigated experimental 

conditions. According to the thermodynamic parameters, the process is spontaneous                  

(ΔG°ads < 0), and there is an affinity between the adsorbent and adsorbate. In addition, the 

value of ΔS°ads (+141.3 J mol
-1

 K
-1

) showed that there is an increase in the system 

randomness, while the value of ΔH°ads (+38.64 kJ mol
-1

) showed that the adsorption is 

endothermic and physical. 

Finally, the use of waste from the furniture industry and, more specifically, from 

lignins from these materials, is a viable alternative for the removal of dyes from water. In 

addition, it is concluded that its use as an adsorbent contributes to the minimization of the 

impacts of its inappropriate disposal into the environment. 
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FIGURE CAPTIONS 

 

Figure 1. FT-IR spectra of the E. grandis lignin (a) before and (b) after MB adsorption 

 

Figure 2. Solid-state 
13

C NMR spectrum of E. grandis lignin 

 

Figure 3. Pyrogram of E. grandis lignin 

 

Figure 4. FESEM images of E. grandis lignin with magnification levels of (a) 500 × and (b) 2000 × 

 

Figure 5. TG and DTG curves of the E. grandis lignin 

 

Figure 6.  N2 adsorption and desorption isotherms for E. grandis lignin 

 

Figure 7. Determination of the pHPZC of E. grandis lignin. Experimental conditions: pH = 2.0-11.0; lignin 

dosage = 100 mg; temperature = 25 °C; and contact time = 24 h 

 

Figure 8. Influence of the E. grandis lignin dosage on the MB removal. Experimental conditions:                          

pH = 5.6; stirring intensity = 150 rpm; temperature = 25 °C; contact time = 8 h; and MB concentration =                                 

100 mg L
-1 

 

Figure 9. Effect of the stirring frequency on the MB removal. Experimental conditions: pH = 5.6; lignin             

dosage = 225 mg; temperature = 25 °C; contact time = 8 h; and MB concentration = 100 mg L
-1 

 

Figure 10. Effect of initial pH on the MB removal. Experimental conditions: stirring frequency = 150 rpm; 

lignin dosage = 225 mg; temperature = 25 °C; contact time = 8 h; and MB concentration = 100 mg L
-1 

 

Figure 11. Chemical structure of MB as a function of pH 

 

Figure 12. Experimental data adjusted to the Freundlich, Langmuir, Temkin and Dubinin-Radushkevich 

isotherms 

 

Figure 13. Possible interactions between the MB molecules and E. grandis lignin  

 

Figure 14. Reuse of the E. grandis lignin. Experimental conditions: C0 = 100 mg L
-1

; m = 225 mg; v = 150 rpm; 

t = 8 h; and T = 25°C 

 

Figure 15. Eucalyptus grandis lignin appearance: (a) before and (b) after the first desorption 
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TABLE CAPTIONS 

 

Table 1. Separation factor and types of isotherms 

 

Table 2. Results of the elemental analysis for E. grandis lignin 

 

Table 3. Assignments of the main peaks observed in the FT-IR spectrum of E. grandis lignin before MB 

adsorption 

 

Table 4. Pyrolysis products identified in the pyrogram of E. grandis lignin 

 

Table 5. Specific surface areas of various lignin samples 

 

Table 6. Parameters obtained from the Freundlich, Langmuir, Temkin and Dubinin-Radushkevich isotherm 

models and the Fisher test 

 

Table 7. Comparison with modified and native lignins in terms of qm values and operational conditions for MB 

adsorption  

 

Table 8. Kinetic parameters for the nonlinear pseudo-first- and pseudo-second-order models 

 

Table 9. Thermodynamic parameters for MB removal 
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Abstract 

 

A lignin sample was extracted from Eucalyptus grandis sawdust, by the Klason method, and 

used as adsorbent for the removal of methylene blue (MB) from aqueous solutions. By using a 

set of complementary analytical tools, the lignin appeared to be constituted of oxygenated 

functional groups and aromatic moieties, while showing a specific surface area of 20 m
2
 g

-1
 

and polydisperse particles. Different experimental conditions with various solid to liquid 

ratio, pH, as well as other external experimental parameters were investigated for the removal 

of MB by the lignin sample. The experimental adsorption data at the equilibrium were 

properly fitted by Langmuir model, while adsorption kinetical isotherms were correctly 

adjusted by the pseudo-second order model. The MB removal by lignin was spontaneous 

involving physisorption mechanisms leading to a saturation of the adsorption sites with a 

maximum adsorbed amount of about 32 mg g
-1

. The data acquired in this study also 

emphasized the interests to use lignin as potential adsorbent in the light of its properties for 

the removal of cationic dyes, including MB, with possible recycling and reuse cycles of lignin 

without any significant loss of its properties. 

 

Keywords: Eucalyptus grandis lignin; methylene blue; adsorption. 
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