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A B S T R A C T   

This work introduces a zero-waste approach to process biomass-derived raw bio-oil by addressing the valori-
zation of the carbon residue that inevitably deposits, reducing the bio-oil conversion efficiency and leading to 
reactor-clogging issues. The study explores the feasibility of producing value-added porous material for removing 
pollutants from industrial wastewaters. An activated carbon with a specific surface area of 1070 m2 g− 1 and a 
micropore volume of 0.41 mL g− 1 was successfully produced through a simple thermochemical method involving 
pyrolysis, alkaline treatment, and carbonization. The impact that the activation method has on the nature, 
structure, and adsorption capacity of the material was assessed using methylene blue (MB) and hexavalent 
chromium (Cr-VI) as probe molecules. The activated carbon exhibited remarkable adsorption efficiency, 
achieving a removal ratio of 98 % for MB and 47 % for Cr-VI. Recyclability tests demonstrated a slight loss of 
adsorption capacity over multiple cycles. Kinetic studies, employing Surface Reaction Models and Mass Transfer 
Modeling, provide insights into adsorption rate-limiting steps. Chemisorption was identified as the most limiting 
stage, with physisorption and liquid film diffusion playing roles, particularly at short solid–liquid contact times. 
For longer contact times, intraparticle pore diffusion becomes the rate-controlling step due to the highly 
microporous nature of the activated carbon.   

1. Introduction 

As the world seeks to transition towards a sustainable energy model, 
the demand for alternative and eco-friendly sources of fuels and petro-
chemicals has become increasingly urgent. In this context, lignocellu-
losic biomass, a renewable resource that is widely available, has 
attracted growing attention due to its carbon–neutral lifecycle [1]. One 
of the most promising valorization routes for this biomass is fast py-
rolysis, which has reached high technological development in recent 
decades, thanks to the potential applications of the liquid product (bio- 
oil) [2,3]. This bio-oil consists of water (21–23 wt%) and a wide range of 
oxygen-containing organic compounds, from small molecules like al-
cohols, phenols, and carboxylic acids to high-molecular weight sugar- 
derived oligomers and phenolic compounds [4,5]. This composition 
renders bio-oil an attractive source for producing biofuels, hydrogen, 
and other platform chemicals [6,7]. However, the commercialization of 

raw bio-oil valorization processes is still in its early stages due to tech-
nical and economic constraints. Hence, further techno-economic 
research is necessary to identify the bottlenecks in these processes. 

Traditionally, the deposition of carbon material during bio-oil pro-
cessing has been considered as a hindrance, causing blockage issues in 
reactor and catalyst deactivation [8]. The formation of thermal-origin 
carbon is related to the presence of thermally unstable oxygenates 
prone to polymerization (mainly phenolic oligomers), while catalyst 
deactivation is attributed to the condensation of polycyclic aromatics 
[9–12]. Several physical treatments have been addressed to overcome 
these issues, including addition of stabilizers (alcohols) and thermal or 
pressure pre-treatments. By employing a two-step (thermal-catalytic) 
strategy, originally proposed by Gayubo et al. [13], we have successfully 
controlled the thermal deposition of carbon residue from bio-oil, 
thereby enhancing the subsequent catalytic valorization into hydrogen 
(via steam reforming [14–16]) and hydrocarbons (via catalytic 
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cracking) [13,17]. However, the thermal processing of raw bio-oil still 
results in a substantial quantity of carbon residue. 

In this study, we introduce a pioneering approach to address the 
production of value-added porous materials from this residue. While the 
valorization of bio-oil has been a focus of research, the effective valo-
rization of the resulting carbon residue has been little explored in the 
literature and would represent a significant advancement to increase the 
carbon efficiency of bio-oil valorization, improving process sustain-
ability and economic throughput [18]. This work explores the synthesis 
of activated carbon and its application in pollutant removal. To the best 
of our knowledge, this is the first comprehensive investigation into the 
detailed utilization of this residue as activated carbon, highlighting its 
potential in wastewater treatment. This area is increasingly important 
due to growing concerns about industrial pollutant discharge. 

Biosorption has several advantages over traditional physicochemical 
methods (e.g., membrane filtration, coagulation, ion exchange, chemi-
cal precipitation) in terms of low cost, high efficiency, and the ability to 
target specific pollutants [19,20]. Many studies have shown the poten-
tial and attributes of biochar produced from various biomass wastes as 
effective adsorbents for removing contaminants from wastewater 
[21–23]. Activation methods can be employed to enhance the properties 
of bio-derived carbons, thereby addressing their limitations such as slow 
diffusion, low stability, and variable performance [24–26]. The ongoing 
progress in bio-derived carbon production and application highlights its 
potential for the development of cost-effective and sustainable adsor-
bents with high efficiency in removing pollutants, which is critical for 
successful wastewater treatment. Conducting systematic studies is 
necessary to gain knowledge on emerging trends and the direction of 
research. 

Several crucial aspects that determine the effectiveness of an 
adsorbent for wastewater decontamination have been assessed in this 
work. To analyze the versatility of the synthesized carbon, two types of 
pollutants were chosen as probe molecules due to their diverse physi-
cochemical properties and environmental relevance: methylene blue 
and hexavalent chromium. Methylene blue is a cationic dye widely used 
in several industries, such as wood, paper, and leather processing. 
Dyeing wastewater accounts for a significant portion of the total in-
dustrial wastewater. In the textile sector, 200 billion liters of pigments 
are produced annually, with up to 50 % of the effluents being discharged 
into aquatic systems [27,28]. Due to its well-defined structure, methy-
lene blue is a widely used molecule to simulate the adsorption of organic 
pollutants. Its application in adsorption studies is well-documented in 
the literature, providing a reliable reference for evaluating the efficacy 
of adsorbents [29,30]. 

On the other hand, hexavalent chromium is a notorious heavy metal 
contaminant known for its high toxicity and environmental persistence. 
The development of effective adsorbents for its removal is gaining 
importance due to the presence of this metal in numerous industrial 
effluents, including those from tanning, painting, metal coating, and 
metallurgy [31,32]. 

The adsorption mechanisms of methylene blue and hexavalent 
chromium differ significantly due to their different chemical properties 
and interactions with adsorbents. Methylene blue, as a cationic dye, 
typically undergoes electrostatic interactions and hydrogen bonding 
with the surface functional groups of activated carbons. This is primarily 
attributed to the positively charged nature of methylene blue molecules 
[33]. Conversely, the adsorption mechanism of hexavalent chromium 
may encompass various chemical interactions, including reduction, co- 
precipitation, and ion exchange with functional groups on the acti-
vated carbon surface. Reduction of Cr(VI) to less toxic Cr(III) may also 
take place, leading to the formation of stable complexes or precipitates 
on the activated carbon surface [34]. 

The different adsorption mechanisms of these probe molecules may 
lead to differences in their affinity for the carbon surface, influencing the 
overall adsorption efficiency. This study aims to provide comprehensive 
insights into the behavior of bio-oil derived carbon for the adsorption of 

both organic and inorganic pollutants. 
The regeneration potential of the synthesized activated carbon has 

also been evaluated. The regeneration of an adsorbent after reaching the 
saturation point is crucial so that the material can be used in multiple 
adsorption–desorption cycles. It reduces the demand for fresh adsorbent 
and minimizes the waste of spent adsorbent, enhancing its reusability. 
This, in turn, helps to minimize operational costs and to reduce the 
environmental impact associated with the accumulation of spent 
adsorbent. Developing a simple, efficient, and cost-effective recovery 
process could generate greater interest in producing bio-based adsor-
bents for wastewater treatment. 

Finally, a comprehensive understanding of the adsorption mecha-
nism of methylene blue onto the activated carbon has been achieved 
through an investigation on the adsorption kinetics. Gaining knowledge 
of the kinetic model offers valuable insights into the fundamental phe-
nomena involved in the adsorption process, including surface reactions, 
external/liquid film diffusion, intraparticle pore diffusion and intrinsic 
adsorption reactions [35,36]. In addition, studying adsorption kinetics 
helps to predict the performance of the adsorbent and to identify the 
breakthrough point (saturation) under varying conditions. Determining 
the adsorbent lifespan and knowing when it requires replacement or 
regeneration is crucial for optimizing the design and operation of 
adsorption systems. Consequently, investigating the adsorption kinetics 
of pollutants is essential for the development of effective methods to 
remove pollutants from wastewater. 

2. Materials and methods 

2.1. Production of carbon material from bio-oil 

The bio-oil was produced by fast pyrolysis of pine sawdust and 
provided by BTG Bioliquids (The Netherlands). Further details on the 
production process and composition of this bio-oil are provided in the 
Supporting Information. 

The carbon residue used in this study, named Raw-BC, is obtained 
from a two-step reaction setup. In the thermal unit of this system, the 
raw bio-oil is introduced as droplets through an inert N2 flow (Fig. 1). 
The controlled deposition of carbon material in this thermal step is a key 
strategy to enhance the subsequent catalytic valorization of bio-oil ox-
ygenates. Generally, deposition decreases as the unit temperature is 
increased (ranging from 21 wt% at 400 ◦C to 2 wt% at 700 ◦C). An 
optimal temperature of 500 ◦C was determined for achieving a suitable 
composition of bio-oil oxygenates stream for the subsequent catalytic 
step. At this temperature, approximately 13–15 wt% of the raw bio-oil 
fed is deposited as carbon residue (Raw-BC), while 8 wt% is decom-
posed into gases (CO, CO2, CH4). For more information on the collection 
process, including factors influencing carbon residue yield and compo-
sition, such as bio-oil characteristics and operating temperature, refer to 
the Supporting Information. 

Fig. 1. Production of carbon material from raw bio-oil in the two-step (ther-
mal-catalytic) reaction system. 
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2.2. Activation of bio-oil derived carbon material 

To produce the activated carbon (Act-BC), the Raw-BC was subjected 
to a procedure previously established as suitable for obtaining activated 
biochar from lignocellulosic biomass samples. This process involves a 
pyrolysis treatment followed by chemical activation [37]. 

The pyrolysis stage was carried out using a horizontal tube furnace, 
Carbolite GHA & GHC model, with a heating rate of 10 ◦C min− 1 up to 
900 ◦C and maintaining this temperature for 1 h under an inert atmo-
sphere (40 L min− 1 N2 flow). After completion of this process, the 
sample was gradually cooled down to room temperature inside the 
furnace while maintaining the N2 flow. The resulting pyrolysis-treated 
sample, referred to as Pyr-BC, was subsequently subjected to chemical 
activation by being mechanically mixed with KOH in a 1/1 mass ratio. 
This mixture was then carbonized in the same furnace at a heating rate 
of 20 ◦C min− 1, reaching 900 ◦C, and maintained at that temperature for 
2 h with a 20 L min− 1 N2 flow. Afterwards, the sample was cooled down 
to room temperature under a N2 atmosphere. Following the activation 
process, the sample underwent a thorough washing procedure consisting 
of three steps: i) washing with deionized water; ii) washing with a 3.8 M 
HNO3 solution; and iii) another round of washing with deionized water 
until achieving a neutral pH. Finally, the sample was dried at 105 ◦C for 
12 h. 

2.3. Characterization of carbon materials 

Elemental, proximate, and thermogravimetric analyses were initially 
conducted on the Raw-BC material to gather essential information on its 
characteristics and composition. This information was crucial for 
establishing appropriate conditions for the activation treatment. The 
sample’s carbon, hydrogen, nitrogen, and sulfur contents were quanti-
fied using a TruSpec Micro LECO elemental analyzer (CHNS). The mea-
surements of volatile matter, ash content, moisture, and calorific value 
were carried out using an IKA C200 Calorimeter device (following 
standards for volatile matter UNE-EN 15148–2010, mineral matter UNE- 
EN 14,775 and moisture UNE-EN 14774-3). 

Thermogravimetric analysis was conducted using a TA Instruments 
Q5000 thermobalance to investigate the carbonization properties of the 
Raw-BC carbon precursor. The sample underwent heating from 25 to 
900 ◦C at a heating rate of 5 ◦C min− 1 under an inert atmosphere (N2 
flow of 50 mL min− 1), and it was maintained at 900 ◦C for 20 min. 
Throughout the heating process, the mass of the sample was continu-
ously monitored and recorded in real-time. 

The features of the functional groups located on the surface of each 
carbon material were analyzed using Fourier-transform infrared spec-
troscopy (FTIR) employing a Nicolet 6700 Thermo Fisher Scientific device. 
To prepare solid pellets for analysis, each sample was compressed at 10 
tons for 15 min together with KBr (10 wt%). The scanning was per-
formed at 25 ◦C, following a drying step (heating up to 150 ◦C) to pre-
vent moisture interference during measurement. The spectra were 
collected within the 3800–600 cm− 1 range with a resolution of 4 cm− 1 

and 100 scans per spectrum. 
The microscopic structure and morphology of the raw carbon ma-

terial (Raw-BC) as well as the prepared carbons Pyr-BC and Act-BC were 
examined by Scanning Electron Microscopy (SEM) using a JEOL JSM- 
7000F microscope. Observations were made at various magnifications 
(500x, 3kx, and 10kx). 

The specific surface area and pore structure of Act-BC sample were 
analyzed by gas (N2 and CO2) physisorption experiments. N2 adsorp-
tion/desorption isotherms were obtained at − 196 ◦C using an ASAP 
2010 Micromeritics analyzer, following overnight outgassing under 
vacuum at 150 ◦C. The specific surface area was determined using the 
Brunauer-Emmet-Teller (BET) method, the micropore volume was 
calculated using the t-plot method based on the Harkins-Jura equation, 
and the pore size distribution was calculated applying non-local density 
functional theory (NLDFT). To address diffusion issues related to N2 and 

evaluate narrow microporosity, the textural properties of the Pyr-BC 
sample were determined by CO2 physisorption measurements. Adsorp-
tion/desorption isotherms were collected at 0 ◦C using an ASiQwin 
Quantachrome device after overnight outgassing of the sample under 
vacuum at 150 ◦C. The surface area, micropore volume, and average 
pore width were quantified by applying the NLDFT theory. 

2.4. Adsorption effectiveness of synthesized activated carbon 

The adsorption effectiveness of Act-BC was assessed through batch 
experiments. In these experiments, 0.15 g of Act-BC were added to 25 
mL of a solution containing either methylene blue (MB) or hexavalent 
chromium (Cr(VI)). The initial concentrations of the MB and Cr(VI) 
solutions were 35  mg L− 1 and 100 mg L− 1, respectively. The adsorption 
capacity of Act-BC was compared with that of the raw material (Raw- 
BC) and the pyrolysis-treated sample (Pyr-BC), enabling the evaluation 
of the impact of activation process on the adsorption capacity. 

The adsorption experiments were carried out at 25 ◦C for various 
durations (1, 2, 4, 8, and 24 h). To ensure optimal interaction between 
the adsorbent and pollutant, the solid–liquid mixture was stirred for 5 
min. At the end of each specified time, the mixture was filtered, and the 
concentration of the remaining pollutant in the filtrate was determined 
using direct UV–VIS spectrometry. The absorbance values of the 
collected aliquots were measured employing a Jasco UV–VIS V-750ST 
spectrophotometer. For samples containing MB pollutant, the wave-
length used was 665 nm, whereas for samples with Cr(VI) pollutant 
(after adjusting the pH to the 4–5 range), the wavelength was set at 350 
nm. 

Direct UV–VIS spectrometry is a better method for measuring Cr(VI) 
concentration compared to the commonly used 1,5-diphenylcarbazida 
colorimetry (DPC) [38]. The DPC method has limitations, as it can 
only be used for low concentrations and has stability issues with the 
produced complex. In contrast, direct UV–VIS can measure a wide range 
of concentrations, including levels required by EU regulations and high 
concentrations in industrial wastewater [39]. This method is faster and 
more reliable, eliminating complex preparation steps, making it an 
efficient way to measure Cr(VI) concentration. 

The adsorption effectiveness of each carbon material was assessed by 
determining the adsorption capacity Qe , Eq. (1), which quantifies the 
amount of pollutant that can be adsorbed by the material, and the 
removal ratio R, Eq. (2), which measures the efficiency of the adsorption 
by expressing the percentage of the pollutant removed from the solution. 

Adsorption capacity⇒ Qe =
C0 − Ce

mBC
⋅V (1)  

Removal ratio⇒ R =
C0 − Ce

C0
⋅100 (2)  

where V is the volume of solution (L), C0 is the pollutant solution con-
centration (mg L− 1), Ce refers to the concentration of solution at equi-
librium (mg L− 1), and mBC is the mass of the carbon material (g). 

2.5. Recyclability of synthesized activated carbon 

The regeneration and reuse capacity of Act-BC was assessed for the 
adsorption of methylene blue (MB). The desorption of Cr(VI) involves 
surface complexation phenomena, so further research is needed to 
design an effective regeneration process for its removal. 

The regeneration process involves the desorption of MB from the 
adsorbent, typically using two types of methods: i) degradation, which 
involves the decomposition of adsorbed MB using techniques such as 
thermal degradation, microwave irradiation, or photodegradation; and 
ii) physical desorption, which has been widely investigated to regen-
erate carbon adsorbents and to recover the MB [29]. 

For the recyclability study, the behavior of the material has been 
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examined in four consecutive adsorption–desorption cycles. The spent 
Act-BC adsorbent, after being separated from the MB solution through 
filtration, was dried at 60 ◦C for 24 h. Subsequently, the dried spent 
adsorbent was placed in a flask containing pure acetone, chosen as the 
regeneration solvent due to its low boiling point and proven efficacy 
from previous research [40]. To ensure optimal liquid–solid contact, the 
mixture was stirred for the initial 5 min and then left in contact with 
acetone for up to 3 h. This limited stirring duration aimed to minimize 
sample loss. After the regeneration process, the adsorbent was filtered, 
washed with distilled water, and dried again at 60 ◦C for 24 h. The 
desorption methodology selected for this study was based on its 
simplicity and low cost. Developing a recovery process that is simple, 
efficient, and cost-effective could generate increased interest in our bio- 
based adsorbent. 

In order to address issues related to sample loss during the regen-
eration stages of filtration, washing and drying, the recovered adsorbent 
was weighted before each adsorption cycle. This practice allowed for the 
adjustment of the volume of MB solution, ensuring it was reduced as 
necessary to maintain a consistent adsorbent/pollutant ratio throughout 
the recyclability study. 

2.6. Adsorption kinetics of synthesized activated carbon 

To conduct the kinetic study, pollutant removal experiments were 
performed with the analysis of adsorption parameters in a continuous 
mode. This method offers advantages over the batch adsorption process 
because it provides more data in less time and avoids potential distur-
bances that could affect the results, such as induced agitation during 
aliquot collection and loss of material during filtration. By employing 
this approach, a more comprehensive and accurate transient concen-
tration profile can be obtained. 

In this study, a solid–liquid mixture was prepared in a UV–VIS 
spectroscopy quartz cuvette, with a dosage of 6 g L− 1 of Act-BC and 35 
mg L− 1 of methylene blue (MB) as the pollutant. After an initial stirring 
and 10 s of ultrasound activity to ensure the proper dispersion of par-
ticles and optimal solid–liquid contact, the quartz cuvette was placed in 
a Jasco UV–VIS V-750ST spectrophotometer. In order to generate suffi-
cient adsorption data for the kinetic study, this experiment was con-
ducted in long-duration mode, lasting 51 h with absorbance values 
recorded every 30 s. 

3. Results and discussion 

3.1. Characteristics of raw carbon material (Raw-BC) 

The elemental and proximate analyses of the bio-oil derived carbon 
sample (Raw-BC) are detailed in Table 1. The elemental composition 
demonstrates that carbon and oxygen constitute the major components 
of this material (approximately 95 wt%), with a minor proportion of 

hydrogen (4 wt%), and trace amounts of sulfur and nitrogen. Proximate 
analysis reveals that Raw-BC is predominantly composed of fixed carbon 
(≈ 60 wt%) and volatile matter (≈ 37 wt%). The low ash content (0.2 wt 
%) can be attributed to the retention of inorganic compounds from 
lignocellulosic biomass in the solid produced during the fast pyrolysis 
(char), resulting in minimal inorganic material in the liquid product 
(bio-oil). 

Due to its low calorific value (17.1 MJ kg− 1) in comparison with 
conventional fuels such as gasoline (42–46 MJ kg− 1) and diesel (42–45 
MJ kg− 1) [41], along with its low H/C ratio (0.05), there is a growing 
preference to prioritize the valorization of Raw-BC for the production of 
activated carbons instead of using it as an energy source [42]. 

Thermogravimetric analysis (TG) was performed to investigate the 
thermal decomposition (carbonization) mechanism of the raw carbon 
material. The derivative weight loss (DTG) profile of Raw-BC (Fig. 2) 
shows a weight loss of approximately 1 wt% below 150 ◦C, attributing to 
moisture evaporation. The weight loss within the 150–250 ◦C range 
remains relatively low. Thermal degradation begins around 250 ◦C, 
characterized by an initial rapid stage (250–550 ◦C) where the rate of 
weight loss peaks (0.78 wt% min− 1 at 420 ◦C), followed by a slower 
degradation stage (above 550 ◦C). The volatile matter removed in each 
stage accounts for 22 % and 12 % of the initial weight of Raw-BC, 
respectively. 

The carbonization profile shown in Fig. 2 corresponds to the three- 
step thermal degradation observed in various lignin species, including 
Kraft, Klason and alkaline lignin [43,44], confirming the lignin-like 
characteristics of this material. Because of its high carbon content (as 
indicated in Table 1), only about 35 % of the initial material is lost 
during carbonization. This fact is in contrast to the higher losses re-
ported for biomass feedstock, which can reach up to 80 % [45]. 

3.2. Effect of activation on the nature and morphology of carbon 
materials 

3.2.1. Surface functional groups 
The FTIR absorbance results, depicted in Fig. 3, provide insights into 

the surface functional groups of the materials. The spectrum of Raw-BC 
reveals an heterogeneous chemical structure with numerous functional 
groups and aromatic rings, resembling oxidized graphitized carbons 
[46] and pseudo-lignins [47]. This complex spectrum arises from the 
overlap of adsorption bands assigned to stretching and bending modes of 
various functional groups on carbon surfaces (C=O, C–O, C–O–C, C–C, 
C=C, C–H, etc.). These bands indicate the presence of oxygen double- 

Table 1 
Elemental and proximate analysis of raw carbon material (Raw-BC).  

Elemental composition (wt% dry basis)  

C  79.7 
H  4.0 
N  0.7 
S  0.4 
O*  15.2  

Proximate analysis (wt% dry basis)  
Moisture  2.5 
Volatiles  37.4 
Ash  0.3 
Fixed carbon  59.8 

Calorific value (MJ kg− 1)  17.1 

* Calculated by difference (ash removed) 
Fig. 2. Thermogravimetric profile of raw carbon material (Raw-BC) degrada-
tion under N2 flow (50 mL min− 1) with a heating rate of 5 ◦C min− 1. 
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bonded to carbon (C=O) in lactones, aldehydes or carboxylic moieties 
within conjugated systems (around 1700 cm− 1) [48], lignin-derived 
moieties (around 1445 cm− 1) [49], and syringyl and guaiacyl rings 
(1000–1300 cm− 1) [50]. Additionally, the strong and broad band 
observed at 3200–3600 cm− 1 can be attributed to the stretching of hy-
droxyl (O–H) in alcohols, phenols and carboxylic acids [51]. The pres-
ence of aromatic structures in the carbon materials is confirmed by the 
band at ca. 1600 cm− 1 (associated with C=C in highly condensed aro-
matics and dienes) [42], the bands ranging from 675 to 900 cm− 1 

(related to the out-of-plane bending of aromatic C–H bonds) [47], and 
the bands at 1490–1530 cm− 1 (C=C in low condensed aromatics) [52]. 

The FTIR spectra of pyrolyzed carbon (Pyr-BC) and activated carbon 
(Act-BC) provide evidence of the chemical transformations occurring 
during pyrolysis and activation treatments, respectively. The absor-
bance intensity follows the order Raw-BC ≫ Pyr-BC > Act-BC, indicating 
changes in the carbon structure due to the removal of labile oxygen- 
containing functional groups. The band at 1700 cm− 1, representing 
the C═O stretch in ketones, aldehydes and carboxylic acid groups, 
decreased significantly. The broad hydroxyl band (3400 cm− 1) vanished 
completely, indicating the dehydration of hydroxyl groups, possibly due 
to a reduction in phenolic OH content, which is also supported by the 
decrease in the 1360 cm− 1 band (associated with phenolic O–H and 
aliphatic C–H in CH3). This could be attributed to repolymerization, 
considering the dissociation energy of phenolic OH from the benzene 
ring [53]. 

Additionally, the results reveal that a higher relative abundance of 

bands was associated with aromatic bonds. These findings imply that 
these carbon materials have a greater homogeneity of functional groups 
compared to Raw-BC, with oxygen likely present in C–O and C–O–C 
structures. In Fig. 4, the possible structure of these materials is presented 
based on the FTIR results. 

3.2.2. Morphology and textural properties 
The SEM images of Raw-BC, Pyr-BC, and Act-BC samples collected at 

increasing magnifications (500x, 3kx, and 10kx), are compared in Fig. 5. 
These images highlight significant differences in the surface morphology 
of these carbon materials. Raw-BC (Fig. 4a-c) exhibits a relatively uni-
form morphology with low porosity and irregular, rounded fractural 
edges. The development of porosity after the pyrolysis and activation 
treatment is clearly evidenced by the SEM images of Pyr-BC (Fig. 4d–f) 
and Act-BC (Fig. 4g–i). These samples exhibit a highly cracked surface at 
the micrometer scale. 

The findings obtained from the SEM images align with the textural 
properties determined by gas physisorption. The adsorption–desorption 
isotherms and pore size distribution profiles of Pyr-BC and Act-BC are 
presented in Fig. 6. The textural properties, including specific surface 
area, micropore volume, and average pore width, are summarized in 
Table 2. No porosity was detected in Raw-BC material. The pyrolysis 
treatment generated a significant surface area of 595  m2 g− 1 in the 
carbon material, along with a micropore volume of 0.16 mL g− 1. Upon 
activation, both the surface area and the micropore volume in Act-BC 
substantially increased to 1070  m2 g− 1 and 0.41 mL g− 1, respectively. 
This carbon exhibits a type I adsorption isotherm, i.e., the characteristic 
of highly microporous materials. Furthermore, the results confirm that 
the pyrolysis treatment creates narrow micropores with an average pore 
size of 0.48 nm, while further activation leads to the formation of wider 
micropores with an average size of 0.81 nm. 

The characterization results provide evidence that the activation 
process, involving pyrolysis-alkaline treatment-carbonization (as 
described in Section 2.2) induces significant changes in the composition 
and structure of the carbon material derived from bio-oil. The resulting 
material, Act-BC, exhibits a substantial specific surface area and signif-
icant micropore volume, with textural properties resembling those re-
ported for activated carbons [54] and steam-activated bio-chars [55]. 

3.3. Adsorption of pollutants 

3.3.1. Methylene blue 
The adsorption effectiveness of Raw-BC, Pyr-BC, and Act-BC carbon 

materials for the removal of MB from wastewater was evaluated in terms 
of adsorption capacity (Qe, mg gBC

− 1) and removal ratio (R, %), according 
to Eq. (1) and Eq. (2), respectively. The results, depicted in Fig. 7, 
represent the average values obtained from three experiments for each 
carbon sample. 

Fig. 3. FTIR spectra of raw bio-oil derived carbon material (Raw-BC), pyro-
lyzed carbon material (Pyr-BC) and activated carbon (Act-BC) in the 3800–600 
cm− 1 region. 

Fig. 4. Proposed chemical structure of a) raw bio-oil derived carbon material (Raw-BC), b) pyrolyzed carbon material (Pyr-BC), and c) activated carbon (Act-BC).  
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The adsorption capacity of Raw-BC was initially evaluated and found 
to be ineffective for MB removal even after a 24-hour contact time. This 
result indicates that despite the presence of numerous oxygen- 
containing functional groups in Raw-BC, as revealed by FTIR results 
(Fig. 3), the negligible porosity of this material does not facilitate surface 
chemisorption reactions. The adsorption tests of Pyr-BC also indicate 
ineffective MB removal despite its higher surface area and micropore 
volume (Table 2). This suggests that the micropores developed in Pyr-BC 
are very narrow, with an average pore width of 0.48 nm, hindering the 
access and diffusion of MB molecules within the adsorbent internal 
structure. However, it should be noted that these properties might be 
advantageous in gas-phase applications, such as separation or gas 
cleaning [56]. 

The results with Act-BC confirm its effectiveness for MB adsorption 
(Fig. 7). Rapid adsorption occurs during the first 2 h of contact, attrib-
uting to the fast diffusion of MB molecules. A removal ratio of 50 % of 
the contaminant from the wastewater is achieved, with an adsorption 
capacity of 2.81 mgMB gAct-BC

− 1 . After 2 h, the adsorption efficiency de-
creases, leading to a MB removal ratio of approximately 80 % after 8 h of 
contact time. Afterwards, a nearly asymptotic trend is observed, 
reaching a final concentration of MB in wastewater of 0.7 mgMB L− 1 after 
24 h of contact. This corresponds to a 98 % removal ratio and an 
adsorption capacity of 5.7 mgMB gAct-BC

− 1 . Our results align with the values 
of removal ratio and adsorption capacity reported by Mussa et al. [30] in 
a comprehensive review focused on the design of biosorbents for the 
removal of MB. 

These findings emphasize the crucial role that micropore size plays in 
the MB adsorption mechanism. Effective adsorption of this pollutant 
requires a carbon material with an appropriate pore width, allowing 
molecules to access the internal pore structure where they are captured. 
Thus, the activation procedure involving pyrolysis-alkaline treatment- 
carbonization, employed in this study, not only enhances the surface 
area of Raw-BC but also develops a porous structure with the suitable 
width range for effective MB adsorption. 

3.3.2. Hexavalent chromium 
The adsorption effectiveness of the three carbon materials for the 

removal of hexavalent chromium (Cr(VI)) from wastewater was initially 
evaluated for a contact time of 24 h. The corresponding values of 
adsorption capacity and removal ratio are presented in Table 3, along 
with the remaining concentration of Cr(VI) (note that the initial con-
centration of Cr(VI) solution was 100 mg L− 1). 

The results align with those obtained for the MB dye, as both Raw-BC 
and Pyr-BC materials exhibit poor Cr(VI) adsorption capacity compared 
to Act-BC. This activated carbon demonstrates the ability to remove 
approximately 47 % of the pollutant from the wastewater solution, 
resulting in a final concentration below 54 mgCr(VI) L− 1. This corre-
sponds to an adsorption capacity of 7.6 mgCr(VI) g− 1. It is noteworthy 
that despite the aforementioned limitations in porosity for Raw-BC and 
Pyr-BC, which render them ineffective for MB removal, these materials 
manage to remove over 6 % of Cr(VI) from the pollutant solution 
(Table 3). This result can be attributed to surface complexation 

Fig. 5. Morphology and microstructure of Raw-BC (a − c), pyrolyzed material Pyr-BC (d − f) and activated carbon Act-BC (g − i).  
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phenomena occurring during the adsorption of heavy metals [57]. The 
–COC and –C=O functional groups (Fig. 3) can interact with chromium 
ions, forming multi-atom structures [58], thereby enhancing the 
adsorption process. 

The results of Cr(VI) adsorption with Act-BC may appear low 
compared to values reported by other authors using biomass-derived 
adsorbents [59,60]. However, it is important to note that those studies 
were mostly conducted under strongly acidic conditions (pH around 2.0) 
to enhance the adsorption of this heavy metal [61]. In this work, 
adsorption tests were carried out neither using chemical reagents to 
modify the pH nor continuous stirring. Consistent with our findings, 
Valentin-Reyes et al. [34] emphasized the importance of pH in the 
removal of hexavalent chromium from aqueous solutions and reported 
adsorption capacity values in the 6.5–7 mg/g range for commercial 
activated carbon modified by thermal treatment at 800–900 ◦C. 

It should be highlighted that, despite most studies on Cr(VI) removal 
being conducted at the laboratory scale, the procedure employed in this 
study is more applicable to the decontamination of real industrial 
wastewater than methods that require acidification. The need to use 
chemicals and more labor-intensive methods for the required acidifi-
cation (and subsequent basification to neutral pH) would render the 
process economically and environmentally unfeasible. 

The impact of contact time on the effectiveness of Act-BC in 
removing Cr(VI) from wastewater is depicted in Fig. 8 (each data point 

represents the average of three experiments). The results reveal that the 
highest Cr(VI) removal rate occurs within the first hour, indicating rapid 
diffusion of chromium ions through the porous structure of Act-BC, 
resulting in an approximately 15 % removal. Subsequently, the 
adsorption rate gradually decreases, showing three distinct intervals 
(0–1 h, 1–4 h, and 4–24 h). Consequently, a 25.6 % removal of Cr(VI) is 
achieved after 4 h of contact, increasing up to 46.5 % at 24 h. 

It is important to note that both the trends of Cr(VI) removal ratio (R) 
and adsorption capacity (Qe) indicate that longer contact times are 
necessary to achieve the maximum values of pollutant removal. This can 
be attributed to the considerably higher initial concentration of Cr(VI) 
solution (100 mg L− 1) compared to that used for MB (35 mg L− 1), for 
which the maximum values were attained (as shown in Fig. 7). 

3.4. Recyclability of bio-oil derived activated carbon 

The recyclability of an activated carbon, especially its capability to 
undergo multiple adsorption–desorption cycles, is a crucial aspect that 
can enhance the attractiveness of bio-based adsorbents. In this section, 
the results obtained from evaluating the regeneration capacity of Act-BC 
for the adsorption of MB in four consecutive adsorption–desorption 
cycles are presented (Fig. 9). MB was selected as the pollutant for this 
study since desorption of Cr(VI) would involve surface complexation 
phenomena. 

The results show a decrease in adsorption capacity after the inter-
mediate desorption (regeneration) process. This effect is more notice-
able in the initial cycles but becomes less evident after the third cycle. It 
suggests that, although there is an irreversible loss of activity, the re-
generated adsorbent could potentially reach a stable state (equilibrium), 
enabling reproducible results in subsequent adsorption-regeneration 
cycles. 

Furthermore, the regeneration procedure significantly impacts the 
adsorption dynamics of MB, particularly affecting the initial adsorption 

Fig. 6. Adsorption-desorption isotherms of (a) Pyr-BC (CO2, 0 ◦C) and (b) Act − BC (N2, − 196 ◦C). NDFT pore width distribution of (c) Pyr-BC and (d) Act-BC.  

Table 2 
Textural properties of pyrolyzed Pyr-BC and activated carbon Act-BC.  

Sample Surface area 
(m2 g− 1) 

Micropore volume 
(mL g− 1) 

Average pore 
width (nm) 

Pyr-BC(a) 595  0.16  0.48 
Act-BC(b) 1070  0.41  0.81 

(a) CO2 physisorption at 0 ◦C; (b) N2 physisorption at − 196 ◦C 
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rate. The rate observed during short contact times (below 2 h) decreases 
after each cycle, while the rate appears to be consistent above 2 h, 
regardless of the cycle (Fig. 9). Consequently, the amount of MB 
removed in the fourth cycle (approximately 90 %) is slightly lower than 
in the first cycle (approximately 98 %) for contact times of 24 h. This 
behavior can be attributed to pore blockage resulting from incomplete 
desorption of MB molecules, which remain adsorbed in the microporous 

structure of Act-BC (irreversible saturation). 
The Act-BC shows a promising recyclability under the conditions 

studied, demonstrating a slight loss of adsorption capacity in four testing 
cycles. It shows higher recovery than other carbon-based adsorbents 
after desorption using water (30 % in three cycles [62]), methanol (75 % 
in six cycles [63]) and acids (75–80 % in 2–5 cycles [64,65]). Our results 
align with those reported employing desorption as regeneration tech-
nique using different alcohol/acid mixture solutions (60–91 % in 3–6 
cycles [66–68]). 

The studies on the reusability of carbon-based adsorbents evidence 
that the efficiency of the regeneration process through desorption 
strongly depends on the liquid medium, indicating the potential to 
optimize the regeneration of Act-BC and to minimize irreversible loss of 
activity. Methanol, ethanol, acetic acid, and NaOH are among the most 
investigated media used to facilitate desorption of MB. 

Fig. 7. Evolution over time of MB removal ratio achieved with Raw-BC, Pyr-BC and Act-BC (%, left axis). Evolution over time of Act-BC adsorption capacity (Qe, 
right axis). 

Table 3 
Removal ratio (R), remaining concentration (Ce), and adsorption capacity (Qe) 
of Cr(VI) achieved with each carbon material after 24 h of contact time.  

Sample R (%) Ce (mgCr(VI) L− 1) Qe (mgCr(VI) gBC
− 1) 

Raw-BC  6.4  93.6  1.1 
Pyr-BC  6.6  93.4  1.1 
Act-BC  46.5  53.5  7.6  

Fig. 8. Evolution over time of Cr(VI) removal ratio and adsorption capacity (Qe) achieved with Act-BC.  
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3.5. Adsorption kinetics 

The adsorption of pollutant species in wastewater generally follows a 
four-step pathway: “transfer to adsorbent surface− diffusion through 
liquid film− intraparticle diffusion− intrinsic adsorption“. To gain 
knowledge on the adsorption of MB by the synthesized Act-BC material, 
we initially assessed the effectiveness of surface reaction models (SRM) 
in fitting the adsorption data. These widely used models assume that the 
physical/chemical interaction between pollutant molecules and carbon 
binding sites (intrinsic adsorption) is the rate-controlling step in the 
adsorption process. The linearized equations of the pseudo-first order 
(PFO) model and pseudo-second order (PSO) model are the most 
commonly applied. 

PFO⇒ log(Qe − Qt) = logQe −

(
K1

2.303

)

⋅t (3)  

PSO⇒
t

Qt
=

1
K2

Q2
e +

t
Qe

(4)  

where Qe refers to the adsorption capacity at equilibrium (mg g− 1), Qt is 

the amount of pollutant adsorbed (mg g− 1) at any time t (min), K1 is the 
pseudo-first-order rate constant (min− 1) and K2 is the pseudo-second- 
order rate constant (g mg− 1 min− 1). 

The degree of agreement between the experimental data and the 
model-predicted values was quantified using correlation coefficients 
(R2), where values approaching 1 indicate a strong conformity. The 
experimental adsorption curves and fitting parameters are presented in 
Fig. 10 and Table 4, respectively. The results indicate that the adsorption 
of MB by Act-BC can be explained by the pseudo-first-order (PFO) ki-
netic model, except for the last 3 h. During this period, the more 
accessible pores of the carbon material become saturated with MB 

Fig. 9. Recyclability of Act-BC for methylene blue (MB) removal in four adsorption–desorption cycles. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 10. Fitting results of (a) pseudo-first order kinetic model and (b) pseudo-second order kinetic model for adsorption of MB by Act-BC.  

Table 4 
Parameters of the pseudo-first order (PFO) and pseudo-second order (PSO) 
models for MB adsorption by Act-BC.  

Model Qe, exp Qe, calc Rate Constant R2 1-R2 

K1 K2 

PFO  5.78  5.39  0.00201   0.971  0.029 
PSO  5.78  6.31   1.02193  0.998  0.002  
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molecules, making pore diffusion the rate-controlling step. This effect 
can be attributed to the highly microporous nature of this material 
(Table 2). 

Fig. 10b demonstrates that, except for the first 2 h, the adsorption of 
MB is well described by the pseudo-second-order (PSO) kinetic model, 
reaching an overall fitting correlation coefficient of 0.998, which is 
higher than that of the pseudo-first-order (PFO) model (R2 = 0.971). 
This evidences the influence of chemisorption phenomena in the 
adsorption process, such as complexation and coordination [69]. In 
terms of adsorption capacity, the values predicted by both models are 
close to the experimental value (Table 4), although in the case of PFO, 
the difference is smaller. 

These results evidence that the linearized versions of surface reaction 
models (SRM), which focus on intrinsic adsorption (i.e., the physico-
chemical interaction between the adsorbent binding site and pollutant), 
might not accurately predict pollutant removal throughout the adsorp-
tion process. A marginal difference in R2 does not always justify a better 
fit to the experimental data [35]. To overcome these limitations, Mas 
Transfer Modelling (MTM) was applied to study the adsorption kinetics. 
These models assume that the intrinsic adsorption reaction is fast 
enough so that the rate-determining steps can be the diffusion of 
pollutant species from the bulk to the external surface of the adsorbent 
(film diffusion) and/or the diffusion of pollutants within the micropores 
to the adsorbent binding sites (intraparticle diffusion). In order to 
elucidate the influence of these phenomena on the adsorption process, 
the adequacy of liquid film diffusion model (LFD) and Bangham’s pore 
diffusion model (BPD) was assessed. The linear forms of these models 
are represented by Eq. (5) and Eq. (6), respectively. The fitting param-
eters of these models provide insights into the involvement of liquid film 
diffusion and intraparticle diffusion mechanisms in the adsorption 
process [70,71]. 

LFD⇒ ln
(

1 −
Qt

Qe

)

= − KLFt (5)  

being Qe the adsorption capacity at equilibrium (mg g− 1), Qt the 
adsorption capacity (mg g− 1) at time t (min) and KLF the liquid diffusion 
constant (min− 1). 

BPD⇒log
(

C0

C0 − mQt

)

= log
(

mKβ

2.303V

)

+ Δβlogt (6)  

where C0 is the initial MB concentration (mg L− 1), V is the volume of 
solution (mL), m the weight of Act-BC adsorbent (g L− 1), Δβ and Kβ are 
the Bangham’s constants (obtained as slope and y-intercept). 

The curves representing the experimental adsorption data and the 
fitting parameters of the Mass Transfer Models (MTM) are presented in 
Fig. 11, and the corresponding results are summarized in Table 5. Except 

for the last 3 h (Fig. 11a), the Liquid Film Diffusion (LFD) model dem-
onstrates a good fit to the adsorption data, with a y-intercept value close 
to zero [72]. These findings suggest that liquid film diffusion plays a role 
in the adsorption process of MB by Act-BC, although it cannot be 
considered the rate-determining step, given the significant difference 
between the experimental and calculated values of adsorption capacity 
Qe (Table 5). Furthermore, the results from applying the Bangham’s 
Pore Diffusion (BPD) model (Fig. 11b) exhibit a relatively high overall 
correlation coefficient (R2 > 0.9, Table 5), particularly in the last 3 h (up 
to R2 = 0.989) where the pseudo-first order model fails (Fig. 10a). This 
confirms the involvement of liquid pore diffusion limitation in the 
adsorption of the MB pollutant. 

Based on these results, it can be affirmed that chemisorption is the 
most limiting stage in the adsorption rate of MB by Act-BC, as indicated 
by the good fit to a pseudo-second order equation. However, phys-
isorption and liquid film diffusion also play a role. These stages notably 
influence the adsorption rate during the first 2 h, as evidenced by the 
best fit of the Pseudo-First Order (PFO) and Liquid Film Diffusion (LFD) 
models. After 48 h, intraparticle pore diffusion becomes the rate- 
controlling step, as supported by the suitability of the Bangham’s Pore 
Diffusion (BPD) model. This shift can be attributed to the highly 
microporous nature of the material and the reduction in available active 
sites for adsorption due to Act-BC saturation. 

3.6. Overcoming challenges in commercial application 

The successful translation of research findings into practical appli-
cations is a critical step in the development of bio-based activated car-
bons for pollutant removal. While our study has demonstrated a 
remarkable efficiency of the synthesized activated carbon in adsorbing 
methylene blue and hexavalent chromium, the real-world implementa-
tion demands careful consideration of the challenges that may be 
encountered. 

A noteworthy concern is the time required to reach equilibrium, a 
factor with implications for the operational efficiency of the adsorption 
process. In real-world applications, the extended duration may hinder 
the material’s applicability for industries requiring rapid wastewater 

Fig. 11. Fitting results of (a) Liquid Film Diffusion model and (b) Bangham’s Pore Diffusion model for adsorption of MB by Act-BC.  

Table 5 
Parameters of the Liquid Film Diffusion (LFD) and Bangham’s Pore Diffusion 
(BPD) for MB adsorption by Act-BC.  

Model Qe, exp Qe, calc Δβ Rate Constant R2 1-R2 

KLF Kβ 

LFD  5.78  2.66   0.002   0.971  0.029 
BPD  5.78   0.66072   0.01108  0.953  0.047  
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treatment to meet regulatory standards. To address this, one potential 
strategy involves the incorporation of catalysts during the activated 
carbon synthesis, which could enhance the adsorption kinetics and 
mitigate the impact of extended equilibrium times. However, a delicate 
balance between kinetics and adsorption efficiency must be struck. 
Rapid adsorption kinetics should not compromise the material’s overall 
pollutant removal capacity. Achieving this balance is essential to ensure 
that the material remains competitive and viable for a wide range of 
pollutant concentrations and applications. Future research efforts 
should be directed towards optimizing the bio-based carbon perfor-
mance by exploring potential synergies between rapid kinetics and high 
adsorption efficiency. 

The recyclability of the synthesized activated carbon is also a key 
factor for its practical viability. Although our study demonstrated stable 
behavior in four adsorption-regeneration cycles, further research could 
be conducted to refine regeneration processes, ensuring that the mate-
rial keeps high efficiency over multiple cycles. Developing efficient and 
cost-effective recovery processes will enhance the reusability, reducing 
the demand for fresh adsorbents and contributing to economic 
feasibility. 

Different industries and pollutant scenarios may present unique 
challenges. Understanding and addressing these application-specific 
challenges are crucial for the successful commercialization of the pro-
posed material. Further exploration of its effectiveness in diverse in-
dustrial scenarios and with a broader range of pollutants will provide 
valuable insights and enhance its applicability. 

In conclusion, while our research presents promising results for the 
development of a sustainable material for wastewater treatment, its 
commercial application requires strategic considerations and targeted 
research efforts. Addressing the challenges outlined above and exploring 
potential solutions will be essential for broadening the applicability of 
the synthesized activated carbon in real-world industrial settings. 

4. Conclusions 

This study effectively addresses the challenge of carbon deposition 
during bio-oil processing. Our methodology enables the valorization of 
carbon residue into porous material with a specific surface area of 1070 
m2 g− 1 and a micropore volume of 0.41 mL g− 1. The efficient valori-
zation process contributes to the enhanced carbon efficiency of bio-oil 
transformation, reducing waste and improving process sustainability 
and economic viability. 

The synthesized activated carbon demonstrates remarkable effi-
ciency in adsorbing pollutants, achieving a removal ratio of 98 % for 
methylene blue and 47 % for hexavalent chromium. For methylene blue, 
the adsorption capacity reaches 5.7 mg g− 1, emphasizing the potential of 
the material in wastewater treatment applications. 

We evaluated the recyclability of the activated carbon, showing its 
potential for regeneration and reuse in multiple adsorption–desorption 
cycles. Despite a decrease in adsorption capacity after regeneration, the 
material exhibits stable behavior after the third cycle, with a removal 
ratio of approximately 90 %. This feature minimizes the demand for 
fresh adsorbents, enhancing economic feasibility and overall 
sustainability. 

Through extensive studies on adsorption kinetics, we gained valu-
able insights into the fundamental phenomena involved in the adsorp-
tion process. Chemisorption is identified as the most limiting stage in the 
adsorption rate, although physisorption and liquid film diffusion also 
play a role, especially at short solid–liquid contact times (up to 2 h). For 
longer contact times (above 48 h), intraparticle pore diffusion becomes 
the rate-controlling step due to the highly microporous nature of the 
activated carbon and the reduction in available active sites. 

The outcomes of this study provide crucial information for the 
development of sustainable materials for wastewater treatment. 
Exploring similar valorization methods for other biomass-derived resi-
dues and broadening the range of pollutants will further contribute to 

reduce environmental impact and promoting green technologies across 
various industrial sectors. The integration of these quantitative findings 
into future studies will pave the way for advancements in the field of 
sustainable materials and wastewater treatment. 
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