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Abstract 

This work proposed new black-wattle tannin/kraft lignin H3PO4-activated carbon 

xerogels as sustainable and efficient adsorbents. The precursors were chosen based on their 

eco-friendly and cost-effective nature, aiming to achieve adsorbents with high adsorption 

capacities. Carbon xerogels were synthesized through polycondensation with formaldehyde 

and alkaline catalyst in a simple one-pot procedure. Activation was performed using H3PO4 

in a tubular furnace (500 ºC), under a nitrogen atmosphere. Results show that the inclusion of 

the kraft lignin led to changes in the morphology of the materials, facilitating the 

development of their porous structure and increasing specific surface area and pore volume. 

The best adsorbent (XLT 50%) was synthesized using a 1:1 tannin/kraft lignin mass ratio. 
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This material presented an adsorption capacity of nearly 1150 mg g
-1

 of methylene blue 

(pH=5 and T=298K), which was linked to its high specific surface area of 1348 m
2
 g

-1
. The 

adsorption process followed the pseudo-second-order kinetic model, whereas the adsorption 

isotherms were best fitted by the Sips model. The XLT 50% presented good reusability 

properties, maintaining its adsorption capacity for 3 cycles. Finally, the XLT 50% presented 

good adsorptive properties toward other pollutants (methyl orange, 4-chlorophenol, and 

hexavalent chromium), indicating its versatility for adsorption processes. 

Keywords: Tannin; Kraft lignin; Activated Carbon. 

1. Introduction 

Nowadays, the remediation of contaminated industrial wastewater has become one of 

the main topics of interest investigated by the global scientific community, as the release of 

toxic effluents into natural aquatic bodies has a catastrophic potential to harm a huge variety 

of living organisms, including human beings [1,2]. In this context, the release of dyes into the 

environment by the textile industry has attracted considerable attention, as nearly 20% of the 

estimated annual production of dyes (700000 tons) has been reportedly discarded into 

waterbodies throughout the planet [3,4]. As one of the main dyes applied to industrial 

processes, methylene blue (MB) is of particular interest due to its harmful properties, such as 

high color saturation in water (inhibiting the algae photosynthesis process) and elevated 

toxicity to humans, leading to health issues such as respiratory distress, nausea, diarrhea, and 

paralysis [5,6]. 

Consequently, the development of efficient, low-cost, and sustainable water treatment 

processes is of the utmost importance to tackle the aforementioned issue. Recently, several 

processes surfaced as potential alternatives to the treatment of contaminated effluents, such as 

heterogeneous photocatalysis, biological treatment, Fenton-based processes, flocculation, etc 

[7–11]. Among these, adsorption processes using activated carbons have gained considerable 
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attention due to their elevated efficiency to remediate a large variety of contaminants in 

aqueous environments, englobing dyes, pesticides, antibiotics, and heavy metals [12–14].  As 

for the activated carbons used in such processes, great efforts have been applied by the 

scientific community in order to synthesize cost-effective and highly efficient adsorbents 

based on natural biomasses, with a special focus on the overall sustainable nature of these 

materials [15]. 

With that in mind, the application of industrial carbonaceous byproducts has taken 

center stage in the development of new adsorbents. As an example, condensed tannins, which 

are commonly extracted from tree barks, can be considered a particularly suitable precursor 

for carbonaceous adsorbents [16]. As such, black-wattle tannin has been successfully 

employed as a precursor to carbon xerogels with great adsorption capacities for the 

remediation of effluents containing phenol and Cr
6+ 

[17,18].  

Besides condensed tannins, another extremely important carbon precursor obtained as 

a byproduct in industrial processes can be found in the form of kraft lignin.  This material is 

derived from the Kraft process of cellulose pulping, accounting for approximately 85% of the 

global lignin production [19].  It is estimated that the paper industry produces more than sixty 

thousand metric tons of kraft lignin per year, of which only 2% is further commercialized [5]. 

Recently, the application of kraft lignin was reported in the most diverse fields by related 

literature, such as biosensors, capacitors, construction materials, controlled release of drugs, 

tissue engineering, and cosmetics [20–23]. Regarding the adsorption process, lignin is 

currently applied in the most diverse forms, such as modified lignin, with the inclusion of 

oxygen, nitrogen, and sulfur-based functional groups, lignin composites, such as SiO2-lignin 

and TiO2-lignin, and various types of adsorbents based on activation processes [1,24].  

Considering the tannin molecule previously described,  it has been reported that the inclusion 

of kraft lignin in tannin-based carbon aerogels can extensively modify their porous structure, 
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resulting in carbonaceous materials with high specific surface areas and pore volumes [25]. 

However, the further activation of tannin-kraft lignin carbon gels and their application as 

potential adsorbent materials has not been reported by the related literature, to the best of our 

knowledge. 

Thus, this work proposes the development of simple, sustainable, and cost-effective 

activated carbons based on tannin/kraft lignin xerogels, focusing on their use as potential 

adsorbent materials for the remediation of industrial effluents. Furthermore, the adsorbents 

proposed were extensively characterized in order to understand the effect of the tannin/kraft 

lignin mass ratio on the adsorption capacity displayed by each material, aiming to obtain an 

optimized activated carbon fit for application in highly efficient adsorption processes.  

 

2. Materials and methods 

2.1 Synthesis of the tannin/kraft lignin H3PO4-activated carbon xerogels 

 

Firstly, 0.4 g of potassium hydroxide (KOH, 85 % w/w) was solubilized in 50 mL of 

deionized water. After that, pre-defined amounts of tannin (PHENOTAN AP, Tanac S.A.) 

and kraft lignin (provided by Suzano Papel e Celulose S.A.) were added to the solution and 

kept under magnetic stirring until the complete dissolution of both carbonaceous precursors. 

Subsequently, 4 mL of formaldehyde solution (37 % w/w) was added to the system, which 

was then sealed and stored in an oven set at 85ºC. The polycondensation of the gels was 

carried out for 4 days in the oven. Subsequently to the polycondensation reaction, the 

monoliths obtained were ground and sifted through a 200-mesh analytical sieve. The 

materials were then washed with deionized water until pH = 7 was observed in the filtrate. 

For the activation with phosphoric acid, 1 g of the obtained tannin-kraft lignin 

xerogel was mixed with 4 mL of H3PO4 (85% w/w) in a porcelain crucible, which was left in 
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an oven at 85 ºC for 3 h to promote the impregnation process. After that, the mixture was 

inserted in a tubular muffle furnace and calcined at 500 ºC for 2 h, with a nitrogen 

atmosphere (0.5 L min
-1

) and a heating ramp of 10 ºC min 
-1

. The materials obtained were 

once again washed with deionized water and sieved through a 325 mesh analytical sieve. The 

activated carbons obtained were named XLT w%, where w% represents the mass percentage 

of kraft lignin used in the synthesis. Table 1 displays the amounts of tannin and kraft lignin 

used for each synthesis. 

 

Table 1. Amounts of tannin and kraft lignin used in the preparation of the XLT w% 

Material Tannin (g) Kraft lignin (g) 

XLT 0% 4 0 

XLT 25% 3 1 

XLT 50% 2 2 

XLT 75% 1 3 

 

2.2 Characterization 

 

The nitrogen isotherms of the samples were recorded using a V-Sorb 2800 device 

(Gold APP). Initially, the samples were thermally treated for two hours under vacuum at 120 

°C. The Brunauer-Emmett-Teller (BET) technique was used to calculate the materials' 

specific surface areas, whereas the total pore volume was determined at a relative pressure of 

0.99. The non-local density functional theory (nLDFT) was used to determine the size 

distribution of the pores, while the T-plot method was used to define the micropore 

parameters using the Harkins-Jura model. 

A PANalytical X'Pert PRO MPD 3060 diffractometer was employed to obtain the 
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diffractograms of the XLT w% samples, using a copper X-ray radiation source (CuKα). The 

following settings were used to run the equipment: 30 mA of current, a voltage of 40 kV, and 

a step of 0.02 º s
-1

. A TESCAN MIRA 3 scanning electron microscope with a field emission 

gun (FEG-SEM), operating in the secondary electron detection mode, was used to examine 

the morphology of the XLT w%. A Perkin Elmer spectrometer (Frontier model) equipped 

with a UATR sensor (range: 4000 to 400 cm
-1

, 16 scans per sample) was used to perform the 

FT-IR spectroscopy analysis of the XLT w%. 

The approach outlined by Wang et al. was used to estimate the point of zero charge 

(PZC) of the XLT w% [26]. Amber glass bottles were filled with 25 mL of potassium nitrate 

solution (0.1 mol L
-1

). By the addition of 0.1 mol L
-1

 NaOH and HCl solutions, the pH of the 

solution was set in values ranging from 2.5 to 11. To each bottle, 0.05 g of XLT w% was 

added. The flasks were linearly stirred and shaken for 24 hours in a Dubnoff thermostatic 

bath. 

 

2.3 Adsorption evaluation 

 

For the adsorption studies, the experiments were conducted in a jacketed beaker 

maintained at room temperature. 0.02 g of XLT w% was added to the system along with 100 

mL of methylene blue (MB) solution. The system was kept under magnetic stirring and 

samples were collected at predefined times using a syringe and filtered using 0.22 μm nylon 

filters. The MB concentration in the samples was measured using a Shimadzu UV-2600 UV-

Visible spectrophotometer at the wavelength of 673 nm [27]. 

The effect of pH on the adsorption process was studied using MB solutions (250 mg 

L
-1

) with different values of pH. The pH of the system was evaluated in the range between 2 

and 11, using 0.1 mol L
-1

 NaOH or HCl solutions to set the pH values. 0.02 g of XLT 50% 
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was added to the system, and the procedure was carried out as described in the last paragraph. 

The effect of the MB concentration on the adsorption process was investigated to 

determine the adsorption isotherms of MB by the XLT 50%. To that intention, 0.02 g of XLT 

50% was added to a jacketed beaker containing 100 mL of MB solution (pH = 5) with 

concentrations between 125 and 300 mg L
-1

. This procedure was performed at temperatures 

ranging from 40 ºC to 60 °C. 

The reusability evaluation was performed in the following manner: an XLT 50% 

sample was subjected to the adsorption process using the optimal conditions determined (pH 

= 11, C0 = 250 mg L
-1

, adsorbent dosage = 0.2 g L
-1

, V = 0.5 L and T = 25 ºC). After the 

adsorption equilibrium was reached, the adsorbent was separated and added to 150 mL of 

ethanol (99% w/w), where it remained under magnetic stirring for 2 h. The adsorbent was 

then separated from the ethanol solution, washed with deionized water, and dried in an oven 

at 100 ºC. The dried adsorbent sample was then subjected to another adsorption cycle. The 

process was repeated for 5 cycles, as described above [28].  

The adsorption evaluation for methyl orange (MO), 4-chlorophenol (4CP), and 

hexavalent chromium (Cr
6+

) was carried out using the same methodology proposed 

previously for methylene blue. The methyl orange was detected at the wavelength of 464 nm, 

whereas the 4-chlorophenol was detected at 224 nm [27,29]. The concentration of Cr
6+ 

was 

calculated by the diphenyl carbazide methodology, using the wavelength of 540 nm [30]. 

 

3. Results and discussion 

 

3.1 Characterization 

 

Figure 1 shows the XLT 50% carbon xerogel after the gelation process and before 
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activation by phosphoric acid. 

 

Figure 1. XLT 50% after the gelation process and before activation by phosphoric acid 

 

As Figure 1 shows, the resulting tannin-kraft lignin xerogel is obtained as a smooth 

resin-like monolith with dark-brown color. This behavior is characteristic of 

tannin/formaldehyde-based xerogels produced through alkaline route, indicating high 

crosslinking between the precursor molecules used in the synthesis [31]. It is also valid to 

point out that all materials produced displayed the same appearance as the XLT 50%. 

Figure 2 shows the X-ray diffractograms of the XLT w% materials synthesized. 
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Figure 2. X-ray diffractograms obtained for the XLT w% materials 
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The results obtained show the presence of silicon phosphate (SiP2O7) in the structure 

of the XLT w% materials. This inorganic compound presents itself in the materials in both 

the hexagonal and monoclinic phases, as indexed in Figure 2. The presence of such silicate is 

probably linked to the reaction of the silicon present in the tannin with the phosphoric acid 

used in the activation process, as it is clear that a higher quantity of tannin is intrinsically 

linked to a higher quantity of SiP2O7. Furthermore, it is also possible to notice the presence of 

a wide halo located in between 20º and 30º, which can be linked to the (002) reflection plane 

of the turbostratic structure of graphite microcrystallites obtained in the carbonaceous phase 

[32,33].  

Figure 3 shows the infrared spectrum of the XLT w% samples. 
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Figure 3. Infrared spectrum of the XLT w% materials. 
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The peaks observed in the spectra of the XLT w% can be identified in the following 

manner: Si-O-Si bondings (496 and 1158 cm
-1

), O-P-O bondings (660 cm
-1

), C=C of skeletal 

aromatic rings (1560 cm
-1

), P-C bonding of phosphate functional groups (760 cm
-1

), P-O 

groups and C-O bondings from alcoholic groups (1040 cm
-1

), and C-H from methylene 

groups (2950 and 3000 cm
-1

) [34–37]. It is noticeable that the IR results agree with the XRD 

profiles regarding the presence of the silicon phosphate component, as an increase in the kraft 

lignin content clearly leads to a reduction of the bands related to the Si-O-Si bondings. 

Furthermore, the band related to the C=C groups from aromatic rings increases with the 

addition of kraft lignin to the materials, which is coherent with the complex polymeric 

structure of this carbonaceous precursor while also evidencing its inclusion into the xerogel’s 

structure. 

Figure 4 shows the scanning electron micrographs obtained for the XLT 50% at 

different magnifications, while Figure 5 shows the micrographs obtained for all XLT w%, at 

100000x magnification.  
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Figure 4. Micrographs obtained for the XLT 50%, at different magnifications: A) 10000x; B) 

50000x; C) 200000x and D) 500000x 

A)                                                        B) 

  

C)                                                             D) 
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Figure 5. Micrographs obtained for the XLT w%, at 100000x magnification: A) XLT 0%; B) 

XLT 25%; C) XLT 50% and D) XLT 75% 

A)                                                                B) 

  

C)                                                                   D) 

  

 

Firstly, Figure 4 shows that the XLT 50% is composed of large polyhedral particles 

with a large quantity of slit-shaped superficial pores. The pore thickness observed is of 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



approximately 10 nm, with variable lengths. As for the rest of the materials, Figure 5 shows 

that the inclusion of the kraft lignin into the xerogel structure led to the creation of deeper 

more defined pores on the surface of the XLT w%. It is also possible to notice that the XLT 

75% presented a more compact porous structure with narrower pores. 

Figure 6 and Table 2 display the nitrogen adsorption-desorption isotherms obtained 

for the XLT w% materials, along with the pore size distribution and the morphological 

parameters obtained employing the methodologies described in Section 2.2. 

 

Figure 6. A) Nitrogen adsorption-desorption isotherms for the XLT w%; B) Meso and 

macropore size distribution for the XLT w%; C) Micropore distribution for the XLT w% 
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Table 2. Morphological parameters obtained for the XLT w%  

Material Specific surface area 

(SSA, m
2 

g
-1

) 

Micropore 

area (m
2 

g
-1

) 

Pore volume 

(PV, cm
3
 g

-1
) 

Micropore 

volume (cm
3
 g

-1
) 

XLT 0% 960.16 105.10 0.5725 0.0183 

XLT 25% 1115.48 194.64 0.6610 0.0620 

XLT 50% 1348.76 329.13 0.8600 0.1329 

XLT 75% 798.75 461.78 0.4618 0.2082 

 

The isotherms of all the XLT w% can be classified as a mixture between types I-H4 

and IV-H4, characteristic of micro-mesoporous materials, where the large adsorbed volume 

at low pressures is suggestive of the presence of micropores and the characteristic behavior of 

the isotherms at high pressures indicates the formation of mesopores [38]. The type H4 

hysteresis loop indicates the presence of narrow slit-like pores, which is consistent with the 

porous structure observed in the micrographs of the samples [39].  The mesopore size 

distribution shows that all of the XLT w% materials have porous structures mainly composed 

of pores in the region between 2-8 nm, which is once again consistent with the micrographs 
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obtained for the materials. It is also noticeable that the addition of kraft lignin to the xerogels 

provoked a continuous reduction in the number of macropores with diameters between 100-

200 nm. As for the micropore region, the XLT 0%, 25%, and 50% have a main micropore 

diameter of approximately 2.1 nm, whereas the XLT 75% has a main micropore size of 1.7 

nm. Considering the length of the methylene blue molecule which will be used in the 

adsorption experiments (1.447 nm), the reduction of micropore size in the XLT 75%, coupled 

with the decrease of available mesopores, will probably cause a negative effect on the 

adsorption properties of this material [40]. 

As for the specific surface area of the materials, a continuous enlargement of the 

micropore network was observed for materials with higher kraft lignin contents. Overall, the 

specific surface area and pore volume of the materials increased along with the lignin 

content, except for the material XLT 75%, which displayed the lowest values of SSA and PV 

among the adsorbents produced. Thus, it is evidenced that the 1:1 mass proportion between 

tannin and kraft lignin was optimal to increase the SSA and PV of the activated carbon 

xerogel developed in this work. 

3.2 Evaluation of adsorptive properties using the methylene blue cationic dye 

 

Figure 7A shows the effect of contact time for the adsorption of methylene blue 

using the activated carbons prepared, whereas Figure 7B shows the correlation between the 

specific surface area of the materials and their maximum adsorption capacity (obtained after 

using the pseudo-second-order kinetic model described in Equation 2). 

 

Figure 7. A) Adsorption of methylene blue (MB) by the XLT w% materials (V = 100 mL, 

adsorbent loading = 0.02 g, MB concentration = 250 mg L
-1

); B) Correlation between the 

specific surface area of the materials and their maximum adsorption capacity 
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The results obtained show that the XLT 50% achieved the highest adsorption 

capacity among the materials evaluated, with an equilibrium adsorption capacity of 

approximately 1150 mg g
-1

 after 60 min. It can be seen from the results displayed in Figure 

7B that the maximum adsorption capacities of the activated carbon xerogels are intrinsically 

linked to their specific surface area, as a nearly linear relation can be derived between these 

two variables. This result is expected, after all, a higher surface area will provide a greater 

number of active sites for the adsorption process to take place. Thus, it is highlighted that the 

inclusion of the kraft lignin to the tannin/formaldehyde xerogel resulted in a superior carbon-

based adsorbent for the decontamination of the MB effluent studied in this work. 

As for the kinetic evaluation of the adsorption process, the commonly used models 

are the pseudo-first-order model (Equation 1), the pseudo-second-order model (Equation 2), 

and the intraparticle diffusion model (Equation 3). 

log(𝑞𝑒 − 𝑞𝑡) = log 𝑞𝑒 −
𝑘1𝑡

2.303
                               (1) 

where qt and qe are the adsorbed amount of MB at a given time (t) and at 

equilibrium, respectively, and k1 is the rate constant of the pseudo-first-order adsorption 

model. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
                                                        (2) 

where k1 is the rate constant of the pseudo-second-order adsorption model. 

𝑞𝑡 = 𝑘𝑖𝑡
0,5 + 𝑐𝑏                                                      (3) 

where ki is the kinetic constant and cb is the thickness of the boundary layer of the 

diffusion process. 

Table 3 summarizes the results obtained using the pseudo-first-order and pseudo-

second-order kinetic models. 

 

Table 3. Kinetic parameters for the methylene blue adsorption process 

Material Pseudo-first order Pseudo-second order 

k1 (h
-1

) qe(mg g
-1

) R
2 

k2 (g mg
-1

 h
-1

) qe (mg g
-1

) R
2 

XLT 0% 0.161 316.2 0.785 0.00088 526.3 0.995 

XLT 25% 0.207 524.8 0.905 0.00067 714.3 0,998 

XLT 50% 0.224 870.9 0.939 0.00043 1241.6 0.998 

XLT 75% 0.276 229.1 0.960 0.00183 270.3 0.995 

 

Table 3 shows that the pseudo-second-order model better describes the adsorption 

process studied, as the values of R
2
 are closer to 1 and the qe values are closer to the 

experimental values obtained. Thus, it is indicated that the rate-limiting step of the MB 

adsorption onto the XLT w% is the chemical sorption (chemisorption) step. 

As for the intraparticle diffusion model, Figure 8 and Table 4 show the results 

obtained. 
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Figure 8. Intraparticle diffusion model applied for the XTF w% materials 
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Table 4. Intraparticle diffusion model parameters obtained from the XLT w% 

Material k1 (mg g
-1

 min
1/2

) R
2 

k2 (mg g
-1

 min
1/2

) R
2 

XLT 0% 290.54 0.98 37.22 0.98 

XLT 25% 278.45 0,98 92 0.99 

XLT 50% 607.96 0.99 159.6 0.99 

XLT 75% 73.6 0.99 45.7 0.98 

 

Figure 8 shows that, for all materials, the adsorption mechanism described by the 

intraparticle diffusion model can be separated into three different steps. The first one, which 

occurs at the initial stages of the adsorption process, can be identified as the boundary-layer 

diffusion step and is related to the external mass transfer of MB to the surfaces of the XLT 

w%, leading to adsorption on the external surfaces of the adsorbents. The second step, which 

was the rate-limiting step for all materials (k2 < k1), relates to the intraparticle diffusion of the 

MB onto the active adsorption sites present within the XLT w% particles. Finally, the third 

step corresponds to the adsorption equilibrium of MB, where all of the active adsorption sites 
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available have been saturated [41,42].  

Figure 9 shows the results of the pH influence on the adsorption capacity obtained 

by the XLT 50% adsorbent. 

 

Figure 9. Influence of pH on the adsorption capacity of the XLT 50% adsorbent 
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To evaluate the results obtained in Figure 9, it is first necessary to define that point 

of zero charge value for all the XLT w% was close to pH = 3. Thus, for values of pH > 3, the 

external surfaces of the adsorbents will be negatively charged. Considering that the MB is a 

cationic dye, the results obtained are easily explained by the electrostatic interaction between 

adsorbent and adsorbate. For lower pH values, the surface of the XLT 50% presents a lower 

negative charge density, which results in a lesser adsorption capacity. As the pH value 

increases, especially for pH = 11, the surface of the adsorbent becomes more and more 

negatively charged, boosting the electrostatic attraction taking place between the XLT 50% 

and the MB molecule and, consequently, increasing the adsorption capacity of the adsorbent 

[43]. 

The adsorption isotherms obtained for the XLT 50% at different temperatures 
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(313,15K, 323,15K, and 333,15K) are displayed in Figure 10. These isotherms were fitted 

using the following isotherm models: Langmuir (Equation 4), Freundlich (Equation 5), Sips 

(Equation 6), and Redlich-Peterson (Equation 7) [44–47]. The parameters obtained are 

displayed in Table 5. 

𝐶𝑒

𝑞𝑒
=

1

𝑞𝑚𝑎𝑥𝑘𝐿
+

𝐶𝑒

𝑞𝑚𝑎𝑥
                                     (4) 

where qmax is the maximum amount of MB that may be adsorbed by the XLT 50% 

(mg g
−1

), qe is the adsorption capacity of MB at the equilibrium (mg g
−1

), Ce is the 

concentration of MB at the adsorption equilibrium (mg L
−1

), and kL is the Langmuir 

adsorption constant (L mg
−1

). 

𝑞𝑒 = 𝑘𝐹𝐶𝑒

1

𝑛                                  (5) 

where kF (L mg
−1

) and 1/n are the Freundlich isotherm constants. 

𝑞𝑒 =
𝑞𝑚𝑎𝑥𝑘𝑠𝐶𝑒

𝑛

1+𝑘𝑠𝐶𝑒
𝑛                             (6) 

where n is the Sips model exponent, ks is the Sips equilibrium constant (L mg
−1

) and 

qmax is the maximum adsorption capacity. 

𝑞𝑒 =
𝑘𝑅𝐶𝑒

1+𝛼𝐶𝑒
𝛽                                (7) 

where kR (L g
−1

) and α (L mg
−1

) are the Redlich-Peterson constants and β is the 

Redlich-Peterson exponential factor. 
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Figure 10. Adsorption isotherms obtained for the XLT 50% adsorbent, at different 

temperatures 
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Table 5. Parameters obtained using the proposed isotherm models 

Material Temperature 

(K) 

Langmuir isotherm Freundlich isotherm 

qmax (mg g
-1) 

kL (L mg
-1

) R
2
 kF (L mg

-1
) n R

2 

XLT 

50% 

313,15 1176.7 0.45 0.990 645.5 0.15 0.98

4 

 323,15 1008.1 0.64 0.996 674.6 0.09 0.98

5 

 333,15 915.1 0.72 0.996 602.6 0.1 0.98
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Material Temperature 

(K) 

Sips isotherm Redlich-Peterson 

isotherm 

qmax 

(mg g
-

1) 

kS (L 

mg
-1

) 

n R
2
 kR (L 

g
-1

) 

α (L 

mg
-1

) 

β R
2 

XLT 

50% 

313,15 1304 0.59 0.52 0.995 1061 1.26 0.9

1 

0.994 

 323,15 1072 0.96 0.60 0.998 1070 1.27 0.9

5 

0.998 

 333,15 910 0.74 1.05 0.997 775 0.88 0.9

9 

0.995 

 

From the isotherms obtained in Figure 10, it is observed that a correlation between 

temperature and adsorption capacity exists for the XLT 50%, where an increase in 

temperature results in a decrease of the observed qe. As for the isotherm model best suited to 

describe the adsorption process, the Sips isotherm model achieved the best results, with 

higher values of R
2
 for all isotherms. This model, which is a combination of Langmuir and 

Freundlich equations, is used to describe the monolayer adsorption process and solve the 

limitations of the Freundlich model, where the adsorbed amount increases continuously with 

concentration. Thus, the Sips isotherm model is comparable to the Freundlich model but it 

has an upper limit when high concentrations are used, converging to the behavior exhibited 

by the Langmuir isotherm [17,48].  

Regarding the thermodynamic parameters of the adsorption process, Gibb’s free 

energy can be defined employing the Van’t Hoff equation (Equation 8): 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



∆𝐺 = −𝑅𝑇𝑙𝑛𝐾𝑒                                   (8) 

where ΔG is the Gibbs free energy change, R corresponds to the universal gas 

constant, T is the adsorption process temperature (K) and Ke is a constant derived from the 

multiplication of the Langmuir parameters qmax and kL. 

With the definition of the ∆𝐺, the enthalpy (∆𝐻) and entropy changes (∆𝑆) can be 

defined using Equation 9: 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆                               (9) 

Table 6 gathers the thermodynamic data obtained from the adsorption isotherms of 

the XLT 50%. 

 

Table 6. Thermodynamic parameters obtained for adsorption of MB by the XLT 50%  

Adsorbent Temperature (K) ΔG  (J·mol
−1

) ΔH (kJ·mol
−1

) ΔS (J·mol
−1

·K
−1

) 

XLT 50% 313,15 -16319,86398 -9.4 82,3 

323,15 -17372,66712 

333,15 -17965,76618 

 

Table 6 shows that the adsorption process studied has an exothermic nature, with a 

ΔH of -9.4 kJ·mol
−1

, agreeing with the decreased adsorption capacity at higher temperatures. 

Furthermore, all values of ΔG obtained were negative, indicating that the MB adsorption 

process onto the XLT 50% is spontaneous [49]. 

Figure 11 shows the results obtained for the regeneration and reuse of the XLT 50% 

in multiple cycles of MB adsorption. 

 

Figure 11. A) Adsorption and desorption of methylene blue after each cycle, using ethanol as 

a desorbent agent; B) Adsorption capacity of MB after each cycle (pH = 11, C0 = 250 mg L
-1

, 
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adsorbent loading = 0.1 g, V = 0.5L) 
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As Figure 11A shows, the use of ethanol as a desorbent for methylene blue was an 

efficient strategy, especially in the first three cycles, as a desorption percentage of 

approximately 80% was obtained after each adsorption cycle. However, after cycle number 

three, the remaining MB present on the surface of the XLT 50% led to a reduction in the 

adsorption capacity of the material due to the saturation of the available active adsorption 

sites, as Figure 5B demonstrates. Therefore, the XLT 50% can be reused up to three times 

without a major efficiency loss. 

Finally, Table 7 gathers a comprehensive summary of recently developed biomass-

based activated carbons applied for MB adsorption, aiming to contextualize the results 

obtained in the present work. 
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Table 7. Comparison between the XLT 50% performance against recently reported biomass-

based activated carbons (AC) 

Adsorbent Specific Surface 

Area (m
2
g

-1
) 

Adsorption Capacity 

(mg g
-1

) 

Reference 

XLT 50% 1348.76 1150 This work 

Mangosteen AC 681.4 871.5 [50] 

Eucommia ulmoides AC 1135.6 540 [51] 

Teak wood waste AC 1345.25 567.5 [52] 

Rubber seed pericarp AC 1245.7 347.8 [53] 

Ashitaba biomass AC 1505.4 323.5 [54] 

Corn fibers AC 820 330.5 [55] 

Lignin AC 3382.32 1119.18 [56] 

Black liquor AC 1099 307.2  [57] 

Kraft lignin AC 1055 220 [58] 

Coconut shells AC 935.46 156.2 [59] 

 

As Table 7 shows, the XLT 50% adsorbent developed in this work displayed 

excellent adsorptive properties when compared to biomass-based materials recently reported 

in the literature. Thus, it is clear that the adsorbent obtained here is a promising material for 

application in industrial adsorption processes. 

 

3.3 Evaluation of adsorptive properties using various pollutants 

Aiming to further study the versatility of the XLT 50% adsorbent developed in this 

work, adsorption studies were conducted with various pollutants: methyl orange (an anionic 

dye), 4-chlorophenol (a pesticide with pKa = 9), and hexavalent chromium (a heavy metal 
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toxic cation) [60–62]. All the adsorption tests for these molecules were performed at pH = 5 

and ambient temperature. Figure 12 and Table 8 show the results obtained for the 

aforementioned tests. 

 

Figure 12. Adsorption isotherms for: A) Methyl orange; B) 4-chlorophenol; C) Hexavalent 

chromium 
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Table 8. Parameters obtained using the proposed isotherm models 

Material Pollutant Langmuir isotherm Freundlich isotherm 

qmax (mg g
-1

)
 

kL (L mg
-1

) R
2
 kF (L mg

-1
) n R

2 

XLT 

50% 

Methyl orange 346 0.36 0.973 97 0.2 0.972 

 4-chlorophenol 208 0.05 0.991 28.6 0.38 0.965 

 Cr
6+ 

57.6 0.06 0.967 9.87 0.34 0.959 

Material Pollutant Sips isotherm Redlich-Peterson 

isotherm 

qmax 

(mg g
-

1
)
 

kS (L 

mg
-1

) 

n R
2
 kR (L 

g
-1

) 

α (L mg
-

1
) 

β R
2 

XLT 

50% 

Methyl orange 542 0.21 0.30 0.989 674 5.8 0.83 0.985 

 4-chlorophenol 239.6 0.07 0.77 0.996 15.5 0.15 0.86 0.993 

 Cr
6+ 

70.8 0.09 0.70 0.994 5.95 0.21 0.86 0.988 

 

As the results show, the XLT 50% is able to adsorb all the pollutants evaluated, to 

different extents of adsorption capacity, independently of the nature of the adsorbate. As 

previously, the Sips isotherm model presented the best fit for the results obtained and the 

maximum adsorption capacities found were 542 mg g
-1

 for the MO, 239.6 mg g
-1

 for the 4CP, 

and 70.8 mg g
-1 

for Cr
6+

. To better contextualize these results, Table 9 shows a comparison 

between the results obtained in this work and those previously reported in the related 

literature. 
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Table 9. Comparison between the results obtained in this work and the ones reported in the 

related literature for the adsorption of methyl orange, 4-chlorophenol and hexavalent 

chromium 

Pollutant Adsorbent Adsorption Capacity (mg 

g
-1

) 

Reference 

Methyl orange 

XLT 50% 542 This work 

Coffee grounds AC 658 [63] 

Orange and lemon peel AC 33 [64] 

Vitis vinifera L. AC 79.7 [65] 

Waste-cellulose AC 337.8 [66] 

Pomelo peel AC 163.1 [67] 

4-chlorophenol 

XLT 50% 239.6 This work 

Rattan sawdust AC 188 [68] 

Sewage sludge AC 174 [69] 

Milk vetch AC 87 [70] 

Wheat straw biochar 111 [71] 

Coconut shell AC 85.8 [72] 

Hexavalent 

chromium 

XLT 50% 70.8 This work 

Apple peels AC 36 [73] 

Peanut shell AC 16.3 [74] 

Mango kernel AC 7.8 [75] 

Corn stalk AC 89.5 [76] 

 

The data collected in Table 9 show that the material developed in this work presents 

a good adsorption capacity for the pollutants evaluated in this section, further highlighting its 
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potential application in a diverse range of industrial adsorption processes. 

Conclusion 

It is concluded that the tannin/kraft lignin H3PO4-activated carbon xerogels, 

particularly the XLT 50%, are excellent adsorbents for the methylene blue molecule. This 

result is derived from the inclusion of the kraft lignin to the tannin/formaldehyde xerogel, 

which promoted a higher development of the porous structure of the XLT 50% while also 

increasing its specific surface area and pore volume. At regular conditions, the XLT 50% 

presented an adsorption capacity of approximately 1150 mg g
-1

 (pH = 5 and T = 298K), 

which is an excellent result when compared to related works in the literature. The MB 

adsorption kinetics can be described by the pseudo-second-order model, whereas the 

adsorption isotherms follow the Sips isotherm model. Furthermore, the XLT 50% can be 

reused up to three times without major loss in its methylene blue adsorption capacity. Finally, 

the results show that the XLT 50% can be used to perform adsorption processes using a wide 

range of pollutants, evidencing its suitability for real-world applications. 
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