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High adsorption capacity of phenol 
and methylene blue using activated 
carbon derived from lignocellulosic 
agriculture wastes
Haitham M. El‑Bery*, Moushira Saleh, Reem A. El‑Gendy, Mahmoud R. Saleh* & 
Safinaz M. Thabet

The resources of clean water worldwide are very limited, and climate change is already affecting the 
available supplies. Therefore, developing a low‑cost, highly efficient, and recyclable adsorbent to 
upgrade water quality has become an essential task. Herein, we report the fabrication of activated 
carbon (AC) adsorbents derived from lignocellulosic wastes. Both physical and chemical activation 
were investigated to modify the surface texture properties. The results indicated that increasing the 
activation temperature, whether physically or chemically, increases the specific surface area  (SBET). 
On the contrary, increasing the amount of the chemical activating agent significantly decreases the 
 SBET values. The  SBET of 1771, 2120, and 2490  m2  g−1 were obtained for water vapor,  K2CO3 and KOH, 
at activation temperatures of 950 °C, 800 °C, and 800 °C, respectively. Methylene blue (MB) and 
phenol were used as adsorbates for the adsorption experiment. Adsorption of methylene blue dye 
revealed the ability of the water activated carbon to remove more than 95% of the dye (100 ppm) 
within 5 min with an adsorption capacity of 148.8 mg  g−1. For phenol adsorption, Several parameters 
were investigated, including initial concentration (50–250 ppm), pH (2–10), contact time (5–60 min), 
and temperature (25–45 °C). The highest adsorption capacity of phenol achieved was 158.9 mg  g−1. 
The kinetics of adsorption of phenol was better described by pseudo‑second‑order reaction while 
the isotherm process using Langmuir model. This study presents a roadmap for conversion of 
lignocellulosic biomass waste into highly efficient porous carbon adsorbents.

Industrial wastewater contains high percentages of recalcitrant and carcinogenic pollutants such as phenolic 
compounds discharged from petroleum and petrochemicals  industries1–3. Phenol concentration discharged 
in various industrial wastewaters could reach more than 1 ppm, due to its solubility in  water4. The presence 
of phenolic compounds, as carcinogens, in fresh water streams has negative environmental and health effects. 
Because of its chemical and physical properties, it can disrupt the endocrine systems and poison aquatic  life5. 
Consequently, the World Health Organization (WHO) established that the maximum permissible concentration 
of phenol in potable water does not exceed 1.0  ppb6. Therefore, the treatment of wastewater containing phenol 
is an intriguing research topic, which has preoccupied many researchers to ensure environmental safety during 
waste  disposal7. Several ecofriendly methods can be used to get rid of phenol in aqueous solutions, for example 
 adsorption8, chemical  oxidation9,  coagulation10, membrane  filtration11 and  others12. However, the adsorption 
method has advantages over the abovementioned methods, such as simplicity in operation and implementation, 
high efficiency, cost-effectiveness, and  recyclability13.

The adsorption process has proven its practical ability to remove harmful pollutants using porous materials 
as adsorbents like activated carbon, metal–organic frameworks, and metal  oxides14–16. Among these materials, 
activated carbon (AC); that describes carbonaceous materials with basic properties that are promising due to their 
porous structure, large specific surface area, and functionalized  surface17. Many precursors were used to develop 
AC, which possesses high availability, cost-effective and harmless to the  environment18. Among the different 
precursors used, lignocellulosic biomass is a benchmark in fabricating highly porous AC as it can be disposed of 
without environmental  pollution19. Carbon materials resulting from the pyrolysis process at high temperatures 
have a porous  nature17. However, in order to improve the surface area and surface functionalization, the activation 
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process, either physically or chemically, is  required20. The process of physical activation is often carried out in 
two steps. The precursor is burned at high temperatures in a neutral atmosphere; then the carbonized product 
is heated in an atmosphere of oxidizing gases such as water vapor and carbon dioxide at a temperature range of 
800–1000 °C. On the other hand, the chemical activation process can be done by combining the precursors with 
the activated chemical agents before pyrolysis/activation. Based on what has been mentioned about the impor-
tance of the activation process on the pore structure and texture of the AC, which is closely associated with the 
pollutant removal. Several activation methods including, physical or chemical, have been conducted to convert 
lignocellulosic biomass waste into  AC21–27. It was found that the activation processes could greatly enhance the 
physicochemical properties of the carbon materials e.g. surface area, and carbon yield. However, the effect of 
different activation processes on the properties of the prepared activated carbon has not been comprehensively 
studied. Accordingly, the main objective of the presented study is to apply an effective, low cost, and eco-friendly 
activation scheme for producing highly efficient porous carbon from different types of lignocellulosic biomass 
for phenol and methylene blue dye removal. To the best of our knowledge, there is no study showed the com-
parison between physical and chemical activation on the surface texture properties of AC derived from different 
lignocellulosic wastes for organic pollutants adsorption.

Herein, sugarcane bagasse and sawdust were used as lignocellulosic biomass waste precursors to develop 
of carbon-based materials. Afterwards, the physical and chemical activation schemes were applied to improve 
surface texture and properties. The as-prepared AC samples were characterized via various techniques, includ-
ing  N2-Physisorption, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Thermogravimetric 
analysis (TGA), Fourier transform infrared (FTIR), and scanning electron microscopy (SEM). Their activity and 
recyclability toward phenol removal from an aqueous solution were evaluated through optimizing adsorption 
conditions. Finally, adsorption kinetics and isotherms were studied to investigate the best models that better 
describe the adsorption process.

Experimental section
Chemicals. All chemicals used in this study were analytical grade and used without further purification, 
including potassium carbonate  (K2CO3), potassium hydroxide (KOH), sulfuric acid  (H2SO4), and nitric acid 
 (HNO3).

Characterization techniques. TGA curve of the precursors were recorded up to 1000  °C in nitrogen 
atmosphere using the TA 60 thermal analyzer apparatus (Shimadzu, Japan) where a heating rate of 10 °C  min−1 
was applied. XRD patterns of the samples were carried out on Bruker D8 Advance using Cu Kα radiation 
at a wavelength of 1.5406  Å. FTIR spectra were recorded using Shimadzu-470 in the wavenumber range of 
4000–400  cm−1 using the KBr disc technique. The sample micro-morphologies were examined using SEM (JSM-
6360LA). A Thermo Fisher (K-alpha) instrument of monochromated micro-focused Al Kα radiation (1486.6 eV) 
was used to obtain XPS measurements.  N2 adsorption–desorption isotherm (Quantachrome Instrument Cor-
poration, Nova 3200, USA) was employed to determine the specific surface areas by using Brunauer–Emmett–
Teller (BET) calculations and the pore size distributions were recorded by desorption branch using BJH method 
and t-method.

Pre‑treatment and analysis of raw materials. In order to use raw material as a lignocellulose precur-
sor for producing porous carbon, the sugarcane bagasse was pre-treated to remove impurities. The lignocellulose 
precursors employed in this study, sugarcane bagasse (BS) and sawdust (SD), were washed with hot distilled 
water to remove the inorganic impurities, then dried at 100 °C for 24 h to remove water. The dried sugarcane 
bagasse was grinded using a 4-blade mechanical grinder (Moulinex, model: E108 CHB, 500  W) and sieved 
with a 2 mm mesh. The sieved bagasse was separated from the un-sieved one, therefore we obtained three main 
sources of lignocellulosic materials namely, bagasse un-sieved (BU), bagasse sieved (BS) and sawdust (SD) as 
indicated in Fig. S1.

After pre-treatment, the composition contents (Cellulose, Hemi-Cellulose and Lignin) of the products were 
analyzed using National Renewable Energy Laboratory analytical  procedures28. Briefly, 1.0 g of sample “s” was 
added to 150 mL distilled water, then refluxed for 1 h at 90–95 °C. The produced weight “a” was mixed with 
150 mL sulfuric acid (1 M), then refluxed for 1 h. Subsequently, the produced weight “b” was kept in 10 mL sul-
furic acid (72%) for 4 h followed by adding 150 mL sulfuric acid (1 M), then refluxed for 1 h and the produced 
weight was “c”. The quantitative analysis of the samples was determined according to the following equations:

In order to determine the moisture content of the as-treated samples, the thermal drying method was applied. 
Typically, 1.0 g of start materials were placed in a pre-weighted, clean and dried crucible and weighed. After 
that, the crucible was heated gently in an air-dry furnace to 105 °C in and kept for 4 h. Subsequently, the sample 
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was cooled to ambient temperature and weighed. The moisture percentage (M) is estimated from the difference 
between initial and final weight according to the following equation, Eq. (4):

where M (%),  W1 (g),  W2 (g), and  W3 (g) refer to the percentage moisture content, the weight of the empty cru-
cible, the weight of the sample and crucible before drying, and the weight of the dried sample and the crucible, 
respectively. For volatile matter determination, 1.0 g of the BU, BS, SD powdered samples were put in a ceramic 
crucible and heated in a muffle furnace at 900 °C for 7 min, and then cooled to room temperature. The volatile 
matter was calculated using the following equation, Eq. (5):

where VC (%), w (g),  w2 (g), and  w3 (g) refer to the percentage volatile matter content, the weight of the sample 
before heating, the weight of the sample and crucible before drying, and the weight of the sample and the crucible 
after heating, respectively. The procedure for ash content determination is similar to volatile matter determina-
tion except that the furnace temperature was kept at 900 °C for 2 h. The ash content was calculated using the 
following equation, Eq. (6):

where AC (%) and  w4 (g) refer to the percentage ash content and the weight of heated sample, respectively. Finally, 
the fixed carbon is determined via the following equation:

where FC (%) and  w4 (g) refer to the percentage fixed carbon of the sample.

Preparation of porous carbon materials. The thermal treatment of raw materials used for preparing 
carbon products and schematic diagram of the experimental setup of pyrolysis test is shown in Fig. S2a. Typi-
cally, the dried samples of approximately 10 g were placed in a ceramic crucible. The sample was heated at a 
heating rate of 3 °C  min−1 until 300 °C and maintained for 1 h then the temperature was raised by the same heat-
ing rate up to 750 °C and maintained for 2 h. The samples were then cooled naturally to ambient temperature. 
The yield of the produced carbon materials was ranged from (20–23%) and these carbonization products of raw 
materials were donated as BU_car, BS_car, and SD_car. Following the carbonization step, activation step was 
performed. There are two general methods applied for the activation process, either physically or chemically. 
Physical activation is conducted in presence of water vapor as the activator, while we have chosen both KOH and 
 K2CO3 as the main chemical activators in this study.

Physical activation via water vapor. Physical activation achieved by steam in a tubular furnace at different tem-
peratures ranged from 700 to 950 °C as shown in Fig. S2b. Samples were placed in an alumina boat like crucible 
and heated at heating rate of 5 °C  min−1, then maintained for 2 h at the target temperature then cooled naturally 
to ambient temperature. Samples were continuously purged with Ar gas as a carrier gas saturated with steam 
(90–100 °C) at a flow rate of 50 mL  min−1 and these samples were donated as  BU_AC_H2O_X where X is the 
activation temperature.

Chemical activation using KOH and  K2CO3. In chemical activation using  K2CO3 and KOH, we have studied 
two parameters, activation temperature and amount of activator. Firstly, with fixed ratio between the carbon 
samples and the activating agent of 1:1 (w/w), samples were first weighed and uniformly mixed with the acti-
vating agent with aid of a small amount of distilled water then dried. After that they were placed in alumina 
boat crucible inside a tube furnace. Then samples were purged for 15 min with Ar gas at 50 mL  min−1 flow rate 
to replace the air inside the quartz tube. Then the samples were heated to the target temperature (700, 750 or 
800 °C) at heating rate of 5 °C  min−1 and maintained at the target temperature for 2 h, then cooled naturally to 
room temperature and these samples were donated as BU_AC_KOH_X and  BU_AC_K2CO3_X where X is the 
activation temperature. Second, the mass ratio of carbon samples to activating agent was controlled at 1:1, 1:2 or 
1:3 (w/w) at fixed temperature of 700 °C as it gives the highest yield. Samples were first weighed and uniformly 
mixed with the activating agent with aid of a small amount of distilled water then dried. After that the samples 
were heated with the same sequence as abovementioned. Finally, the activated carbon product was washed with 
hydrochloric acid then distilled water till the pH became neutral and was dried at 100 °C overnight for further 
analysis.

Adsorption tests. The adsorption efficiency of the as-prepared samples for phenol removal was assessed 
via dispersing 50 mg of the porous carbon materials into 100 mg  L−1 of phenol solution under controlled tem-
perature. The suspension was put inside an incubator orbital shaker (JSR, JSSI-100C), while samples were 
withdrawn at different time intervals. Subsequently, each sample was filtrated first, and their absorbance was 
measured using UV–Vis spectrophotometer (PERKIN ELMER, Lambda 40). Absorbance of samples at 269 nm 
was acquired and used to measure the concentration using the calibration curve constructed based on Beer’s-
Lambert law as shown in Fig. S3. For adjusting the adsorption conditions, the effect of different parameters was 
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studied, initial phenol concentration (50–250 ppm), solution pH (2–10) using 1 M solution of NaOH or HCl, 
contact time (5–60 min), and temperature (25–45 °C). After that, the optimum conditions were chosen for the 
next adsorption tests. The removal efficiency of the carbon sample was calculated using the following empirical 
formula, Eq. (8):

where  C0 and  Ce are the initial and equilibrium concentrations of phenol, respectively. Also, the maximum 
adsorption capacity was determined by the following equation, Eq. (9):

where V and m are volume of solution and mass of carbon sample, respectively. For methylene blue adsorption 
experiments, a typical procedure is followed similar to that of phenol test without pH adjustment. Absorbance of 
samples at 664 nm was acquired and used to measure the concentration using the calibration curve constructed 
based on Beer’s–Lambert law as shown in Fig. S4.

Results and discussion
Structural and morphological characterization. The chemical composition of raw materials-derived 
carbons has an effect that cannot be neglected on the adsorption behavior of activated carbon  materials29. 
Accordingly, lignocellulosic raw materials (BU, BS, and SD) were analyzed to assess their content of cellulose, 
hemicellulose, lignin, moisture, volatile content and ash content. Results of all samples were comparable as 
shown in Table S1. The content of lignin in the sawdust sample was almost double that was found in the sugar-
cane bagasse sample. The high content of lignin could effectively increase the formation of microporous struc-
ture of AC, in contrast the cellulose which may lead to mesoporous  formation30. The carbon yield of all samples 
after the pyrolysis step was in the range of 19–24%. Furthermore, TGA was also performed to evaluate the 
volatile, ash, and fixed carbon content as indicated in Fig. S5. In general, thermal degradation of lignocellulosic 
materials consists of three main steps, dehydration in the first step, cellulose and hemicellulose decomposition 
in the second step, and degradation of lignin takes place in the final step. Consequently, it can be observed from 
TGA curves that the first loss at less than 200 °C corresponds to the moisture content which represents 8, 12, and 
6% for BU, BS and, SD, respectively. The second loss at a temperature less than 400 °C accounts for more than 
60% of the total sample weight. The final weight loss takes place at a temperature of 500 °C and remains constant 
till it reaches 1000 °C whereas only fixed carbon remains, which accounts for about 6%. The residual amount of 
carbon observed from TGA is much less than the actual yield of the carbonization process. This could be due to 
the low purity of  N2 gas (99%) used and the very low amount of sample (> 5 mg) used in TGA.

The amount of carbon generated from the activation process is a very significant factor because it has to do 
with the application on a large scale. Consequently, the yield of activated carbon materials can be calculated by 
applying the following equation:

The yield of AC as a function of the activation temperature and different activators is presented in Fig. 1a. 
Generally, the increase in the activation temperature sharply decreased the carbon yield, this could be attributed 
to more volatiles being eliminated, that is, cellulose and  hemicellulose31. For water-,  K2CO3-, and KOH-activation, 
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Figure 1.  The calculated yield of activated carbon with various activators, water vapor,  K2CO3, and KOH, at 
different temperatures (a) and ratio of chemical agents (b) of BU_car sample.
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the yield decreased from 77% at 800 °C to 30% at 950 °C, 62% at 700 °C to 36% at 800 °C, and 61% at 700 °C to 
20% at 800 °C, respectively. The weight effect of chemical activating agents on the yield were also assessed as 
shown in Fig. 1b. A slight increase in the yield of carbon was observed when increasing the amount of potas-
sium carbonate, while increasing the amount of potassium hydroxide significantly decreased the yield. This can 
be explained based on that the proposed chemical reaction occurring between carbon and KOH leads to the 
release of CO,  CO2,  H2 gases, while  K2CO3 could be reduced by carbon to metallic potassium during activation 
 process32. The obtained results are in line with those previously  reported20,33.

During the activation processes, whether chemically or physically, lignocellulosic materials disintegrate 
through two stages: degradation of cellulose and hemicellulose, which leads to the formation of pores on the 
carbon surface and promotes the dispersal of the oxidizing agent, followed by the interaction of lignin with the 
oxidizing agent to produce AC. It can be concluded that the removal of volatile materials and the reaction that 
occurred between sample and activator are the main reasons for the reduction of AC yield.

To investigate functional groups, the FTIR spectra of BU, BS, and SD raw materials and their carbonized 
products were carried out and the results were shown in Fig. 2. One can see that the spectra obtained from raw 
lignocellulosic materials have many similar features as shown in Fig. 2a. An O–H group results in a wide band 
located in the range of 3200–3600  cm−1.34, while C–H symmetric and asymmetric vibration are presented by the 
band at 2922  cm−135. The two bands centered at 1516 and 1424  cm−1 are assigned to skeletal C=C vibrations of 
aromatic rings and the band at 1629  cm−1 may be attributed to the stretch vibrations of C=C bonds in olefinic 
 structures34. C–O vibrations are probably the cause of the adsorption present between 1000 and 1350  cm−1. Most 
of the absorption bands disappeared after complete carbonization (Fig. 2b) processes, indicating the organic 
matters vaporization leading to formation of intrinsic micropores.

XRD patterns of carbonized BU,  BU_AC_H2O,  BU_AC_K2CO3, and, BU_AC_KOH were recorded to inves-
tigate their crystallinity and the results are presented in Fig. 3. As shown, the carbonized BU product exhibited 
main diffraction peak located at 25.4° assigned to (002) plane of disordered carbon structures. The existence 
of broad peaks with relative low intensities at these 2θ implies the amorphous nature and low graphitization of 
material. After the activation process using different activators, the amorphous nature of carbon material did 
not greatly change. However, the peaks became more defined than un-activated carbon demonstrating that the 
activation processes are useful for the construction of a disorderly carbon structure in the activated carbon. 
What’s more is that no diffraction peaks corresponding to KOH and  K2CO3 crystals were observed, implying 
that washing could completely remove the impurities existing on the surface of activated carbon.

The surface texture and micro-morphological structure of carbonized BU,  BU_AC_H2O,  BU_AC_K2CO3, 
and, BU_AC_KOH, were examined by SEM imaging as shown in Fig. 4. One can observe the tube bundle struc-
ture of carbonized BU possessing many pores which is favorable for harmful organic pollutants adsorption. The 
activated carbon materials showed the same microstructure, tube bundle, as displayed in Fig. 4b–d. Nevertheless, 
the porosity is enriched significantly and also the interconnected pores in the activated carbon can promote the 
dyes and phenols adsorption onto the adsorbent surface.

Surface composition analysis of various activated carbon samples was studied through X-ray photoelectron 
spectroscopy (XPS) and the results are displayed in Fig. 5. All the activated samples showed three main peaks 
centered at 285, 395, and 532 eV which are corresponds to C 1 s, N 1 s, and O 1 s,  respectively36–38. The surface 
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products.



6

Vol:.(1234567890)

Scientific Reports |         (2022) 12:5499  | https://doi.org/10.1038/s41598-022-09475-4

www.nature.com/scientificreports/

elemental analysis of all the samples (Table 1) are almost the same except that the BU_AC_KOH exhibited a 
relatively higher oxygen content. Accordingly, the activation process using KOH-activator can increase the 
oxygen-containing functional groups on the surface of the activated carbon resulting in promotion of organic 
pollutants removal. The oxygenated function-groups that present on the surface of adsorbents give them nega-
tive polarity, this leads to electrostatic attraction between the adsorbent and MB via electrostatic  mechanism39. 
In case of phenol molecules, the surface of carbon could act as an electron donor due to the presence of oxygen 
containing function groups on the surface of the AC, while the aromatic phenol ring can act as an electron 
acceptor, this induce electron donor–acceptor mechanism formation.

The activation temperature and weight of the chemical activators have an important role in creating pores 
over carbon materials. In general, the process of pore formation consists of three basic steps: exposing previously 
inaccessible pores, new pores formation through selective activation, and expansion of pre-existing pores. So, 
specific surface area, surface texture, and pore size distribution were acquired via  N2-physisorption  technique40 
and the results are summarized in Table S2. It is worth mentioning that the un-sieved bagasse sample was used 
to optimize the preparation conditions using various activators (water vapor,  K2CO3 and KOH) as shown in 
Fig. 6. After that both the sieved bagasse and sawdust carbonized samples were treated under the optimized 

10 20 30 40 50

BU_AC_H2O

BU_AC_KOH

BU_AC_K2CO3

In
te

ns
ity

 (a
.u

.)

2 θ (°) 

BU_Car

Figure 3.  XRD patterns of BU_car,  BU_AC_H2O,  BU_AC_K2CO3, and, BU_AC_KOH.

Figure 4.  SEM images of (a) BU_car, (b)  BU_AC_H2O, (c)  BU_AC_K2CO3, and, (d) BU_AC_KOH.
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conditions obtained previously. As mentioned above the raw materials were carbonized at a temperature of 
750 °C, the resulting surface area was about 664  m2  g−1. The activation temperature effect on surface texture 
properties was evaluated by varying the range of temperature from 800 to 950 °C and from 700 to 800 °C in case 
of physical and chemical activation, respectively. Increasing the temperature increases the surface area  (SBET), 
micropore volume and total pore volume. The  SBET values obtained for water-,  K2CO3-, and KOH-activation 
were 1771  m2  g−1 at 950 °C, 2120  m2  g−1 at 800 °C, and 2490  m2  g−1 at 800 °C, respectively. Similar trends were 
observed for the total pore volume and micropore volume obtained from the BJH plot and t-plot. This indicated 
that an increase in temperature resulted in an increase of the surface area stimulating the generation and forma-
tion of new micropores. This is because higher temperatures promote the crack of the hydrocarbon bonds in, 
lignocellulose, the elimination of hydroxyl and carboxyl groups, and the creation of the porous material of the 
carbon-based adsorbents. Notably, the weight ratio between carbon sample and chemical activators are fixed 
to be 1:1. Although the significant surface area values of AC at were obtained at higher temperatures, the yield 
was found to be quite low (Fig. 1), which in turn reduces its wide applicability. Therefore, physical activation 
at 900 °C and chemical activation at 700 °C was supposed to be optimal conditions because of their reasonable 
surface area and high yield.

After that, the weight effect of chemical activators,  K2CO3 and KOH, on activation process was studied at a 
constant activation temperature of 700 °C as shown in Fig. 7. Unlike the activation temperature, increasing the 
amount of the  K2CO3 or KOH mass ratio from 1 to 3 resulted in a significant decrease of the specific surface area 
and total pore volume (Table S2). This is because the high concentration of the activating chemical over-reacts 
with the carbon structure resulting in the destruction of the pores. This also could be explained in the light of 

1400 1200 1000 800 600 400 200 0

BU_AC_KOH

BU_AC_K2CO3

In
te

ns
ity

/ a
.u

.

Binding energy/ eV

BU_AC_H2O

C 1s
O 1s

N 1s

290 288 286 284 282 280

C 1s

In
te

ns
ity

/ a
.u

.

Binding energy/ eV

BU_AC_H2O

BU_AC_K2CO3

BU_AC_KOH

540 538 536 534 532 530 528 526

In
te

ns
ity

/ a
.u

.

Binding energy/ eV

BU_AC_H2O

BU_AC_K2CO3

BU_AC_KOH

O 1s

(b)(a)

(c)

Figure 5.  XPS survey spectra (a), high-resolution XPS spectra of C 1 s (b), and O 1 s (c) of  BU_AC_H2O, 
 BU_AC_K2CO3, and BU_AC_KOH porous materials.

Table 1.  Surface atomic ratio and compositions of activated carbon samples.

Sample

Elemental analysis 
(%) Element ratio

C O N O/C N/C (O + N)/C

BU_AC_H2O 94.21 4.56 0.28 0.048 0.003 0.051

BU_AC_K2CO3 93.68 5.00 0.55 0.053 0.006 0.059

BU_AC_KOH 85.69 8.75 0.85 0.102 0.009 0.112
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the major part of specific surface area is mostly produced via micropores as indicated by the results obtained 
by the t-method.

After obtaining the optimized conditions for physical and chemical activation processes, these conditions 
were applied to sieved bagasse and sawdust carbonized samples and the results are tabulated in Table 2. The 
surface texture properties, principally surface area and pore volume were obviously enhanced after activation 
either physically or chemically compared with the carbonized samples. Figure 8 shows the  N2 adsorption–des-
orption isotherm and pore-size distribution of different BU, BS, SD-carbon samples. As it can be seen, all the 
obtained isotherms of carbon samples are of Type I. Microporous materials, those with pore diameters less than 
2 nm, give this type of isotherm indicating that the activated carbon contains major microporous structure and 
a minimal amount of mesoporous structure. The varying responses of raw materials can be explained based on 
the chemical compositions of lignocellulosic wastes applied in terms of the hemicelluloses, cellulose, and lignin 
content inside the raw materials as shown in Table S1. In general, both the cellulose and lignin content are higher 
in case of the un-sieved sugarcane bagasse, while in case of the sieved sample, the hemicellulose content was 
higher. During the carbonization of lignocellulosic materials, hemicellulose is first decomposed, followed by 
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Figure 6.  Specific surface areas, pore volume, and pore diameter of BU-car sample activated with various 
activators, water vapor (a, b),  K2CO3 (c, d), and KOH (e, f), at different temperatures.
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cellulose, and finally lignin is broken  down29. The difference in chemical constitutes of the raw materials leads 
to formation of porous carbon with various surface texture properties.

Water-soluble methylene blue (MB,  C16H18ClN3S, M. wt of 319.86 g  mol−1) is one of the most common pol-
lutants that are used to evaluate the removal capacity of porous carbon materials and others. The adsorption 
capacity of MB could be an indication of the mesoporous nature because its molecule size is higher than 2 nm. 
Consequently, the activated carbon materials were mixed with MB solution under the same conditions of tem-
perature, pH, contact time, and MB dose (25 °C, 6.5–7, 60 min, 100 ppm), and the results were presented in Fig. 9. 
It is worth noting that most of the MB concentration was removed within the first 5 min (Fig. S6), indicating 
that the samples possess a high degree of porosity. Moreover, all samples have shown high performance toward 
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Figure 7.  Specific surface areas, pore volume, and pore diameter of BU-car sample activated with weight ratio 
of activators,  K2CO3 (a, b), and KOH (c, d).

Table 2.  Surface texture properties BS and SD-carbon samples activated with different activators under 
optimized conditions.

Sample

BET method t method BJH method

Surface area 
 (m2  g−1)

Micropore 
volume  (cm3  g−1)

Micropore area 
 (m2  g−1)

External area 
 (m2  g−1)

Pore volume 
 (cm3  g−1) Pore radius  (Ao)

BS_car 243 0.12 235 8 0.01 17.9

BS_AC_H2O_900 1239 0.47 905 334 0.60 18.1

BS_AC_
K2CO3_700 1482 0.69 1374 107 0.17 17.9

BS_AC_KOH_700 1204 0.57 1120 84 0.14 17.9

SD_car 534 0.25 479 55 0.11 18.1

SD_AC_H2O_900 1053 0.43 819 233 0.41 18.1

SD_AC_
K2CO3_700 1528 0.70 1373 251 0.27 18.1

SD_AC_
KOH_700 1544 0.69 1360 184 0.31 18.2
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Figure 8.  The  N2 adsorption–desorption isotherm and particles pore distribution of BU (a, b), BS (c, d), and 
SD (e, f) and their activated products using water vapor,  K2CO3, and KOH-activators.
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Figure 9.  Maximum adsorption capacity and adsorption efficiency of MB solution under the same conditions 
of temperature, pH, and MB dose (25 °C, 6.5–7, 100 mg  L−1) for AC samples.
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MB removal, with a removal efficiency exceeding 90% as shown in Fig. 9. Among all samples, the carbonized 
BU sample activated via water vapor showed the highest adsorption capacity of 148.8 mg  g−1 with very fast dye 
removal. This could be explained due to water vapor creating micro/meso pores over the carbon materials result-
ing in MB molecules being efficiently adsorbed onto the adsorbent surface. On the other side, the pyrolyzed 
BS and SD samples activated via chemical activators showed a comparable removal efficiency with a gradual 
increase in the adsorption along the contact time. The obtained results from MB adsorption are consistent with 
those from BET surface area, indicating that the applied preparation schemes efficiently transform lignocellulosic 
waste into highly efficient porous carbon materials.

Adsorption of phenol. As highly porous materials, the as-prepared activated carbon samples can be used 
for the removal of organic pollutants (e.g., methylene blue, phenol) in aqueous solutions. Generally, the adsorp-
tion process was performed by adjusting some parameters, mainly including initial concentration, contact time, 
temperature and pH value. So, to obtain highly efficient carbon as an adsorbent for phenol removal, a detailed 
study of adsorption conditions was studied as follows:

Effect of initial concentration. The concentration effect of adsorbate on adsorption process was evaluated by 
varying the phenol dose in the range of 50–250 mg  L−1 at 25 °C. As shown in Fig. 10a, the removal efficiency 
decreased obviously with increasing the initial concentration of phenol. This can be discussed as; at first, the 
quantity of adsorbent molecules was higher than that of adsorbate molecules, resulting in an efficient sur-
face area available for  adsorption41. Accordingly, the highest adsorption efficiency (approximately ~ 66%) was 
obtained at low concentration in the range of 50–100 ppm. Furthermore, exceeding the phenol concentration 
to the optimum dosage amount would cause a drastic drop in the removal efficiency. Such reduced removal was 
because the number of adsorbent molecules was less than that of adsorbate molecules, providing a low surface 
area for adsorption which results in decreasing the removal percentage. It can be observed that the relation 
between adsorption capacity and initial concentration showed a little change than removal efficiency (Fig. 10a). 
Particularly, the maximum adsorption capacity of 158.9 mg  g−1 was noted at concentration of 100 ppm. There-
fore, this initial concentration, 100 mg  L−1 of phenol, was chosen for the subsequent adsorption experiments.
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Figure 10.  (a) Initial concentration (temperature of 25 °C, pH of 4–4.5), (b) pH (phenol dose of 100 mg  L−1, 
temperature of 25 °C), (c) Contact time (phenol dose of 100 mg  L−1, temperature of 25 °C, pH of 4), and (d) 
Temperature effect (phenol dose of 100 mg  L−1, pH of 4) on adsorption of phenol over  SD_AC_H2O_900 
sample.
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Effect of pH. Figure 10b shows the phenol removal efficiency and its corresponding adsorption capacity at pH 
2–10, while the initial concentration and temperature are constant at 100 mg  L−1 and 25 °C. The adsorption of 
phenolic compounds on activated carbon materials is essentially dependent on the pH of the solution, attributed 
to the pH greatly influencing the ionization degree and surface charge of porous carbon. As agreed, the zero-
point charge of carbon is ~ 8, meaning that the surface charge will be positive below this pH. Also, the dissolu-
tion constant (pKa) of phenol is approximately 10, indicating that the phenol molecules will be in an un-ionized 
state underneath this pH. As shown, the phenol removal and adsorption capacity were significantly increased 
by increasing the solution pH from 2 to 4. This can be explained as, at pH = 2, adsorbate molecules will combine 
with the positively charged surface of carbon through electrostatic attraction. When the pH was increased, the 
adsorbate molecules will slightly transfer to ionized state and the adsorbent effectively attracts the phenoxide 
ion. On a particular note, the optimal pH for phenol adsorption was 4.0, which lines with previous  reports41. 
In spite of this, greater than pH 4.0, the removal efficiency decreased because the negatively charged surface of 
carbon will repel phenoxide ions. At pH = 10, the surface of activated carbon and phenol molecules were nega-
tively charged resulting in increasing electrostatic repulsion. Thus, the solution pH was adjusted to be 4 for the 
subsequent adsorption experiments.

Effect of contact time. To determine the required time for the equilibrium process between adsorbent and 
adsorbate, the effect of contact time on adsorption efficiency is provided in Fig. 10c. As shown, the adsorption 
efficiency of phenol increases as the time increase till reaching equilibrium within 10 min, after which there is 
a plateau nature demonstrating that the equilibrium is attained. This could be attributed to the vacant sites for 
adsorption being available and large, thus efficient electrostatic attraction occurred between bulk-carbon and 
solute  phase42. With increasing time, the competition between the phenol molecules increases to occupy the 
rarely available active sites which in turn weakens the driving force between phenol and as-prepared carbon.

Effect of temperature. Figure 10d shows the effect of the operating temperature on removal of phenol over 
the prepared carbon sample in the range from 25 to 45 °C, while the initial concentration and solution pH are 
constant at 100 mg  L−1 and 4, respectively. As the temperature is elevated, the removal efficiency decreased sug-
gesting that the removal process of phenol over as-prepared carbon is spontaneous and exothermic in nature. 
The removal efficiency percent of the sample was ~ 66% at 25 °C, with an adsorption capacity of 158.9 mg  g−1. 
The reason behind the decrease in adsorption efficiency as temperature increases is because of the weakened 
physical bond between the adsorbate and adsorbent which caused the partial removal of phenol molecules from 
porous carbon  structure43. Accordingly, the operating temperature was fixed at 25 °C for the subsequent adsorp-
tion experiments.

It can be noted that both the removal efficiency and the absorption capacity took almost the same trend, as 
there was a large and rapid increase observed at the beginning and then a very slight increase before the equi-
librium process occurred later. This was clearly due to the availability of adsorption active sites at the beginning, 
however, later on, the remaining sites are affected by the repulsive forces present between the molecules on the 
carbon surface. Therefore, these optimized parameters were chosen for the subsequent adsorption experiments.

After selecting the optimum conditions for phenol removal over porous carbon, we applied these condi-
tions to other as-prepared samples for evaluating the activation processes (chemical and physical) as shown in 
Fig. 11 and the results are tabulated in Table S3. It is generally accepted that the removal efficiency of adsorbate 
depends on the specific surface area of the adsorbent. Although, the maximum adsorption property was obtained 
for the  SD_AC_H2O_900 sample, the surface area was 1053.0  m2 g. This shows the pivotal role of the surface 
functionalization of carbon via water activation for phenol chemisorption compared with chemical activation, 
namely, KOH and  K2CO3. The adsorption capacity of the fabricated  SD_AC_H2O_900 sample is 165.3 mg  g−1 
with phenol adsorption efficiency of 69.7%. Compared to carbonized SD sample, the adsorption efficiency was 
significantly enhanced; attributed to the activator role in creation of pores for adsorption processes. The yield of 
the porous carbon materials is crucial and a determining parameter for large scale application in terms of cost 
and economic value. The carbon products from sawdust and bagasse un-sieved exhibited a high percentage of 
carbon yield compared with bagasse sieved ~ 60–67%. This can be understood in the light of lignin content in raw 
materials, which is regarded as carbon source. The maximum adsorption capacities of Phenol onto as-prepared 
AC in this study and in the literature are summarized in Table 3.

Adsorption kinetics. In this study, different kinetics models were employed to describe the adsorption mecha-
nism of phenol molecules over activated carbon samples, namely, pseudo-first order and pseudo-second order. 
The mathematical expressions of pseudo-first order (Eq. 11) and pseudo-second order (Eq. 11) as follows:

where  Qe (mg  g−1) refers the adsorption capacity at equilibrium;  k1  (min−1) and  k2 (g  mg−1  min−1) are the adsorp-
tion rate constant for pseudo-first order and pseudo-second order respectively; t (min) is the contact time. Table 4 
summarizes the kinetics parameters and regression coefficients obtained from data curation of the experimental 
results. The calculated values from pseudo-second order model are in lines with those from practical experi-
ments, implying that the adsorption of phenol over as-prepared carbon materials is fitted by a pseudo-second 
order model. Pseudo second order model rate constant  (k2) determined by PSO model exhibited the following 

(11)ln(Qe −Qt) = lnQe − k1t

(12)
1

Qe −Qt
=

1

Qe
+ k2t
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order in terms of the type of the activator: KOH >  H2O >  K2CO3. This trend indicated that the carbon materials 
that activated with KOH have higher adsorption rate for phenol removal.

Adsorption isotherm. The possible adsorption isothermal model of obtained data was determined by fitting by 
Langmuir and Freundlich for 50–250 mg  L−1 solution of phenol at 25 °C. The expressions describe Langmuir 
(Eq. 13) and Freundlich (Eq. 13) models are given by the following equation:

(13)
Ce

Qe
=

Ce

Qmax
+

1

KLQmax

(14)logQe = logKF +
1

n
logCe
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Figure 11.  Specific surface area and adsorption capacity for phenol removal of BU (a), BS (b), and SD (c) 
samples activated via physical and chemical activation processes under adsorption conditions of phenol dose of 
100 mg  L−1, temperature of 25 °C, and pH of 4.

Table 3.  Comparison between  SD_AC_H2O and other activated carbons used for phenol adsorption.

Precursor material Activator pH T (°C) Qe (mg  g−1) Refs.

Sugarcane bagasse H2O 4.0 25 159 This study

Black wattle bark waste ZnCl2 6.5 55 99 13

Pyrolytic tyre HNO3 6.7 25 52 44

Sewage sludge HNO3 6.8 20 30 45

Waste tea HNO3 7.0 30 108 46

Fox nutshell ZnCl2 7.0 30 77 47

Peanut shell – 6.0 – 21 48

Coconut shell – – 25 145 49

Avocado kernel seed CO2 6.0 25 90 50

Rattan sawdust – – 30 149 51
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where  Qmax,  KL, n, and  KF are maximum adsorption capacity, Langmuir constant and Freundlich constants. 
Table 5 summarizes the Langmuir and Freundlich parameters and regression coefficients obtained from data 
curation of the experimental results. As shown, the adsorption behavior of the as-prepared carbon sample for 
phenol is well match with the Langmuir model  (R2 = 0.99), indicating that phenol is effectively adsorbed onto AC 
as a monolayer. The Langmuir isothermal hypothesis can be summarized as follows: (1) The adsorption process 
cannot occur outside the first layer, (2) all available sites on the surface of the adsorbent are equivalent and absorb 
one molecule of the  adsorbent52. In addition, the calculated  KL values was in the range of 0.001–0.036, implied a 
favorable adsorption of phenol molecules upon the optimized parameters. According to the obtained  KL values, 
the samples showed the following trend:  H2O >  K2CO3 > KOH.

Table 4.  Various kinetics parameters for the adsorption of phenol over as-prepared porous carbon materials 
under the optimized conditions of phenol dose of 100 mg  L−1, temperature of 25 °C, and pH of 4.

Sample

Pseudo-first order Pseudo-second order

Qe (mg  g−1) k1  (min−1) R2 Qe (mg  g−1) k2 (g  mg−1  min−1) R2

BU_AC_H2O_900 137.03 0.151 0.99 142.86 0.003 0.99

BU_AC_k2CO3_700 109.48 0.111 0.99 116.28 0.002 0.99

BU_AC_KOH_700 102.12 0.183 0.99 104.17 0.005 0.99

BS_AC_H2O_900 122.64 0.160 0.98 125.00 0.006 0.99

BS_AC_k2CO3_700 83.29 0.171 0.99 82.64 0.013 0.99

BS_AC_KOH_700 89.08 0.370 0.93 89.24 0.020 0.99

SD_AC_H2O_900 158.96 0.191 0.99 163.93 0.004 0.99

SD_AC_k2CO3_700 123.55 0.191 0.99 131.58 0.003 0.99

SD_AC_KOH_700 92.13 0.194 0.99 99.00 0.005 0.99

Table 5.  Langmuir and Freundlich parameters for the adsorption of phenol over as-prepared porous carbon 
materials under the optimized conditions of phenol dose of 100 mg  L−1, temperature of 25 °C, and pH of 4.

Sample

Langmuir model Freundlich model

Qmax KL R2 KF 1/n R2

BU_AC_H2O_900 248.14 0.029 0.99 0.405 27.68 0.98

BU_AC_k2CO3_700 185.19 0.028 0.98 0.368 23.58 0.99

BU_AC_KOH_700 206.61 0.024 0.96 0.445 18.25 0.91

BS_AC_H2O_900 180.50 0.101 0.99 0.198 65.07 0.94

BS_AC_k2CO3_700 184.84 0.034 0.98 0.257 42.09 0.98

BS_AC_KOH_700 149.48 0.001 0.95 0.514 6.32 0.98

SD_AC_H2O_900 290.69 0.029 0.99 0.351 42.54 0.99

SD_AC_k2CO3_700 215.52 0.019 0.93 0.406 20.37 0.99

SD_AC_KOH_700 146.20 0.036 0.96 0.226 38.17 0.83
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Figure 12.  Reusability of  SD_AC_H2O adsorbent under the adsorption conditions of phenol dose of 100 ppm, 
temperature of 25 °C, and pH of 4.



15

Vol.:(0123456789)

Scientific Reports |         (2022) 12:5499  | https://doi.org/10.1038/s41598-022-09475-4

www.nature.com/scientificreports/

Regeneration and mechanism. In order to regenerate activated carbon sample for further uses, the used AC 
material was put into 50 mL of the hot water (at 90 °C) and shaken for about 2 h. The regenerated AC was then 
washed with distilled water and dried at 105 °C53. It is clearly observed that the efficiency of the adsorption of 
phenol molecules gradually decreased after reusing the activated carbon. After three cycles of use Fig. 12, the 
efficiency of carbon adsorption decreased from 69 to 58%. This can be attributed to the deformation of the 
absorbent material when used again or due to the saturation of the surface of the  adsorbents54.

There are many possible interactions between phenol molecules and activated carbon that can derive the 
adsorption mechanism, namely: electrostatic interaction, π–π interaction, electron donor–acceptor mechanism, 
and hydrogen  bond55. As we mentioned above, when the pH of the solution is less than zero-point charge of 
carbon, the surface charge of carbon is positive, and the phenol molecules maintain un-dissociated under these 
applied conditions. This leads to electrostatic attraction between the surface of the positively charged active 
carbon and the electron-rich benzene ring of phenol. It is also possible for a charge transfer to occur from 
the π-electrons of phenol and the π -electrons of AC, which is called π–π interaction. Due to the presence of 
functional groups on the surface of the AC, the aromatic phenol ring can act as an electron acceptor, while the 
functional groups on the surface of carbon acts as an electron donor, this is called electron donor–acceptor 
mechanism. Finally, –OH group of phenol may form a hydrogen bond with surface of AC at different positions.

Conclusion
Herein, the fabrication of highly efficient porous carbon materials derived from lignocellulosic wastes have been 
investigated. Different activators (water vapor, KOH and  K2CO3) have been applied. In addition to the activation 
temperature and the chemical agent percentage were optimized. Afterwards, the activity of the prepared AC 
samples toward phenol and MB removal from an aqueous solution were evaluated. The findings of our study 
could be concluded into the following points.

1) Increasing the activation temperature efficiently increases the  SBET values of the AC in the expense of the 
carbon yield.

2) Increasing the amount of the activating chemical agent drastically decreases the  SBET values.
3) Samples physically activated by  H2O-steam showed significant performance for the removal of both phenol 

and MB compared with either KOH or  K2CO3 chemical activators.
4) The kinetics and isotherm studies have showed that, the phenol adsorption was better described by pseudo-

second-order reaction and Langmuir isotherm, respectively.

In conclusion, the study reveals an easy-to-implement scheme to prepare highly porous activated carbon 
from lignocellulosic waste materials for efficient application in tertiary treatments units.

Data availability
All data generated or analyzed during this study are included in this published article [and its supplementary 
information files].
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