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In the current research, lignin was successfully extracted from industrial 

waste Kraft black liquor using the acid precipitation method. In the 

following step, powdered carbon was synthesized through the H3PO4-

chemical activation method. The effects of synthesis parameters, including 

activation temperature (T) within the range of 400-600 ⁰C and two 

H3PO4/Lignin mass ratios (R) of 2 and 3 on activated carbon (AC) structure, 

were investigated. The physical and morphological properties of the ACs 

were obtained through BET, SEM, and FTIR analyses. The potential 

application of ACs was studied by measuring their adsorption capacity in 

the adsorption process of Methylene blue (MB) from an aqueous solution. 

The sensitized AC at R=2, and T= 500 ⁰C (AC-2-500) showed the highest 

specific surface area (1573.31 m2/g) and the pore volume (0.89 cm3/g), as 

well as the highest adsorption capacity of MB. This adsorbent was applied 

in the equilibrium adsorption experiments and kinetic description. The 

results from kinetic experiments and adsorption isotherms indicated that the 

pseudo-first-order model and Langmuir model were in correspondence with 

the experimental data most. The maximum adsorption capacity was 188 

mg/g. The study proved there is a high potential for the conversion of black 

liquor to greatly porous Lignin-based adsorbents. Moreover, the 

considerable maximum adsorption capacity suggested a significant 

potential of Lignin-based AC for wastewater treatment. 

 

Introduction 

Water pollution is one of the most severe environmental problems, threatening economic 

development and human health [1]. As a result of rapid industrialization, waste emissions from 

many factories, even at low concentrations, cause severe problems for aquatic life and humans 

[2, 3].  

Dyeing, paper and pulp, textiles, plastics, leather, cosmetics, and food industries frequently 

use dyes to stain products. Their colored effluent contains a wide range of organic compounds 

and toxic materials [4]. Many of them, including MB can cause irreversible damage to the 

humans and animals’ bodies, such as allergic reactions, a burning sensation in the eyes, 
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vomiting, irritation in skin, or sometimes cancer [5]. Therefore, Several methods have been 

used to eliminate harmful substances from polluted water, including coagulation [6], 

electrochemical treatment [7], photocatalysis [8], membrane filtration [9], biological treatment 

[10], and adsorption [11–13]. Although some processes have received little attention because 

of their high operating costs, high energy-chemical usage, and poor performance [14,15], 

adsorption is one of the treatment techniques with high efficiency, selectivity, and easy 

operation without the production of harmful by-products [16–19]. ACs are well-known 

adsorbents because of some unique characteristics, including highly developed porosity, great 

surface area, variable chemistry of the surface, and a high degree of surface reactivity [20,21]. 

Commercial ACs are expensive adsorbents and the cost of them is highly affected by their 

quality. Therefore, recent studies have concentrated on producing cost-effective adsorbents, as 

an alternative for commercial ACs. Different raw materials, such as coal, coconut shells, wood, 

peat, and various types of lignocellulosic wastes, are used as precursors. Since the chemical 

activation method mainly produces a much more porous structure compared to the physical 

activation, it has become widely used in ACs production [22]. 

Although ACs are still at the center of attention in industries, the development of appropriate 

manufacturing methods and insights into their porous structure is still ongoing. Accordingly, 

understanding a way to extend the porosity is necessary, because it contributes to the control 

and prediction of its performance during applications [23]. 

Due to rising concerns about energy efficiency and cost-effectiveness, the recovery of 

biomass waste has been increasingly considered as a bio-source. In recent years, because of the 

improvements of numerous applications of lignin as a renewable feedstock, the isolation of 

lignin from black liquor has attracted much attention. Lignin is used as a dispersant, emulsifier, 

binder, and sequestrant [24]. Lignin, as one of the main constituents of wood and other 

lignocellulosic materials, is the second most abundant biopolymer on the earth [24]. Lignin 

molecular structure is a three-dimensional polymer made of phenyl propane units which are 

randomly linked together [25]. Because of its complexity, the lignin is identified from the 

presence of phenyl propane units, i.e. p-hydroxyphenyl (or p-coumaryl alcohol), guaiacyl (or 

coniferyl alcohol), and syringyl (or sinapyl alcohol). As a result, it can be a promising candidate 

for biomass-based carbon materials, due to its high aromaticity, high thermal stability, and high 

carbon content [26].  

The most significant lignin volume comes from the traditional Kraft pulping process [27]. A 

liquor containing phenolic compounds is the effluent of the Kraft lignin process. It is dark 

brown or black, so known as black liquor. Black liquor generally includes toxic chemicals and 

the derived form of lignin. They must be removed before the effluent is discharged into the 

environment. In order to reduce the environmental impacts, the pulp and paper industries 

typically burn the dissolved lignin in the black liquor to generate energy [28]. Powdered lignin 

can be recovered from black liquor via suitable chemical treatments and filtering processes [26].  

Although there have been a number of researches concerning carbonization [29–31] and 

activation [32, 33] of biomass-based natural resources, studies on the preparation of the ACs 

from black liquor are still immature. More importantly, most of the previous studies have dealt 

with the recovery of lignin from lignin-based wastes [24, 34, 35], while in this study we have 

tried to extract the highest amount of lignin that has the same structure as natural lignin from 

black liquor. Hence, the present work aims to find an optimum condition for lignin extraction 

experiments, then, study the feasibility of the production of ACs by H3PO4 activation of lignin, 

and examine the influence of preparation conditions (activation temperature and H3PO4/lignin 

mass ratio) on the pore structure of ACs. Moreover, the application of synthesized adsorbents 

in removing MB, as one of the water pollutants representatives, has been investigated to figure 

out the relationship between the adsorbent surface and adsorption capacity. 
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Experimental 

Materials  

The Kraft Black liquor was supplied by Iran Wood & Paper Industries-Chooka Co. located 

in the Gilan province of Iran. HCl 37% and H3PO4 85% were used to decrease the pH of black 

liquor and as an activating reagent, respectively. The analytical grade of MB was applied in all 

adsorption experiments.  

Lignin Extraction 

The initial measured pH of supplied black liquor was about 10. To extract lignin from black 

liquor the, HCl 37% was gradually added into three vials containing 100 ml of black liquor, 

waiting for the pH reached different values of 1, 2, 5. After getting the desired pHs, the solution 

was stirred at 90 0C for 1 h. At the end of this step, a visible biphasic solution was obtained. 

The precipitate was separated through a piece of suction-filtering equipment, washed with 

distilled water (until neutral pH), dried at 110 0C for at least 3 h, and finally, ground with a 

pestle and mortar to obtain lignin powder. The final weight of dry lignin powder was reported 

to determine production yield. 

Activated Carbon Preparation 

The extracted lignin was mixed with the activating agent (H3PO4 85%) in two ratios of R=2 

and 3. Then, the mixture was kept at ambient temperature for 30 minutes to ensure that the 

activating agent entirely penetrated the lignin pores. This mixture was then dried in the oven at 

110 0C for 24 h to evaporate the water of the H3PO4 solution and prepare the impregnated 

samples. At the end of this step, the mixture converted to a black sticky solid. The samples were 

thermally treated and heated up to a specific T under continuous N2 flow at the temperature rate 

of 10 0C/min in a tube furnace for 1 h. The T was set at three different points 400, 500, and, 

600 0C. Finally, the activated samples were allowed to be cooled under N2 flow. To remove the 

residual H3PO4, the samples were washed sequentially many times with hot distilled water until 

obtaining neutral pH. The resulting ACs were dried at 1100C 

Characterization Methods  

The surface characteristics of ACs were measured by nitrogen adsorption and desorption 

method using the device ASAP 2020, Micromeritics at 77 K. Before measuring the adsorption 

analysis, the samples were outgassed at 250 0C under vacuum condition for several hours to 

clean the surface and remove the impurities. The BET method was applied to calculate the BET 

surface area of ACs, using the adsorption isotherm of nitrogen [34]. The surface chemical 

properties of extracted lignin at various pHs and prepared ACs were analyzed by Fourier-

transformed infrared spectroscopy (FTIR) to determine the existence of different chemical 

functional groups in the samples applying the KBr pellet method (PerkinElmer device). The 

surface morphology of extracted lignin and ACs obtained using the means of a field emission 

scanning electron microscope (FE-SEM; TE-SCAN,  MIRAIII). The elemental analysis was 

determined by EDX analysis applying the previously mentioned device for FE-SEM. 

Adsorption Experiments  

Since MB has shown strong adsorption on solids, it was chosen as a model compound for 

adsorption experiments. 
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To select the best adsorbent among the six synthesized ACs and compare their adsorptive 

performances, 0.05 g of each prepared AC was added into the 20 ml of MB aqueous solution 

(initial concentration of 300 ppm and 400 ppm). In the adsorption experiments, one magnet 

with the appropriate size was placed in the vial containing color solution and ACs to be mixed 

at room temperature and pressure for 1 hour. 

To study adsorption kinetic, the 0.05 g of AC-2-500 sample, which was selected as the most 

desirable adsorbent, was put into 20 ml of MB aqueous solution (initial concentration of 300 

mg/L), and then was shaken at the desired time intervals (10-60 min).   

The adsorption isotherms were obtained by immersing the 0.05 g of AC-2-500 sample into 

20 ml of MB aqueous solution (300–800 mg/L initial concentrations). In the following step, it 

was agitated at room temperature until attaining equilibrium.  

After reaching the desired times, the ACs were separated from the MB aqueous solution, 

and the remaining dye concentration was measured using a UV–vis spectrophotometer at 665 

nm. 

The adsorption capacity of MB onto adsorbent, qt (mg/g) at a certain time(t), and the percent 

of color removal R(%) of MB were calculated using Eqs. 1 and 2 [35]. 

𝑞𝑡 =
(𝐶0 − 𝐶𝑡) ∗ 𝑉

𝑀
 (1) 

𝑅(%) =
(𝐶0 − 𝐶𝑡)

𝐶0
∗ 100 (2) 

where C0 (mg/L) is the initial concentration of MB; Ct (mg/L) is the residual dye concentration 

at time(t); V (L) is the volume of dye solution; and M(g) is the mass of adsorbent [35]. 

Results and Discussion 

The Impact of pH Change on the Amount of Extracted Lignin   

The effect of pH on the extracted lignin quantity is investigated. The amount of extracted 

lignin from 100 ml of the supplied black liquor at different pHs is shown in Fig 1.   
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Fig. 1. The weight of extracted lignin at different pHs 

It can be concluded from Fig 1, the change in pH has a significant impact on the yield of 

extracted lignin, and it is optimum at pH=2. In addition, according to Fig 1, it has been found 

that since an insignificant amount of lignin has been obtained at pH=5 compared to pHs=1 and 

2, the extremely acidic environment is necessary to recover lignin from Kraft black liquor. This 

result is in accordance with Fengel’s and Wegener’s research [36], which confirms the high 

solubility of lignin in an alkaline medium. As a result, pH = 2 has been chosen for the next steps 

to extract lignin from the black liquor as a precursor for the synthesis of ACs. 

FTIR Analysis 

The Impact of pH Change on the Extracted Lignin Chemical Functional Groups 

The FTIR spectrum of extracted lignin at different pHs and original black liquor waste on a 

dry basis is shown in Fig. 2. 
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Fig. 2. The impact of pH change on the chemical functional groups of different extracted lignin 

According to the FTIR spectroscopy data, the original dried black liquor powder and the 

different extracted lignin powders have different frameworks. Fig. 2 presents the relatively 

broad absorption peak at about 3324 cm-1, displaying the existence of hydroxyl groups (OH) in 

the alcohol and phenol groups in the lignin, which is visible in the precipitations at pHs 1 and 

2. The two small peaks observed around 2936 and 2836 cm–1 indicate the stretching of C-H 

from the deformation of methyl and methylene groups [37]. It is confirmed that the peaks 

around 1707 and 1603 cm-1 explain the presence of carbonyl peaks in the β position, and in the 

α and γ positions of the phenylpropane unit, respectively. It is also observed from the peak 

around 1025 cm-1 the existence of the C-O group owing to the primary alcohol. The presence 

of peaks around 1512, 1456, and 1422 cm-1 can confirm the aromatic ring C=C and 835 cm-1 

aromatic C-C groups. In addition, the peaks observed at 1326 and 1111 cm-1 prove the presence 

of C-O and C-H groups in the syringyl ring. Furthermore, the observed peaks near 1211 cm-1 

reveal the C-O and C-H groups in the guaiacyl ring [38]. Hence, the FTIR results prove the 

successful extraction of lignin from supplied black liquor, especially at pH 1 and 2, because of 

the similarity of the structure to the natural lignin. Fig. 3 shows the chemical structure of lignin 

constituents with the base phenylpropane unit [39]. 
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Fig. 3. Base structure of the phenylpropane unit 

FTIR Analysis of Synthesized ACs  

The FTIR spectrum of ACs prepared from the extracted lignin at different R=2 and 3 based 

on the temperature change are shown in Fig. 4. 
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Fig. 4. FTIR analysis spectrum of ACs (R=2 (a) and 3 (b)) 

According to Fig. 4, it is clear that the intensity of peaks decreases after the activation process 

compared to the peaks obtained from Fig. 2, indicating that the higher content of the relevant 

functional groups present in the raw lignin because of its complex nature. All ACs display a 

broad peak in the range (3700-3680) cm-1 that is referred to as the O-H stretching vibration of 

the hydroxyl group. The observed bands at (3200-3100) cm-1 & (2890-2880) cm-1 result from 

the C-H stretching vibration of methyl and methylene groups. The band at (1700-1690) cm-1 is 

related to the C=O stretching vibration. The band around (1560-1520) cm-1 ascribes to aromatic 

ring stretching vibration [40, 41]. 

BET Analysis 

Fig. 5 presents the nitrogen adsorption/desorption curves of the ACs prepared at R= 2 and 3 

based on the temperature change. 
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Fig. 5. Nitrogen adsorption/desorption curves of ACs (R= 2 (a) and 3 (b)) 

From Fig. 5, it can be concluded that all ACs follow the type I isotherm, which is a reflection 

of a predominantly microporous structure with a mesoporosity contribution. It should be noted 

that type I isotherms also are applicable for the adsorbents which include very small mesopores 

(close to micropores (0-2 nm)) [42]. This result is consistent with the average pore diameter in 

Table 1 (Dp are in the range of ~ 2.17 to 2.82). In other words, the majority of pores are located 

in the mesopore region that are very close to micropores in size. Additionally, the formation of 

some hysteresis around the relative pressure of 0.5 proves the existence of mesopores in the 

adsorbents. Moreover, 2 samples of AC-2-400 and AC-3-400 are expected to have a small 

surface area and pore volume compared to the other samples due to their lower amount of N2 

adsorption. 
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The distribution of pore size of ACs in different R= 2 and 3, obtained from the BJH diagram, 

are illustrated in Fig. 6. As seen, the distribution of pore size for all ACs is mainly located in 

the range of 2-5 nm.  

 

 

Fig. 6. The distribution of pore size of ACs (R= of 2 (a) and 3 (b)) 

Table 1 gives information about the structural characteristics of synthesized ACs. 

Additionally, the effects of change in T and R on the BET surface area are shown in Fig. 7. 
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Table 1. BET analysis’ results 

Dp 

(nm) 

Vmeso 

(cm3/g) 

Vmicro 

(cm3/g) 

Vtot 

(cm3/g) 

Smeso 

(m2/g) 

Smicro 

(m2/g) 

SBET 

(m2/g) 
Samples 

2.3423 0.2429 0.035 0.2779 384.5273 90.1438 474.6712 AC-2-400 

2.2655 0.7871 0.1039 0.8910 1305.1776 268.1397 1573.3173 AC-2-500 

2.1765 0.3553 0.0868 0.4421 602.7376 209.9339 812.6715 AC-2-600 

2.8271 0.0913 0.0088 0.1001 118.9091 22.8058 141.7149 AC-3-400 

2.7333 0.4572 0.0350 0.4922 703.5515 16.8112 720.3628 AC-3-500 

2.6045 0.4199 0.0334 0.4533 604.8129 91.4802 696.2931 AC-3-600 

 

 

Fig. 7.  Effects of change in T and R on the BET surface area 

It is observed that as T increases (in both R= 2 and 3) from 400 to 500 0C, BET surface area 

significantly enhances as well, and then decreases with a further increase up to 600 0C. 

Similarly, the pore volume reduces, probably because of heat shrinkage of the carbon structure. 

In contrast, at a constant temperature and increasing the R, BET surface area decreases. As a 

result, raising the temperature above 500 0C and R from 2 to 3 does not have a positive impact 

on BET surface area. It could be anticipated that as long as H3PO4 can react with lignin, 

an increment within the volume filled by phosphate and polyphosphate compounds will occur. 

However, the carbon structure may likely be weakened by the attack of an excess amount of 

acid. Hence, there is an optimum amount of acid that can react with lignin; the higher R leads 

to extensive breakage of biopolymer bonds, shrinkage of the structure, and finally, a reduction 

in surface area and, to a similar extent, total pore volume [43]. As it is shown in Table 1, the R 

can also affect the distribution of porosity. The average figure of Vmeso to Vtot is ~85% in the 

ACs at R=2, while this reached ~92% at R=3. Similarly, the presence of more mesopores can 

be confirmed by comparing the pore diameters from R=2 to 3. Therefore, using a higher R leads 

to a broadening of the porous structure of ACs with a higher contribution of mesopores to the 

total porosity, but it decreases the surface areas. This result agrees with studies reported by 

other authors using H3PO4 to activate lignin from Kraft black liquor [43, 44]. 

Considering the above-mentioned results, an AC sample with a maximum BET surface area 

of 1573.3173 m2/g and total pore volume of 0.8910 cm3/g is prepared at T=500 0C and R=2 

(AC-2-500 sample), verifying that H3PO4 works as an effective activating agent to produce a 
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well-developed AC from lignin of black liquor. Many studies have investigated the production 

of ACs with H3PO4 activation of Kraft lignin as a precursor. In the earlier studies, the maximum 

BET surface areas reached 1459 m2/g at T=425 0C and R=2 [44], 1305 m2/g at T= 600 0C and 

R=1.4 [43], and 1972 m2/g at T=700 0C and R=7 [45], which are pretty close to our results. 

Although relatively high BET surface areas have already been reported, in the current study, a 

high BET surface area has been obtained in a moderate value of T and R. This contributes to 

less consumption of energy and chemical in carbonization and activation steps.  

  Table 2 shows the elemental analysis of the raw extracted lignin, AC-2-500, and AC-3-

400, which present the highest and lowest BET surface area, respectively. 

Table 2. Elemental analysis results 

Elements (wt%) C N O P S 

Lignin 57.42 12.82 26.10 0.16 3.49 

AC-2-500 60.83 23.10 13.11 2.08 0.87 

AC-3-400 48.41 11.50 33.49 5.11 1.49 

The residual P content on the AC-2-500’s surface is 2.08 wt%, whereas this figure reaches 

5.11 wt% on the AC-3-400’s surface. In contrast, C content decreases from 60.83 wt% to 48.41 

wt% in AC-3-400. It can be concluded that the weakening of carbon structure takes place by 

the excess amount of H3PO4. 

In total, the higher P content in the two mentioned ACs compared to the raw extracted lignin 

can prove that the H3PO4 plays an influential role in surface activation. 

FESEM Analysis 

Fig. 8 represents FESEM images (magnifications 10 µm and 200 nm) observed from the 

surface of raw extracted lignin and the sample AC-2-500, which has presented the highest BET 

surface area. 
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Fig. 8. FESEM images of raw extracted lignin (a, b) and AC-2-500 (c, d) 

Lignin as raw material presents few pores before the activation and carbonization processes, 

because of the presence of volatile gases, and other compounds. However, after that, the 

structure changes differently. To elaborate, as a result of the lignin reaction with the H3PO4, a 

large number of various sizes and shapes of pores appear on the surface of AC-2-500. This 

confirms that H3PO4 activating agent is effective in forming pores in the raw precursor. 

Methylene Blue Adsorption  

Selection of the Best Adsorbent  

The samples, AC-2-400 and AC-3-40, gave a poor performance in the adsorption of MB, 

and the intensity of the remained color was much more than the other samples. So, in the next 

step, the concentration of the residual MB in the other four samples was measured. Table 3 and 

Table 4 give information about the results of the adsorption experiments. 

Table 3. Results of adsorption ability of synthesized ACs (initial MB concentration of 300 ppm) 

Percentage of MB 

removal (%) 

(mg/g)Adsorption 

capacity 

Remained MB 

concentration after 

adsorption (ppm) 

Samples 

99.84 119.812 0.47 AC-2-500 

99.78 119.736 0.66 AC-3-500 

99.74 119.692 0.77 AC-2-600 

99.75 119.708 0.73 AC-3-600 

 

Table 4. Results of adsorption ability of synthesized ACs (initial MB concentration of 400 ppm) 

Percentage of MB 

removal (%) 

(mg/g)Adsorption 

capacity 

Remained MB 

concentration after 

adsorption (ppm) 

Samples 

99.76 159.62 0.95 AC-2-500 

98.05 156.892 7.77 AC-3-500 

90.62 144.996 37.51 AC-2-600 

96.75 154.808 12.98 AC-3-600 
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The AC-2-500 has shown the highest adsorption capacity and the percentage of MB removal 

from the aqueous solution, from Table 3 and Table 4. In Fig. 9, the qualitative results of 

adsorption experiments carried out at an initial MB concentration of 400 ppm, can be seen. 

 

Fig. 9. Qualitative amount of remaining MB after the adsorption process at a concentration of 400 ppm (Based 

on the lowest remaining MB concentration, i.e., the highest absorption capacity of absorbent, a: AC-2-500, b: 

AC-3-500, c: AC-3-600, d: AC-2-600, e: MB sample (400 ppm) before adsorption process) 

According to the color of the samples, the AC-2-500 sample has presented the highest 

adsorption capacity and color removal percentage, enabling to adsorb ~100% of the color. As 

previously explained in part 3.3, the mentioned sample has demonstrated the maximum BET 

surface area as well. Besides, there is a direct relationship between mesopores’ surface area and 

pore volume and the adsorption capacity of synthesized adsorbents. In other words, the higher 

surface area, and pore volume in the mesopore region contribute to the greater adsorption 

capacity of the adsorbent. 

 Therefore, AC-2-500, as the sample with maximum BET surface area, the highest amount 

of pore volume, and surface area in the mesopore  region is chosen as the best-synthesized 

sample in the optimum conditions of T=500 0C and R=2. Further, kinetics and equilibrium 

adsorption experiments will be carried out on this sample. 

Adsorption Isotherms 

In adsorption studies, the isotherms are applied to explain the interaction between the 

adsorbent and adsorbate. In the current study, two famous isotherms, Langmuir and Freundlich, 

are fitted to the experimental data by the non-linear curve fitting method in order to obtain a 

proper model for explaining the adsorption of MB onto AC-2-500.  

The Langmuir isotherm is defined based on two important assumptions: 1) Adsorption 

happens on the homogeneous sites of the adsorbent surface, and 2) it refers to monolayer 

adsorption [46]. The Langmuir Eq. is expressed as follows: 

𝑞𝑒 = 𝐾𝐿

𝑞𝑚𝑎𝑥𝐶𝑒

(1 + 𝐾𝐿𝐶𝑒)
 (3) 
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qe (mg/g), Ce (mg/L), KL (L/mg), and qmax (mg/g) define the amount of adsorption at 

equilibrium, the concentration of MB in the equilibrium state, Langmuir constant, and the 

maximum monolayer adsorption capacity, respectively [35]. The Langmuir isotherm constant 

can be expressed as a dimensionless parameter known as the separation factor (RL) [47], 

defined by Eq. 4: 

𝑅𝐿 =
1

1 + 𝐾𝐿𝐶0
 (4) 

where RL refers to how much the adsorption process is favorable; It is favorable when 0 < RL 

< 1, unfavorable when RL > 1, linear when RL = 1, or irreversible when RL = 0 [47]. 

By contrast, the Freundlich isotherm is based on the heterogeneous surface of the adsorbent 

and is employed for the multilayer adsorption process. The following Equation describes the 

Freundlich isotherm [48]: 

𝑞𝑒 = 𝐾𝐹𝐶𝑒

1
𝑛 (5) 

KF (mg/g (L/mg)1/n)  is the Freundlich isotherm constant, related to the adsorption capacity of 

the adsorbent, and 1/n ranges between 0 and 1 is a measure of the Freundlich adsorption 

intensity parameter or surface heterogeneity, becoming more heterogeneous as its value 

approaches zero. When the value of 1/n stay below unity presents a normal Langmuir isotherm, 

while 1/n above unity shows cooperative adsorption [49]. 

In Fig. 10, the Langmuir and Freundlich adsorption isotherms are fitted to experimental data.  

 

Fig. 10. Adsorption isotherms of MB onto AC-2-500 

The calculated constants from Langmuir and Freundlich adsorption isotherms and 

correlation coefficient (R2) are summarized in  

The R2 derived from the Langmuir and Freundlich equations are 0.8894 and 0.8422, 

confirming that both isotherms are well-fitted with the equilibrium data.  However, the greater 

R2 from Langmuir isotherm compared to Freundlich isotherm confirms that Langmuir isotherm 

is a more reliable equation in modeling and describing the adsorption behavior of the MB-AC 

system. The obtained results also reveal that the homogenous nature of the surface of the 

adsorbent and monolayer adsorption have taken place on the surface of AC-2-500. 

Additionally, the maximum monolayer adsorption capacity calculated from Langmuir isotherm 

reaches 188 mg/g, suggesting that the adsorption capacity of AC-2-500 in the removal of dye 

from aqueous solution is relatively high. This can be proved by comparing different adsorbents’ 

capacities reported in the recent research (see Table 7). 𝑅𝐿 parameter is calculated for all initial 
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MB concentrations and varies within the range of 0-1 and verifies that the synthesized AC-2-

500 is favorable for MB adsorption under the applied condition. As is also mentioned in the 

value of 1/n=0.056 is less than 1, which means the adsorption is favorable. 

Table 5. Constants of Langmuir and Freundlich adsorption isotherms for MB removal by AC-2-500 

Langmuir isotherm  

qmax (mg/g) 188 

KL 4.295 

RL 2.9*10-4-7.7*10-4 

R2 0.8894 

Freundlich isotherm  

KF 141.1 

1/n 0.056 

R2 0.8422 

Adsorption Kinetics 

To study the rate and the mechanism of the adsorption kinetic, three kinetic models are 

introduced by the non-linear curve fitting method; the Pseudo-first-order model (PFO), the 

pseudo-second-order model (PSO), and the intraparticle diffusion model [50]. 

PFO (Eq. 6) and PSO (Eq. 7) are plotted to fit the experimental data, and their equations are 

presented below: 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) (6) 

𝑞𝑡 =
𝐾2𝑞𝑒

2𝑡

1 + 𝐾2𝑞𝑒𝑡
 (7) 

where k1 (1/min) and K2 (g/mg.min) are the rates constant of PFO and PSO adsorption, and t 
(min) is the adsorption time [50]. 

The PFO and PSO models cannot determine the diffusion mechanism and only describe the 

sorption behavior over the whole adsorption process. Therefore, further investigation is 

conducted to identify the mechanism of adsorption using Weber-Morris intraparticle diffusion 

model defined by the following equation: 

𝑞𝑡 = 𝐾𝑖𝑑𝑡1 2⁄ + 𝐶 (8) 

Kid (mg/g.min0.5) is the intraparticle diffusion rate constant, and the intercept of C is related 

to the boundary layer effect [51].  

Fig. 11 displays the non-linear graphs of PFO, PSO, and intraparticle diffusion models, 

respectively. 
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Fig. 11. Kinetic models for the adsorption of MB onto AC-2-500 

The kinetic constants and the correlation coefficient (R2) from these three models are 

evaluated and presented in Table 6.  

Table 6. Kinetic constants for the adsorption of MB onto AC-2-500 

PFO  

K1 (1/min) 0.1598 

qe, cal (mg/g) 119.8 

qe, exp(mg/g) 119.656 

R2 0.9999 

PSO  

K2 (g/mg.min) 0.0054 

qe, cal (mg/g) 119.2 

qe, exp(mg/g) 119.656 

R2 0.9867 

Intraparticle diffusion  

Kid (mg/g min0.5) 14.84 

C 25.69 

R2 0.7959 

As is seen in kinetic (qt − t) graphs, the ability of the adsorbent in the adsorption of MB 

increases with time. Adsorption kinetic on the adsorbent surface is almost fast. So, the adsorbent 

can quickly adsorb the MB in the first 30 minutes. Then, the kinetic of MB adsorption ultimately 

decreases to reach an equilibrium when no significant change in the amount of adsorbed MB 

can be seen. The reason is that in the initial time of the adsorption process, there is a high 

volume of unoccupied active sites, but after a while, most of the active sites react with 

absorbent. As a result, the kinetic of the adsorption process declines. In other words, this speed 

reduction results from the decrement in the total surface area of the adsorbent during the 

adsorption process.  

Comparison of the correlation coefficients suggests that the PFO kinetic model with the 

value of R2  =  0.9999 is in high accordance with experimental data, implying the applicability 

of the PFO equation and the first-order nature of the adsorption process onto AC-2-500. 

Moreover, R2 data resulting from the intraparticle diffusion kinetic model is obtained at 0.7959, 

which is in less agreement with the experimental data compared to the two other models. 

According to this model, when C is not zero, it confirms that there is an initial resistant boundary 

layer, and a greater C, revealing more effectiveness of the boundary layer. In addition, the 

presence of  C ensures that intraparticle diffusion is not the only affecting factor on the rate-

controlling step, and other kinetic models and various processes can also contribute to the 

adsorption process.  
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From Fig. 11c, the graph can be considered as three different lines, suggesting three different 

stages during the adsorption process. The first stage, the fastest one, is completed in the first 10 

minutes and can be attributed to the mass transfer of MB from the solution onto the external 

surface of the adsorbent. The second stage which takes place in 10-30 minutes, describes the 

gradual absorption on which intraparticle diffusion is the rate-limiting. At the final stage, 

intraparticle diffusion decreases to reach an equilibrium.  

Table 7 compares various adsorbents in terms of their capacity and kinetic nature for the 

adsorption of MB, which is found in some recent literature. 

Table 7. Comparison of different adsorbents’ capacity and kinetic nature 

Adsorbents 

Maximum 

adsorption 

capacity (mg/g) 

Isotherm Kinetic References 

Lignin-based activated carbon 188 Langmuir PFO This study 

Sisal-activated carbon/cellulose 

biocomposite film 
103.7 Langmuir PSO [37] 

Polyamide modified 

-Vermiculite Nanocomposite 

 

76.42 Langmuir PSO [52] 

Magnetic adsorbent derived from 

corncob 

 

163.93 Langmuir PSO [53] 

Biomass adsorbent from Chemically 

treated date stones 

 

515.46 Langmuir PSO [54] 

Conventional ZSM-5 zeolite (CZ) 105.82 Langmuir PSO [55] 

Nanosheet MFI zeolite (NZ) 

 

476.19 

 

Langmuir 

 

PSO 

 

[55] 

 

Conclusions  

In the current research, lignin was successfully recovered from waste Kraft black liquor 

using acid precipitation. The activation of extracted lignin was carried out through the H3PO4 

chemical activation method to prepare biomass-based ACs. The results showed that the changes 

in pH of the black liquor has a significant impact on the yield of extracted lignin, and this was 

optimum at pH=2. The results from FTIR analysis confirmed the successful extraction of lignin 

from the supplied black liquor. The AC-2-500 sample presented the maximum BET surface 

area of 1573.3173 m2/g and total pore volume of 0.8910 cm3/g, confirming the effectiveness 

of H3PO4 chemical agent, and the great potential of the supplied black liquor to a well-

developed pore structure AC. As the T increased, the BET surface area and pore volume 

significantly increased over the range of 400 to 500 0C, then, it decreased with a further 

increment in temperature up to 600 0C, suggesting that increasing the temperature above 500 

0C is not effective, probably due to the heat shrinkage of carbons structure. Moreover, by 

increasing the R from 2 to 3, BET surface area and total pore volume decreased, possibly 

because of ACs structure weakened by the attack of excess H3PO4. By contrast, the use of a 

higher R led to a greater contribution of mesopores to the total porosity. The kinetic study of 

MB onto AC-2-500 revealed that the adsorption of MB was fast, and the adsorption kinetic and 

equilibrium data can be best described by the PFO model, and Langmuir isotherm, respectively. 

Additionally, the maximum monolayer adsorption capacity calculated from Langmuir isotherm 
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reached 188 mg/g, suggesting the nearly high adsorption capacity of AC-2-500 for the MB 

removal. 

Nomenclature 

AC Activated carbon 

C Boundary layer effect 

C0 Initial MB concentration (mg/L) 

Ce MB concentration at equilibrium (mg/L) 

Ct Residual MB concentration at time t (mg/L) 

K1 Pseudo-first-order model constant (1/min) 

K2 Pseudo-second-order model constant (g/mg.min) 

KF Freundlich constant (mg/g (L/mg)1/n) 

Kid Intraparticle diffusion constant (mg/g.min0.5) 

KL Langmuir constant (L/mg) 

M Adsorbent mass (g) 

MB Methylene blue 

n Freundlich adsorption intensity parameter 

PFO Pseudo-first-order model 

PSO Pseudo-second-order model 

qe Adsorption capacity at equilibrium (mg/g) 

qmax Maximum adsorption capacity (mg/g) 

qt Adsorption capacity at time t (mg/g) 

R H3PO4/Lignin mass ratio 

R% Color removal percentage 

R2 Correlation coefficient 

T Activation temperature (0C) 

t Adsorption time (min) 

V The volume of dye solution (L) 
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