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Abstract
Wastewater containing polycyclic aromatic hydrocarbons (PAHs), when improperly managed or released into the environ-
ment, can disrupt the ecosystem and degrade the quality of water bodies. Wastewater that contains PAHs needs to be treated 
immediately. Bagasse was pyrolyzed in this work to produce alternate biochar, which was subsequently  CO2-activated. 
 CO2-activated and non-activated biochar were characterized and evaluated for adsorption of naphthalene from an aqueous 
solution. Thermodynamics, equilibrium, and adsorption kinetics studies were conducted. Contrary to non-activated biochar, 
which had a surface area of less than 71  m2/g,  CO2-activated biochar was a typical mesoporous material with a surface area of 
roughly 263  m2/g. Therefore, compared to non-activated biochar,  CO2-activated biochar has a more significant potential for 
naphthalene adsorption.  CO2-activated and non-activated biochar had maximal naphthalene adsorption capacities of 290.43 
and 38.15 mg/g, respectively. According to the findings, both feedstocks achieved the optimal adsorption capacity at pH 7, 
and 0.2 g of adsorbent at 120 and 180 min for activated and non-activated biochar, respectively. Naphthalene adsorption on 
 CO2-activated biochar proceeded according to the pseudo-second-order model’s kinetics. For  CO2-activated biochar, with 
consideration to the equilibrium adsorption isotherms, Langmuir offered the best match. Physical modification consider-
ably enhanced the adsorption of naphthalene onto  CO2-activated biochar. Naphthalene and biochar were able to bind to one 
another by physical interaction, electrostatic attraction, hydrogen bonds, and π–π interaction. Naphthalene adsorption on 
 CO2-activated biochar was spontaneous, exothermic, and favorable. Hence, modified biochar  (CO2-activated) has the potential 
to produce a substitute mesoporous adsorbent from bagasse to remediate naphthalene from wastewater.
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EPA  Environmental Protection Agency
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NAP  Naphthalene
PAH  Polycyclic aromatic hydrocarbon
PZC  Point of zero charge
SB600  Non-activated biochar
SEM   Scanning electron microscope
S°  Entropy
SB  Sugarcane bagasse

1 Introduction

Increasing concerns about anthropogenic sources of water 
course contamination propel activated carbon. Various 
organic and inorganic contaminants dissolved in aqueous 
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or gaseous environments have been successfully removed 
using activated carbon [1]. However, the high price of acti-
vated carbon hinders its widespread application [2]. India 
has a large volume of agricultural waste, which offers dis-
tinct advantages as a source of raw materials and is gaining 
increasing research interest [3, 4]. Their great capabilities 
are directly related to the activated biochar surface’s well-
developed porous structures, substantial surface area, and 
a vast variety of functional groups. It is generally known 
that the surface functional groups of activated biochar can 
cause the surface to exhibit acidic, basic, or neutral prop-
erties [5]. To improve or increase the affinities of carbon 
materials for certain pollutants, attention has lately been 
focused on describing and changing their surface functional 
groups [2, 6, 7].

Bagasse, a typical biomass waste from the sugar industry, 
is still very difficult to dispose of. Reports claim that bio-
mass waste can clean wastewater and improve soil [8-10]. 
Sugarcane bagasse can be immediately pyrolyzed to produce 
biochar, which has a 1.67 mmol/g  CO2 absorption capacity 
at 25 °C, according to research by Creamer et al. [11]. Most 
past studies have concentrated on employing different acti-
vating agents to create porous carbons with desirable phys-
icochemical properties [12-14]. The activating agent would 
undoubtedly influence the effectiveness of PAHs adsorption 
and the textural characteristics of carbon adsorbents gener-
ated from sugarcane bagasse.

Organic pollutants with two or more fused aromatic 
rings of carbon and hydrogen are called polycyclic aromatic 
hydrocarbons (PAHs). Incomplete raw material burning in 
the coal and petrochemical industries, automobile exhaust 
emissions, and oil product leaks are common causes of their 
production. Because of their high toxicity, carcinogenicity, 
and stability, PAHs were identified by the US Environmental 
Protection Agency (EPA) as the primary contaminants [15, 
16]. Due to their limited biodegradability, poor ionization 
ability, low water solubility, and high resistance to natural 
degradation processes, PAHs can travel long distances in the 

air and water [17]. PAHs penetrate the human body and are 
easily absorbed by cells because of their high carbon content 
and hydrophobicity. Certain PAHs can interact with DNA, 
resulting in mutagenic and carcinogenic effects [75]. The 
coking of coal tar and the distillation of petroleum produce 
large amounts of naphthalene (NAP), the industry’s most 
prominent fused aromatic hydrocarbon [18]. After NAP is 
released into a surface water body, a secondary pollutant is 
produced by diverse interactions in environmental species 
[19], endangering human health and the ecosystem [20]. 
As a result, it is critical to adopt cost-effective and efficient 
methods to reduce NAP contamination.

Numerous methods have been used in recent years to 
remove PAHs from wastewater [21-23], but adsorption is 
an adaptable, low-cost method that could raise water quality 
without introducing more contaminants, and the adsorbent 
can be reused [24]. Table 1 lists the drawbacks of each con-
ventional method.

Biochar is a “carbon-rich solid substance” made by pyro-
lyzing biomass in an inert environment at high temperatures 
(300–600 °C) [11]. Compared to biomass, biochar is rich in 
carbon content, microporosity, and more surface functional 
groups [37]. The significant surface area, porous structure, 
and surface functional groups like carboxyl, hydroxyl, and 
phenolic in biochar give it an excellent adsorption capacity to 
remove contaminants [38]. Due to its versatility, affordability, 
low energy requirement, and environmental sustainability, 
adsorption utilizing biochar made from various agricultural 
leftovers has been identified as a viable green technology [39, 
40]. Biomass resources (including agricultural waste, munici-
pal solid waste, and animal and food waste [41] have recently 
been employed as precursors to produce specific biochar mate-
rials due to their low cost and widespread availability. Using 
low-cost agricultural solid wastes opens up new opportunities 
to eliminate wastewater’s organic pollutants [16, 42]. However, 
biochar has several restrictions when utilized as an adsorbent 
or in other environmental applications because of its lim-
ited surface area, low porosity, and confined surface functional 

Table 1  Demerits of different 
methods used for PAHs removal

Techniques Demerits Reference

Coagulation • Inefficient for removing organic contaminants
• Sludge formation

[25, 26]

Flocculation • Production of secondary pollution
• Requirement of nutrient for microbial development

[26, 27]

Bioremediation • Challenge of optimizing time is significant [28, 29]
Solid-phase extraction • Expensive solvents

• Harmful impact on environment
[30, 31]

Solvent extraction • Process is labor- and time-intensive
• Less effective with low concentrations of contaminants

[32, 33]

Chemical oxidations • Maintenance and operational cost high [21, 31, 34-36]
Photocatalytic degradation • Photocatalytic reactor maintenance cost high [8, 9]
Reverse osmosis • Unprofitable for small- and medium-sized enterprises [10, 31]
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groups. By using various activators and heating the biochar 
between 500 and 900 °C, the activation procedure enhances 
the physicochemical characteristics of the material. The type 
of adsorbent used determines how well particular pollutants 
are absorbed after being adsorbed [43]. According to the study 
“Global Activated Carbon Market Forecast & Opportunities 
2017,” the growth rate of demand for activated carbon is pre-
dicted to be more than 10% per year over the ensuing 5 years, 
reaching a market value of $3 billion by 2025 [44]. Activated 
biochar has been utilized extensively in adsorption techniques, 
which have the potential to be successful in the elimination of 
persistent organic pollutants [22, 24, 25, 75].

This study aims to develop  CO2-activated biochar, an 
intriguing material made from sugarcane residues like bagasse. 
We investigated the use of  CO2-activated biochar in place of 
adsorbents to remove NAP from aqueous media. Based on this 
idea, it is conceivable to create a synergistic effect in the field 
of waste management, i.e., the creation of substitute material 
from solid wastes like bagasse that may be used to treat aro-
matic hydrocarbon effluents. Bagasse was pyrolyzed with  N2 
to create biochar, and further biochar was activated with  CO2. 
All three, the precursor, biochar, and activated biochar, were 
characterized. A batch system’s ability to adsorb naphthalene 
was evaluated using kinetic, equilibrium, and thermodynamic 
analyses of activated biochar produced from bagasse.

2  Materials and methodology

The raw material (bagasse) for the current study was purchased 
from a local Delhi, India, sugarcane juice shop. Before being 
dried for 3 days in the sun, the obtained material was cleansed 
with distilled water to remove any remaining dust. The feed-
stock was pre-dried before analysis to make it suitable for 
pyrolysis operations. This was done because pyrolysis is more 
energy-intensive when there is a high moisture content. It also 
lowers the pyrolizer’s internal temperature and the output gas’s 
heating value. One to two kilograms of biomass were dried at 
105 °C for 2 h in a hot air oven. To achieve a particle size of 
between 250 and 500 mm, the biomass was dried, crushed, and 
sieved using Indian Standard (IS) sieves. For intensive analysis, 
the biomass was then stored in a lab-controlled atmosphere.

Table 2 displays the physical characteristics analysis of 
bagasse. The ASTM E1755 and ASTM D3175 techniques 
were used to ascertain how much ash and volatile matter were 
present in the raw material. The mass difference method was 

next applied to determine the amount of fixed carbon. The data 
was analyzed using an element analyzer (Elementar Vario EL 
III). The oxygen content (wt/wt%) was determined using the 
method described below:

2.1  Production and characterization of activated 
biochar

In a fixed-bed reactor, 25 g of bagasse was loaded for physi-
cal activation. In an inert environment (i.e.,  N2 gas was 
supplied at a flow rate of 1 L/min), the reactor temperature 
was raised from 27 to 600 °C at 10 °C/min. Nitrogen was 
substituted with  CO2 as the temperature reached 600 °C. 
 CO2 was supplied to the reactor with a flow rate of 2 L/
min for 1 h. The reactor was cooled to normal temperature 
when the programme was completed. The biochar matrix’s 
closed pores can be opened and mixed with other pores to 
eliminate the majority of the carbonize precursors’ volatile 
carbon components [45]. A robust microporous structure 
with a low intensity of mesopores may therefore be seen in 
the physically activated biochar matrix, significantly increas-
ing the specific surface area of the biochar.

Numerous experiments have been conducted to alter the 
characteristics of biochar using various activation agents in 
an effort to produce biochar with superior surface proper-
ties. Here, the term “modification” refers to the physical 
activation of the original biochar in order to accomplish the 
desired result. The surface area of biochar is influenced by 
the kind of activator, activation temperature, and activation 
period. Table 3 shows the surface area of the biochar after 
physical activation.

When  CO2 penetrated the top layer of the biochar, the 
pores expanded, increasing the surface area and quantity of 
adsorption-active sites. Adsorption capacity is significantly 
increased as a result of the additional functional groups that 
are present on the surface of the activated biochar bond-
ing with other substances that serve as adsorption sites 
[13, 52]. According to the BET analysis, biochar’s surface 
area enhanced from 70.07 to 263.05  m2/g and pore volume 
from 0.082 to 0.159  cm3/g. Prior studies demonstrated that 
 CO2 activation enhanced surface area and churned out new 
porosities [53]. The following reactions took place (Table 4).

(1)O% = 100 − (C% + N% + H%)

Table 2  Proximate and ultimate 
characteristics of bagasse

FC, fixed carbon; VM, volatile matter; C, carbon; H, hydrogen; O, oxygen, *Calculated by the difference

Feedstock Proximate analysis (wt%) Ultimate analysis (wt%)

Bagasse VM FC* Ash C H N O*
72.48 22.65 1.37 48.77 7.384 0.849 42.99
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Oxygen-containing molecules are produced when  CO2 
interacts with biochar. The FTIR curve can confirm the surged 
presence of C = O, OH, and carboxyl groups at the surface.

The activated biochar obtained by  CO2 activation was 
labelled ASB600, and the non-activated biochar was labelled 
SB600. The mass ratio of biochar and activated biochar to 
feedstock was used to compute the yield, which is stated as 
follows:

2.2  Characterization

2.2.1  Fourier transform infrared (FTIR) analysis

The chemical functional groups contained in feedstock 
and biochar were determined via FTIR analysis. The study 
employed an FTIR spectrometer (Thermo Nicollet I5). The 
study was accomplished via the pellet approach, in which 
dried samples were mixed 1:10 (w/w) with dried KBr and 
then crushed under a vacuum to make pellets. Wavenum-
bers ranging from 4000 to 500  cm−1 were used to generate 
absorption mode FTIR spectra.

2.2.2  Brunauer–Emmett–Teller (BET) analysis

Samples were pre-processed in a vacuum for 6 h at 200 °C 
before being put through a BET surface area test. The multi-
point BET method was used to calculate specific surface areas.

(2)

Yield % =
Weight of biochar∕ Activated biochar (kg)

Weight of biomass (kg)
× 100

2.2.3  Scanning electron microscope (SEM)

To analyze the surface morphology of biochar, an FEI Quanta 
200F field emission SEM (FEI Company, Netherlands) was 
utilized. All trials were repeated thrice, and the average find-
ings were provided.

2.3  pH and point of zero charge

A glass H + electrode was dipped into the mixture just above 
the settled biochar to measure the pH after adding biochar 
to deionized water in a mixture with a 10:1 water to biochar 
(mL:g) ratio, letting the mixtures equilibrate for an hour.

The point at which the  pHfinal vs.  pHinitial curve veers off 
from the  pHfinal =  pHinitial line is known as the point of zero 
charge  (pHPZC). This procedure involved placing 50 mL of a 
100 mg/L NAP aqueous solution in a 250 mL flask, adjusting 
the pH to a set value between 2 and 12 by adding 0.1 mol/L 
HCl or 0.1 mol/L NaOH solutions, and then adding 0.1 g of 
porous carbon to the solution in the flask while it was being 
shaken in a water bath at 25 °C. After 12 h, the pH was 
checked again to confirm equilibrium. The average of all the 
triplets in the experiment is provided.

2.4  PAH adsorption experiment

Batch adsorption equilibrium techniques were used to 
conduct the NAP adsorption experiment. The stock solu-
tions of NAP (50 mg/L) were made utilizing ultrasound for 
10 min at room temperature in a solution of 30% aqueous 
ethanol. The effectiveness of the biochar samples (SB600, 
ASB600) was tested by mixing 0.2 g of SB600 and 0.2 g 
of ASB600 with 50 mL of a solution containing 50 mg/L 

Table 3  Literature of different activating agents’ effect on surface area of biochar

* Surface area values before activation

Biomass Activating agent Activation tem-
perature (°C)

Residence 
time (min)

Surface area  (m2/g) Pore volume  (cm3/g) References

Aspen wood CO2 800 20 540 (440)* - [46]
Oak CO2 800 60 786 (107)* 0.337 (0.050)* [47]
Giant Miscanthus Steam 800 60 322 (181)* - [48]
Switchgrass Steam 800 60 167.8 (3.62)* - [49]
Grape seed O3 250 120 900 (47)* 0.04 (0.007)* [50]
Douglas fir bark Air 250 30 550 (424)* 0.81 (0.43)* [51]
Woods of hybrid Popla Air 250 30 570 (500)* 0.75 (0.57)* [51]
ASB600 CO2 600 60 263.05 (70.07)* 0.159 (0.082)* This work

Table 4  Chemical reaction 
involved during  CO2 activation

Oxidizing agent Chemical reaction Process Reference

CO2 C(Char) + CO
2
→ 2CO Carbon gasification by carbon dioxide [54, 55]
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of NAP, respectively, in a glass Erlenmeyer flask. The pH 
level was kept at 7 throughout each experiment. The solu-
tion’s pH was sustained at 7 by progressively adding 0.1 M 
of HCl or 0.1 M of NaOH solution. The samples were then 
shaken for a total of 240 min at a temperature of 25 °C, with 
intervals of 30, 60, 90, 120, 150, 180, and 210 min. The 
reaction mixture was stirred (140 rpm) while incubating. 
The samples were then filtered using the Whatman No. 1 
filter. Spectrophotometer measurements were made of the 
NAP concentrations in the filtrate at the maximum absorp-
tion wavelength (219 nm). The adsorption experiments were 
conducted twice, and subsequent analysis was based on the 
average findings.

The adsorption capacities of NAP are given as Qt (mg/g) 
at any time t,

C0 and Ct (mg/L) are NAP initial and concentration at time 
t, respectively. V (L) is solution volume, and m (g) is biochar 
mass.

Pseudo-first-order (PFO) Eq. (4) and pseudo-second-order 
(PSO) Eq. (5), as narrated by Guo et al. [1] and Wu et al. [56], 
were used for the experiment to examine the mechanism of 
NAP adsorption onto biochar.

qe and qt (mg/g) are adsorbed quantities of NAP at equi-
librium and time t (h), respectively, whereas k1  (h−1) and 
k2 (g/mg·h) are rate constants for the kinetic models at 
equilibrium.

The maximum capacities of NAP adsorption by SB600 and 
ASB600 were estimated using the Langmuir (Eq. (6) and Fre-
undlich (Eq. (7). The observations were carried out at room 
temperature (25 °C) using 0.2 g of SB600 and ASB600, 50 mL 
NAP solution, and NAP concentrations of 10, 20, 30, 40, 50, 
80, 160, and 320 mg  L−1.

(3)Qt =
(

C
0
− Ct

)

V∕m

(4)Log
(

qe − qt
)

= Logqe −
k
1
t

2.303

(5)
t

qt
=

1

k
2
q2
e

+
t

qe

(6)q =
abCe

1 + bCe

where q (mg/g) is NAP adsorbed, Ce (mg/L) is NAP equi-
librium concentration, a is Langmuir constant, b is NAP 
binding strength, and K and 1/n are the Freundlich con-
stants indicating the NAP adsorption capacity and intensity, 
respectively.

2.5  Thermodynamic analysis

Entropy (S°), enthalpy (H°), and Gibbs free energy (G°), 
three thermodynamic parameters, were calculated to deter-
mine how to process temperature impacts the NAP adsorp-
tion capacity of activated and non-activated biochar. As 
shown in Eqs. (8) and (9), the Van’t Hoff equation was used 
to determine the thermodynamic parameters [57].

3  Results and discussion

3.1  Characterization of biochar

The biochar yield for SB600 (non-activated biochar) and 
ASB600 (activated biochar) was obtained 24.31% and 
11.09%, respectively, as mentioned in Table 5.

The  N2 adsorption–desorption investigation was used to 
examine the SSA (specific surface area) and porosity of the 
SB600 and ASB600. The pore characteristics of all the sam-
ples are detailed in Table 5. The surface area of the SB600 
was more than that of the raw material (70.07  m2/g). But the 
level remained low. The SSA and pore volume dramatically 
increased after pyrolysis, while the average pore width was 
reduced to 2.33 nm. The SSA of SB600 was shown to have 
expanded considerably by more than 17.9 times, going to 
70.07  m2/g from 3.91  m2/g. The SSA of ASB600 is 263.05 
 m2/g, which is over 3.5 times greater than SB600. The total 
pore volume of the SB600 rose by about 12 times, from 
0.0067 to 0.082  cm3/g, whereas the total pore volume of 
the ASB600 increased by 23 times, to 0.159  cm3/g. Bagasse 

(7)q = KC
1

a

e

(8)ΔG◦ = −RTlnKt

(9)lnKt =
ΔS◦

R
−

ΔH◦

RT

Table 5  Biochar yield, surface 
area, pH, and  pHPZC

Material Specific surface 
area  (m2/g)

Average pore 
size (nm)

Total pore vol-
ume  (cm3/g)

Biochar yield (%) pH pHPZC

Bagasse 3.91 24.86 0.0067 - 4.3 4.21
SB600 70.07 2.53 0.082 24.31 7.58 6.42
ASB600 263.05 1.94 0.159 11.09 8.40 7.03



19666 Biomass Conversion and Biorefinery (2024) 14:19661–19674

1 3

contains exceedingly small mesopores (24.86 nm) and has 
a limited pore size range. Most of the pores in SB600 and 
ASB600 had pore diameters of 2.33 nm and 1.94 nm, respec-
tively. These findings enhanced the adsorbent’s potential for 
sorption by demonstrating considerable activation and an 
abundance of microporous structure.

Additionally, the pore volume of the SB600 rose by about 
12 times, reaching 0.082  cm3/g from 0.0067  cm3/g, while 
the total pore volume of the ASB600 increased by 23 times 
to 0.159  cm3/g. Mesopores in bagasse are extremely small 
(24.86 nm), and the range of pore diameters is constrained. 
Micropores comprise most of SB600 and ASB600’s pores, 
with pore sizes of 2.33 nm and 1.94 nm, respectively. These 
results, which showed a high activation level and a signifi-
cant amount of microporous structure, increased the adsor-
bent’s capacity for adsorption.

The adsorbent’s high surface area and large pore volume 
imply an improvement in the sorption capacity of organic 
contaminants such as the PAHs, which is caused by the 
pore-filling activity [58, 59]. Furthermore, the point of zero 
charge  (pHpzc) measured for SB600 is 6.42 and for ASB600 
is 7.03 (Table 5). The pH of the solution may be easily 
altered to be higher than the pH at the PZC, and the SB600 
and ASB600 showed lower PZC values, making them com-
patible with cationic aromatic hydrocarbons like NAP. The 
negatively charged surface of the biochar facilitates the 
adsorption of cations when pH >  pHPZC.

3.2  FTIR analysis

The FTIR spectra of bagasse (SB), SB600, and ASB600 in 
the 4000–500  cm−1 wavenumber region are demonstrated in 
Fig. 1. Because there is lignin and carbohydrates present, 
the peak between 3410 and 3300  cm−1 is the result of inter-
molecular O–H stretching hydrogen bonding [60] (Fig. 1). 
The peak at 3410  cm−1 of SB falls when pyrolysis and acti-
vation take place. During pyrolysis, the hydroxyl group in 
the biomass structure contracts, resulting in significant car-
bonization. In addition to C-H asymmetric and symmetric 
stretching, the peak at 2924  cm−1 is attributed to C-H ali-
phatic axial deformation in  CH2 and  CH3 groups from cel-
lulose, lignin, and hemicellulose. The peak softens during 
pyrolysis and activation due to the solid waste’s carboniza-
tion. Hemicellulose makes the broad band at 1730  cm−1, a 
feature of the carbonyl band, and is induced by the C = O 
stretching vibration present. Heat is used to degrade the 
three main constituents of lignocellulosic biomass, and car-
bonyl is one of the intermediate chemicals created in each 
case [41, 42, 54]. After the pyrolysis reaction processes 
are complete, these intermediate products undergo further 
degradation, which reduces the 1730  cm−1 C = O stretching 
peak on the SB600 and ASB600 spectrum. The SB600 and 
ASB600 spectra still clearly show the 1730  cm−1 stretching 

peak. Due to the presence of lignin, peaks between 1700 and 
1500  cm−1 are suggestive of the C = C aromatic ring and an 
O–H phenolic hydroxyl group. Lignin contributes signifi-
cantly to the C = C stretching of aromatic substances peak 
at around 1500  cm−1 in the Luffa spectrum because it is the 
only substantial aromatic component of lignocellulosic bio-
mass. Furfural, hydroxymethylfurfural, and other aromatic 
heterocyclic compounds known as furanoses are produced 
when cellulose is broken down by heat [42]. The degradation 
of lignin and the thermal decomposition of furanoses both 
reduce this peak on ASB600 spectra. The peak for C = C 
stretching of aromatic compounds is still visible in ASB600 
spectra, indicating that lignin has been retained and subse-
quent pyrolysis has only occurred to a lesser extent. As the 
temperature rises, bagasse degradation and product volatili-
zation cause peaks between 1500 and 1300  cm−1 to decrease. 
Since hemicelluloses have already been disintegrated in both 
non-activated and activated biochar, the C–O–C stretch-
ing peak, which is connected to the glycosidic bond of the 
hemicelluloses, is only present in the bagasse spectrum. It 

Fig. 1  FTIR spectra of bagasse, non-activated, and activated biochar
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is plausible that the activation step was successful in creat-
ing surface functional groups with oxygen since activated 
biochar has more C = O groups than raw biochar.

3.3  SEM analysis

All three samples underwent SEM examination (Fig. 2). 
According to the SEM images, the bagasse has a few micro-
scopic holes and indentations but no channels, fissures, or 
porous features. A few pores, created during pyrolysis, were 
present on the bagasse’s surface. The  CO2 activation was effec-
tive in developing well-developed pores and biochar’s surface. 
During activation,  CO2 penetrated the biochar matrix’s internal 
pore structure and gasified the carbon molecules there, which 
led to previously inaccessible pores opening and enlarging 
[61]. The illustration in Fig. 2 made it quite clear how the 

physical activation changed the surface’s morphology. As a 
result, it was discovered that ASB600’s surface was uneven 
and rough. Since the activation impact is so strong, ASB600 
has more microporous structures than SB600. High porosity 
ASB600 is a better option for use as an adsorbent.

3.4  NAP adsorption studies

3.4.1  Effect of adsorbent dose

The results of the adsorption experiment with various doses 
of ASB600 and SB600 (0.1–0.7 g) are shown in Fig. 3. 
The findings show that as adsorbent dosage is increased, 
NAP adsorption decreases. After 0.1 g, the NAP adsorp-
tion capacity declines as the adsorbent dose rises; this can 
be due to problems with aggregation brought on by high 

Fig. 2  SEM images of a bagasse, b SB600, and c ASB600

Fig. 3  Effect adsorbent dosage 
on NAP adsorption
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adsorbent dosage. As a result, the diffusional path length 
was enhanced while the binding sites and adsorbent surface 
area were decreased [62, 63].

3.4.2  Effect of contact time and adsorption kinetics

A solution of NAP-containing adsorbent was mechanically 
shaken for varied time intervals (10–240 min) in order to 
examine the impact of contact time on the adsorption of 
NAP on ASB600 and SB600. For ASB600, adsorption 
increased for 120  min, whereas for SB600, adsorption 
increased for 180 min before being constant (Fig. 4). An 
average shaking time of 180 min was noted for all following 
investigations. The adsorption was examined to ensure that 
prolonged shaking had no negative effects.

The adsorbent surface’s abundance of surface functional 
groups and pores during the initial stages of adsorption 
provided more adsorption sites. As a result, ions bond to 
the adsorbent surface with ease. As the process of adsorp-
tion advanced, active adsorption sites gradually decreased, 
and the rate of adsorption slowed until adsorption equilib-
rium was reached. This is because as adsorbent molecules 
filled the active sites, physical constraints and repulsive 
forces made it harder for vacant sites to be contacted. The 
results showed that ASB600 was more effective in remov-
ing NAP and had a larger adsorption capacity (290.43 mg/g 
vs. SB600’s 38.15 mg/g). This might be brought on by the 
greater surface area, surface pores, and surface functioning 
of activated biochar. The kinetic adsorption results demon-
strated that the pseudo-second-order model’s R2 (0.99) was 

more developed in NAP adsorption than the pseudo-first-
order model’s R2 (0.95) (Fig. 5) (Table 6). The former was 
found to be the most suitable explanation for the adsorption 
kinetics of ASB600 and SB600 NAP. Regarding the chem-
isorption mechanism, which constrained chemical sorption 
by transferring electrons between divalent metal ions and 
polar surface functional groups of biochar, the PSO model 
performed well for adsorption.

3.4.3  Adsorption isotherms

As shown in Fig. 6, the quantity of NAP adsorbed on 
the SB600 and ASB600 increased as the initial NAP 
concentration increased, eventually reaching the optimum 
adsorption limit. It might be owing to the limited number 
of adsorption sites on the biochar surface [39]. As the 
NAP concentration rose, the majority of active sites were 
occupied, making it challenging for the adsorbate to utilize 
the remaining active sites. The Langmuir and Freundlich 
models provided good fits to the sorption data (Table 7). 
For ASB600, the Langmuir model (R2 > 0.97) was more 
appropriate since it showed that the majority of adsorption 
was monolayer, which may encompass both physical and 
chemical sorption. The Freundlich model (R2 = 0.98 for 
SB600) fit more accurately for non-activated biochar, 
which shows multi-layer adsorption of non-uniform 
surfaces. The isothermal curve’s Freundlich constant was 
1/n < 1, showing that the adsorption isotherm was of the 
L type. Its value ranged from 0.1 to 0.5, indicating that 

Fig. 4  Effect of contact time on 
NAP adsorption
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Fig. 5  Pseudo-first- and second-
order fit for ASB600

Table 6  Adsorption kinetics Adsorbent PFO PSO

qe K1 R2 qe K2 R2

ASB600 2.15 0.020 0.95 292.01 0.0017  > 0.99
SB600 1.541 0.025 0.93 40.81 0.0014  > 0.99

Fig. 6  Effect of initial NAP con-
centration on NAP adsorption
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naphthalene adsorption on the surfaces of SB600 was 
simple.

3.4.4  Adsorption mechanism

Several methods are given for comprehending the adsorption 
mechanism of aromatic compounds. According to results of 
experiments, interaction between the electrons in the ben-
zene ring of the adsorbate and the electrons distributed on 
the carbon surface stimulates the adsorption process. The 
literature claims that the acidic pH encourages aromatic mol-
ecules to align themselves with the surface of AC, specifi-
cally from the edges to the face at various tilt angles. There 
may be other research using similar methods to describe the 
adsorbate-adsorbent interaction via the electrostatic interac-
tion [64].

3.4.5  Hydrogen bonds

Hydrogen bonds may also form between the adsorbent and 
the molecules of the adsorbate when they have specific func-
tional groups, such as -COOH and -OH [65]. The ASB600 
and SB600 FTIR spectra in Fig. 1 demonstrate the presence 

of the -OH and C = O groups. Given that NAP molecules 
include -OH groups, hydrogen bonding between NAP and 
adsorbent is possible. The following facts imply that the high 
adsorption capacity was not primarily caused by hydrogen 
bonding. One is that there are not enough functional groups 
in adsorbents to serve as a reliable hydrogen-bonding donor 
[66, 67]. The second is that the hydrogen bonding interac-
tion between molecules of water and functional groups on an 
adsorbent’s surface is substantially higher than that between 
aromatic compounds and functional groups [67].

3.4.6  Electrostatic interactions

The interpretation of the adsorption of aromatic chemicals 
onto ASB600 and SB600 has also been achieved using 
molecular electrostatic attraction [68]. In the pH range of 
2 to 12, the impact of pH on the adsorption of NAP onto 
activated and non-activated biochar was examined. The 
results are displayed in Fig. 7, which demonstrates that NAP 
adsorption declines as pH increases. The findings further 
imply that greater electrostatic interactions between the posi-
tively charged adsorbent surface and PAH, which account 
for enhanced adsorption, are present at low pH and that this 

Table 7  Adsorption isotherms Adsorbent Langmuir Freundlich

qmax KL R2 1/n K2 R2

ASB600 312.5 2.205 0.97 0.6257 9.26 0.86
SBB600 44.05 1.76 0.80 0.3909 1.143 0.98

Fig. 7  Effect of solution’s pH 
on NAP adsorption
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positive charge on the adsorbent’s surface contributes to 
the increased PAH adsorption at low pH. The adsorption 
of PAHs decreases with pH as a result of a decrease in sur-
face positive charge, which is followed by a decline in the 
electrostatic attraction between the adsorbate and adsorbent. 
Competition between OH ions increases as pH rises.

Table 8 summarizes the various biochars for NAP adsorp-
tions. Although the adsorption capacity for SB600 found in this 
investigation was less than certain reported values in the litera-
ture, it was occasionally higher or at least on par with the adsorp-
tion capacities of other lignocellulosic biomasses. However, the 
adsorption capacity of ASB600 was greater than most reported 
values in literature, with the exception of one (the biochar pro-
duced in that study was chemically activated and thus having 
higher surface area). Even while ASB600 has a lower maximum 
adsorption value (qe) than chemically activated carbon made 
from bean pods [69], this difference is nonetheless advantageous 
because the chemical compounds employed in chemical activa-
tion are not eco-friendly and are damaging to the research equip-
ment [70]. Additionally, after the adsorbent reaches saturation, 
it can be used in cogeneration to provide electricity to the sector 
[71]. These qualities make biochar made from bagasse more 
cost-effective than other low-cost adsorbents.

3.4.7  Thermodynamic analysis

Studies were conducted at various adsorption tempera-
tures (20, 30, 40, and 50 °C) to determine how tempera-
ture and thermodynamic analyses of NAP adsorption on 
ASB600 and SB600 affected the results. The adsorption 
process was positively affected with the rise in temperature 
(Table 9). NAP adsorption on both the biochar and higher 

temperatures was shown to be an endothermic process since 
the change in enthalpy at these temperatures was positive. 
The values of 11.03 and 10.004 kJ/kg, respectively, for 
ASB600 and SB600 were determined. Higher value of H° 
during NAP adsorption by ASB600 as compared to SB600 
suggests a more solid bond between the NAP molecule and 
the active site.

Entropy changes (S°) due to adsorption by ASB600 and 
SBB600 were 11.03 and 10.004 kJ/mol K, respectively. The 
increased system disorder is implied by the positive value 
of S°, which shows that irreversibility of adsorption mecha-
nism. The adsorption process is thermodynamically viable 
and spontaneous based on the negative value of G°. Due to 
reduced electron transport, molecular heat generation, and 
mass transfer between the adsorbent and adsorbate at the 
interface layer, low temperatures make NAP mass transfer 
difficult. As the process temperature increased, the NAP 
molecule’s intensity and frequency of interactions with the 

Table 8  Comparison of adsorption capacities of various agro residues for different organic pollutants

Biochar Pollutant Adsorbent dose pH Contact time 
(hour)

PAH initial concen-
tration (mg/L)

Adsorption capacity/
removal efficiency

Reference

AC NAP 50 mg - - 30 15.41 mg/g [3]
AG-5 AC NAP - 5–7 2 - 24.57 mg/g [72]
DTO AC NAP - 5–7 2 - 30.28 mg/g [72]
Pine wood NAP 50 mg - 15 23.7 208 mg/g [73]
Unripe orange peel NAP 7.5 g 6 3 100 90% [74]
Wheat straw AC NAP 0.2 g 7 2 32 69.6 mg/g [38]
Rice husk AC NAP 2 mg - 24 8 63.6 mg/g [75]
Bean pods AC NAP 40 5.5 72 30 300 mg/g [69]
SBAC Phenol 0.2 g - 4 100 24.68 mg/g [76]
SB pith AC Reactive dye 5 g 1 2 20 3.92 mg/g [77]
SBAC Petroleum hydrocarbon 10 g 4.5 3 5 8.36 mg/g [78]
SB Methylene blue 2 g - 3 5 4.41 mg/g [79]
SB600 NAP 2 7 3 100 38.15 mg/g This work
ASB600 NAP 2 7 2 100 290.5 mg/g This work

Table 9  Thermodynamic parameters

Material Temperature 
(K)

∆H° (kJ/mol) ∆S° (kJ/mol K) ∆G° (kJ/mol)

ASB600 293 11.03 40.84  − 1.92
303  − 2.24
313  − 2.68
323  − 3.14

SBB600 293 10.004 40.58  − 0.87
303  − 1.42
313  − 1.77
323  − 2.11
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biochar surface in the solution increased noticeably, improv-
ing adsorption performance. Similar outcomes were reported 
for the adsorption of basic dyes and tartrazine [80, 81].

4  Conclusion

Utilizing activated bagasse in a single step, naphthalene 
from an aqueous solution was adsorbed. Compared to non-
activated biochar,  CO2-activated biochar has a finer granular, 
porous structure with a bigger surface area. According to 
the FTIR measurement, biochar has hydroxyl and carbonyl 
groups, which have a greater capability for adsorption. Acti-
vated carbon has a higher naphthalene adsorption capacity 
than non-activated biochar (290.5 mg/g vs. 38.15 mg/g). The 
pseudo-second-order and Langmuir models were applied in 
accordance with the adsorption kinetics and isotherms for 
activated biochar. Adsorption was endothermic, spontane-
ous, and temperature increase-favorable according to the 
thermodynamic characteristics.
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