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Abstract 
This study evaluated the potential of sugarcane bagasse biochar as a low-cost adsorbent for removing 2, 4-
dichlorophenol (2, 4-DCP), an emerging pollutant from water using adsorption modelling and response surface 
methodology. It aimed to determine optimal combinations of concentration, contact time, pH and dose for 
maximizing contaminant uptake in batch and column systems. Batch adsorption experiments were planned 
using a Box–Behnken response surface experimental design with initial 2, 4-DCP concentration (25, 50, and 75 
mg L

–
¹), contact time (20, 40, and 60 min), solution pH (5, 7, and 9), and biochar dosage (6.25, 12.5, and 25 

mg). Fixed-bed column studies were conducted under continuous flow to assess dynamic performance and 
breakthrough behaviour. Adsorption equilibrium, kinetics and column behaviour were analysed using standard 
isotherm and kinetic models, supported by surface and functional-group characterization. The optimized batch 
conditions produced removal efficiencies of about 95% with high monolayer adsorption capacity on a 
homogeneous biochar surface. The equilibrium data followed a monolayer adsorption model, while kinetic 
analysis indicated rapid uptake controlled primarily by surface-site availability. Column studies showed high 
dynamic capacity and well-defined breakthrough characteristics under the tested flow conditions. Sugarcane 
bagasse biochar proved to be an efficient and technically suitable material for removing phenolic 
contaminants such as 2, 4-DCP from water. The findings demonstrate a productive use of agro-industrial waste 
for water purification and support its application in practical treatment units for removing emerging pollutants 
in aquatic environments.   
 
Keywords: 2, 4-dichlorophenol; adsorption; modelling; response surface methodology; sugarcane bagasse bio-
char 
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1 | INTRODUCTION 
In recent times, emerging pollutants released from 
household products, pharmaceuticals, industrial activities, 
and agricultural practices have gained attention globally 
due to higher toxicity in aquatic environments (Kumar et 
al. 2024a, 2024b). These substances are increasingly de-
tected in natural waters due to their continuous input, 
incomplete removal by conventional treatment systems, 
and environmental persistence. Among the various EPs, 2, 
4-dichlorophenol (2, 4-DCP) is of relevance owing to its 
frequent occurrence and chemical reactivity in aquatic 
systems (Brausch and Rand 2011; Liu et al. 2025). It is 
formed both through environmental transformation pro-
cesses, such as the photodegradation of triclosan, and 
through industrial production associated with herbicide 
manufacturing. Reported formation yields of 2, 4-DCP 
range between 3 and 12%, depending on prevailing con-
ditions (Latch et al. 2005). The widespread detection of 2, 
4-DCP in rivers, coastal waters, and stormwater systems 
highlights its growing environmental significance (Chiron 
et al. 2007; Liu et al. 2025). 

Ecotoxicological studies have demonstrated that 2, 
4-DCP exerts adverse effects across multiple trophic lev-
els, affecting aquatic plants (Ensley et al. 1994), fish (Hu 
et al. 2021), molluscs (Xia et al. 2016), microalgae 
(Petroutsos et al. 2008), and microbial communities (Song 
et al. 2020). Median lethal concentration (LC₅₀) values 
indicate its potential to induce acute toxicity. In addition, 
chronic exposure has been associated with genotoxic, 
cytotoxic, neurotoxic, immunotoxic, biochemical, and 
haematological effects in exposed organisms (Celcey 
2019; Hu et al. 2021; Imade et al. 2024). Owing to its per-
sistence and ecological risks, the effective removal of 2, 4-
DCP from aquatic systems has become a critical environ-
mental priority. Although advanced treatment technolo-
gies such as ozonation, electrochemical oxidation, and 
chlorination have been explored, their application is often 
limited by high operational costs, energy demand, and 
infrastructural requirements (Wahyudi et al. 2020; Pan et 
al. 2021). Furthermore, chemical treatment of commonly 
used compounds such as triclosan can lead to the sec-
ondary formation of 2, 4-DCP, thereby exacerbating envi-
ronmental contamination (Li et al. 2018). While bioreme-
diation represents an environmentally benign alternative, 
its efficiency and scalability under field conditions remain 
challenging. Consequently, adsorption-based approaches 
using low-cost and sustainable materials have emerged as 
promising alternatives for the efficient removal of 2, 4-
DCP, forming the basis of the present investigation. This 
technique is favored due to its simple operation, low en-
ergy requirements, and operational flexibility. Among 
various adsorbents, biochar has gained prominence ow-
ing to its high porosity, extensive surface area, and aro-
matic carbon structure, which collectively enhance its 
ability to capture organic contaminants (Rishika et al. 

2024). Adsorption of organic pollutants onto biochar is 
primarily controlled by monolayer chemisorption, in addi-
tion to pore filling, hydrogen bonding, π–π interactions, 
and electrostatic forces (Ahmed et al. 2018; Czech et al. 
2021; Tan et al. 2021; Dong et al. 2024) contribution to 
removal process. These properties make the biochar as an 
efficient and economical material for the remediation of 
2, 4-DCP and related organic pollutants from wastewater. 

In recent times various agro waste products has 
been utilized to produce biochar, among which sugarcane 
bagasse has gained extensive attention from the scientific 
community (Zafeer et al. 2024). In the current era of en-
ergy conservation, as both developed and developing 
nations shifting towards non-petroleum-based energy 
sources, the sugarcane-derived ethanol industry has 
emerged as a major focus of global interest. However, 
while doing so the industry produced solid waste with 
fixed carbon content known as sugarcane bagasse (Ghosh 
2016). It has also been noted that improper disposal of 
bagasse can lead to significant environmental harm, ad-
versely affecting both plant and animal life (Sharma et al. 
2024). In this context, utilizing sugarcane bagasse for the 
removal of emerging pollutants offers a dual advantage, 
enabling effective management of waste generated by 
the ethanol industry while supporting environmentally 
sustainable pollutant remediation. Its benefits include 
wide availability, high production yield, ease of collection, 
relatively stable composition, and consistent physico-
chemical properties. In addition, previously available lit-
erature also proved that biochar produced from sugar-
cane bagasse effectively remove various organic and in-
organic pollutants from the aquatic system (Tahir et al. 
2016; Prasannamedha et al. 2022; Rishika et al. 2024; 
Ponnuchamy et al. 2025). Keeping this in prelude, the 
present investigation aims to remove 2, 4-DCP, an emerg-
ing pollutant removal from water by adsorption onto sug-
arcane bagasse biochar using response surface method-
ology. 
 
2 | METHODOLOGY 
2.1 Preparation of biochar 
Sugarcane bagasse (SB) was sourced from a local juice 
vendor in Mumbai, India, and thoroughly washed with 
deionized water to remove adhering surface impurities 
prior to further processing. After being sun-dried for 
around three days to eliminate moisture, the sugarcane 

bagasse was pyrolyzed at 400C temperature in a biochar 
kiln under oxygen-limited conditions with a holding time 
of 15 minutes. 
 
2.2 Batch experiments for 2, 4-DCP removal 
A statistical optimization approach combining Response 
Surface Methodology (RSM) with a Box–Behnken Design 
(BBD) was applied to evaluate the batch adsorption per-
formance of pyrolyzed sugarcane bagasse biochar (SBB) 
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for the removal of 2, 4-DCP. This approach was used to 
assess and optimize the influence of key operational pa-
rameters, including initial 2, 4-DCP concentration, contact 
time, solution pH, and biochar dosage—on adsorption 
efficiency. The total number of experimental runs re-
quired for model development and optimization was cal-
culated using the following expression (Box and Behnken 
1960): 

N = 2k (k-1) + Cp 
where N denotes the total number of experimental 

trials, k corresponds to the number of independent varia-
bles, and Cₚ represents the number of centre points in-
cluded in the design. A Box–Behnken experimental matrix 
comprising four factors at three coded levels was adopt-
ed, resulting in a total of 29 experimental runs. The se-
lected independent variables included initial 2, 4-
dichlorophenol (2, 4-DCP) concentration (A: 25, 50, and 
75 mg L

–
¹), contact time (B: 20, 40, and 60 min), solution 

pH (C: 5, 7, and 9), and biochar dosage (D: 6.25, 12.5, and 
25 mg). 

Batch adsorption experiments were performed us-
ing 10 mL aliquots of 2, 4-DCP solution, with an adsorbent 
mass of 15.625 mg added to each flask. The reaction mix-
tures were agitated at 150 rpm using a temperature-
regulated orbital shaker (Rotek LSV, India), while main-

taining the temperature within the range of 25–27C. 
Upon completion of the adsorption period, solid–liquid 
separation was achieved by filtration through glass micro-
fiber filter papers (Whatman, USA) to obtain clarified 
samples for analysis. Kinetic adsorption studies were sub-
sequently conducted using sugarcane bagasse biochar 

pyrolyzed at 400C (SBB-400), evaluating the effects of 
varying solute concentrations (25–75 mg L

–
¹), contact du-

rations (20–60 min), pH conditions (5–9), and adsorbent 
dosages (6.25–25 mg per 10 mL solution). All experiments 
were carried out under controlled laboratory conditions 

at 27±1C. For each experimental run, the conical flasks 
were loosely sealed with cotton plugs and placed on a 
bench-top orbital shaker operating at 150 rpm. At prede-
termined intervals, a 5 mL sample was withdrawn and 
filtered through Whatman No. 1 filter paper to remove 
suspended biochar particles. The residual concentration 
of 2, 4-DCP in samples corresponding to optimized condi-
tions was quantified using reverse-phase high-
performance liquid chromatography (RP-HPLC) equipped 
with an iUHPLC-3000PLUS system (Analytical Technolo-
gies Limited, India). The analytical conditions followed 
were mobile phase as acetonitrile: water: ortho-
phosphoric acid (800:200:1), pump rate 1.8 mL min

–1
, 

injection volume 5µL, column temperature 25C, detector 
wavelength 225 nm and retention time 2.2–2.3 min. 
 
2.3 Adsorption isotherm modelling  
2.3.1 Langmuir isotherm: The linearized Langmuir iso-
therm model (Langmuir 1918) was fitted to the 2, 4-DCP 

adsorption data at different doses. This model is de-
scribed as: 

 
where b is the Langmuir affinity constant, qm repre-

sents the maximum sorption capacity, Ce denotes the 
equilibrium concentration, and qₑ corresponds to the 
amount adsorbed at equilibrium. The fundamental char-
acteristics of the Langmuir isotherm were further evalu-
ated using the dimensionless separation factor (RL), ex-
pressed as follows (Hall et al. 1966). 

 
Where, b represents the Langmuir constant and C₀ 

denotes the initial solute concentration. The nature of the 
adsorption process can be interpreted from the value of 
the separation factor (RL): adsorption is considered fa-
vourable when 0 < RL < 1, unfavourable when RL > 1, and 
linear when RL = 1. 

 
2.3.2 Freundlich isotherm: The Freundlich isotherm de-
scribes multilayer adsorption on heterogeneous surfaces 
(Freundlich 1906) and is expressed as: 

 
where Ce is the equilibrium concentration, KF is the 

biosorption capacity, qe is the equilibrium adsorption ca-
pacity, and n is the sorption's deviation from linearity. 
 
2.4 Adsorption kinetic modelling 
Pseudo first-order (PFO) and pseudo second order (PSO) 
were used to ascertain 2, 4-DCP adsorption process (Ho et 
al. 2000). 
 
2.4.1 Pseudo first-order (PFO) and Pseudo second order 
(PSO) model: After fitting the adsorption kinetic data to 
the pseudo-first-order model, the predicted equilibrium 
adsorption capacities at different 2, 4-DCP concentrations 
were compared with the experimental values. The linear-
ized form of the PFO model is: 

 
Experimental removal and adsorption of 2, 4-DCP at 

varying doses were compared with the calculated equilib-
rium capacities. The adsorption kinetics were modelled 
using the pseudo-second-order equation, linearized as 
follows: 

 
where qt is the adsorption capacity at time t, qe is 

the equilibrium adsorption capacity, and K₁ and K₂ are 
respective rate constants. 
 
2.5 Removal efficiency 
The 2, 4-DCP removal efficiency of the column bed was 
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determined at different time intervals using the following 
equation (Amin et al. 2016): 

Removal efficiency (%) = (C0–Ce) / I0 × 100  
Where C₀ and Cₑ denote the 2, 4-DCP concentrations 

before and after treatment, respectively. 
 
2.6 Adsorption capacity 
Adsorption capacity for 2, 4-DCP was determined as the 
total amount adsorbed per unit dry biomass (M) in the 
column. It is calculated using the equation: 

Adsorption capacity (mg g
-1

) =  

C₀ is the initial 2, 4-DCP concentration, Cᵢ the con-
centration in the ith effluent fraction, and Vᵢ its collected 
volume. 

 
2.7 Breakthrough point 
The ratio of 2, 4-DCP influent concentration (C0) to efflu-
ent concentration (Ci) was used to identify the break-
through point.  A ratio of 1.0 to 1.05 marked the break-
through point. 
 
2.8 Column bed adsorption and its modelling 
2.8.1 Thomas model: The Thomas model characterizes 
adsorption in a continuous-flow fixed-bed (Figure 1) sys-
tem by assuming that 2, 4-DCP is transported from the 
bulk solution to the adsorbent surface through a liquid 
film, where the overall adsorption rate is governed pri-
marily by mass transfer at the solid–liquid interface rather 
than by chemical reaction kinetics (Thomas 1944). The 
linearized form of the Thomas model for such a system is 
given as: 

ln (C0/Ct – 1) = Kth qmax m / Q – KthC0t  
where, C₀ is the initial 2, 4-DCP concentration (mg 

L⁻¹), Cₜ is the effluent concentration at time t (mg L⁻¹), qₘₐₓ 
is the maximum adsorption capacity (mg g⁻¹), Q is the 
flow rate (mL min⁻¹), m is the adsorbent mass in the col-
umn (g), t is time (min), and Kₜₕ is the Thomas rate con-
stant (mL mg⁻¹ min⁻¹). The parameters Kₜₕ and qₘₐₓ were 
determined from the slope and intercept of the linear 
plot of ln (C₀/Cₜ − 1) versus t. The experimental maximum 
adsorption capacity was calculated at the exhaustion 
point, defined as tₑ or when Cₜ/C₀ = 0.5. 

 
2.8.2 Yoon- nelson model: The Yoon–Nelson model as-
sumes that the rate of decrease in the probability of ad-
sorption for each solute molecule governs both the ad-
sorption process and the breakthrough behaviour in a 
fixed-bed system (Yoon and Nelson, 1984). The model can 
be expressed in its linearized form as: 

In  

Cₜ represents the effluent 2, 4-DCP concentration at 
time t (mg L⁻¹), C₀ is the initial concentration (mg L⁻¹), τ is 
the time required for 50% breakthrough (min), t is time 
(min), and Kᵧₙ is the Yoon–Nelson rate constant (min

–1
). 

The parameters Kᵧₙ and τ were determined from the 
slope and intercept of the linear plot of ln (Cₜ / (C₀ − Cₜ)) 
versus t. According to this model, the total amount of 2, 
4-DCP adsorbed in the column corresponds to half of the 
cumulative influent passing through the bed within a pe-
riod of 2τ. The maximum adsorption capacity can then be 
calculated using the following equation: 

 
Where, Q is the flow rate (mL min

–1
), C₀ is the initial 

2, 4-DCP concentration (mg L
–1

), and m is the total mass 
of adsorbent in the column (g). 
 

 
FIGURE 1 Design of polyurethane foam based fixed bed 
column filtration unit for removal of 2, 4-dichlorophenol. 

 
2.9 Data analysis 
The batch study experimental data were processed using 
Design-Expert software, with analysis of variance (ANO-
VA) employed to assess the significance of the fitted line-
ar model. Three-dimensional (3D) response surface plots 
were generated to visualize the interactions among the 
independent variables. For the column study, 2, 4-DCP 
removal data were subjected to one-way ANOVA using 
IBM SPSS Statistics version 22.0. All results are expressed 
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as mean ± standard error (SE). Comparisons among 
treatment means were conducted using Duncan’s Multi-
ple Range Test (DMRT), with statistical significance de-
fined at p < 0.05. 

 
3 | RESULTS AND DISCUSSION 
3.1 Batch adsorption optimization  
Response surface methodology and Box–Behnken design 
using initial concentration (A) 25, 50, 75 mg L

–1
, contact 

time (B) 20, 40, 60 min, pH (C) 5, 7, 9, and adsorbent dose 
(D) 6.25, 15.63, 25 mg showed removal efficiencies across 
the experimental design ranging from 33.6 to 94.9% (Fig-
ure 2). The quadratic model was found to be significant 
(ANOVA: F = 4.47, p = 0.004). Among the linear factors, 
contact time significantly improved removal (ANOVA: F = 
11.93, p = 0.003). The elimination was also significantly 
impacted by the quadratic factors A² (p = 0.006) and C² (p 
< 0.001), suggesting non-linear effects of pH and starting 
concentration. The final regression model was the coeffi-
cient of determination (R² = 0.81) showed that the model 
could explain ~81% of variability. Adjusted R² was 0.6342, 
while the adequate precision value of 7.27 (>4) indicated 
a good signal-to-noise ratio. The optimization of 2, 4-DCP 
removal using SBB showed that the adsorption was signif-
icantly influenced by the initial concentration, contact 
time, pH, and the dose of adsorbent. At lower concentra-
tions 25 mg L

–1
, due to the occurrence of abundant bind-

ing sites highest percentage of adsorption was achieved. 
Similar results were observed by Matolia et al. (2019) and 
Rishika et al. (2024) for removal of TCS from water by 
adsorption process. 
  
3.2 Effect of independent variables 
The removal efficiency was very high about 90% at the 
lowest concentration of 25 mg L

–1
, due to availability of 

active binding sites on the biochar surface in relation to 
adsorbate molecules. At the concentration of 50 mg L

–1
, 

rate of removal increased further and reached a maxi-
mum of 94.9% which indicates that moderate concentra-
tion gives the favourable driving forces. At the highest 
concentration of 75 mg L

–1
, 70–80% removal rate was 

achieved this decrease is due to adsorbent saturation and 
limited binding sites. The contact time plays very crucial 
role in removal at the contact time of 20 mins, relatively 
low removal rate of about 60–70% was observed, im-
proved adsorption of about 85–90% achieved with con-
tact time of 40 mins. While maximum efficiency achieved 
near 60 mins, about 94–95% removal in consistent with 
pseudo second-order kinetics. At acidic pH of 5, moderate 
removal rate was achieved (75–80%), as excess protons 
competed with the 2, 4-DCP molecules. The removal 
peaked (94–95%) at near neutral pH indicating optimal 
electrostatic interaction and hydrogen bonding between 
surface functional groups of biochar and 2, 4-DCP. At al-
kaline pH (9), efficiency declined (70–75%), due to in-

creased deprotonation of 2, 4-DCP and enhanced electro-
static repulsion from negatively charged biochar surfaces. 
At the low adsorbent dose (6.25 mg), removal was limited 
(60–70%), owing to fewer available adsorption sites. In-
creasing dose to 12.5 mg enhanced removal (85–90%), 
while further increase to 25 mg only slightly improved 
removal (92–94%), showing diminishing returns once suf-
ficient binding sites were available. 

The equilibrium was achieved within 60 mins as con-
sequence of contact time-dependent increase in removal 
up to 60 mins which is in accordance with Sun et al. 
(2017) for phenolic pollutants. pH also played a crucial 
role as adsorption was optimal near neutrality (pH 6.7–7), 
since 2, 4-DCP exists in its molecular form and the SBB 
surface carries weak negative charge, favouring π–π in-
teractions and hydrogen bonding. At low pH, competition 
with protons reduced removal, whereas at high pH, 
deprotonation of both surface and solute led to electro-
static repulsion (Wu et al. 2019; Rishika et al. 2024). 

 
3.3 Optimization and validation 
Optimization through numbers based on desirability func-
tion suggested the best operating conditions: initial con-
centration 50 mg L

–1
, contact time 50–55 mins, pH 6.7-7, 

and dose 13-15 mg. Under these conditions, the predict-
ed removal efficiency was 94.9–95.0%. Multiple solutions 
confirmed robustness, all giving removal above 94.9% 
with desirability = 1. The analysis revealed that contact 
time and pH were the most influential parameters. Suffi-
cient contact time ensured maximum interaction with 
biochar surface, while near-neutral pH provided favoura-
ble electrostatic and π–π interactions. Extremely low or 
high concentrations and doses caused efficiency losses 
due to either low driving force (low concentration), site 
saturation (high concentration), or redundant surface 
area (excess dose). The optimum dose of 13–15 mg yield-
ed near-complete removal (~95%) without excessive sur-
face redundancy is consistent with Amin et al. (2016). 
Overall, the RSM–BBD optimization established that 
moderate concentration, neutral pH, and adequate con-
tact time ensure maximum utilization of available active 
sites on SBB. 
 
3.4 Adsorption isotherm studies for 2, 4-DCP 
Langmuir and Freundlich isotherms were used to charac-
terize the adsorption mechanism and surface behaviour 
of the adsorbent and to obtain 2, 4-DCP equilibrium data 
(Figure 3). The excellent fit to the data was provided by 
Langmuir model, which shows the monolayer adsorption 
of adsorbent on biochar surface with identical and ener-
getically equivalent active binding sites with a correlation 
coefficient (R²) of 0.972. The Langmuir constant (b) and 
the maximum monolayer adsorption capacity (qmax) were 
found to be 1.34 L mg

–1
 and 78.34 mg g

–1
, respectively. 

The strong affinity between the 2, 4-DCP molecules and 
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the biochar surface reflected by high ‘b’ value. The fa-
vourable nature of adsorption was confirmed by the sep-
aration factor (R) values between 0.15 and 0.35. The fit of 

linearity of the Langmuir indicates that chemisorption is 
the dominant mechanism and adsorption is predominant-
ly monolayer. 

 
FIGURE 2 The interactive effect of (A) initial concentration and contact time, (B) initial concentration and pH, (C) initial 
concentration and adsorbent dose, (D) contact time and pH, (E) contact time and adsorbent dose, (F) pH and adsorbent 
dose on the removal efficiency of 2, 4-dichlorophenol. 
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FIGURE 3 2, 4-dichlorophenol adsorption isotherm data 
fitted to Langmuir Isotherm. Data is presented in mean ± 
SE. 
 
 

In contrast, the Freundlich model exhibited a very 
poor correlation (R² = 0.097), with calculated constants KF 
= 54.48  (mg g

–1
) (L mg

–1
)

1/n
 and n = 0.93 (Table S1). Alt-

hough the value of  indicates a favourable adsorption 
process, the low regression coefficient implies that the 
Freundlich model does not adequately describe the ad-
sorption behaviour of 2, 4-DCP onto biochar. These re-
sults confirm Langmuir-type monolayer adsorption of 2, 
4-DCP on the adsorbent surface. 

The data of equilibrium adsorption well fitted with 
the Langmuir model (R

2
= 0.97), indicating the adsorption 

of 2, 4-DCP on homogeneous active binding sites are of 
monolayer. The maximum monolayer capacity (qmax = 
78.34 mg g

–1
) and high Langmuir constant (b = 1.34 Lmg

–1
) 

indicate strong binding affinity and chemisorptive interac-
tions between 2, 4-DCP molecules and biochar. The RL 
values (0.15–0.35) signify a favourable adsorption process 
(Hall et al. 1966). In the similar way the data was poorly 
fitted to Freundlich model (R

2
= 0.097) suggests that multi-

layer adsorption on heterogeneous sites is less likely in 
this system. The uniform distribution of oxygenated func-
tional groups (–OH, –COOH) on the biochar surface gen-
erated during pyrolysis leads to monolayer adsorption 
rather than the multilayer. Similar Langmuir-dominated 
behaviour for chlorinated phenols on carbonaceous ma-
terials has been reported by Tran et al. (2023) and Li et al. 
(2020). Thus, the isotherm results confirm that adsorption 
proceeds primarily through monolayer coverage domi-
nated by π–π electron donor acceptor interactions and 
hydrogen bonding between 2, 4-DCP aromatic rings and 
biochar carbonaceous surface. 

 
3.5 Adsorption kinetic modelling 
To elucidate the rate-controlling mechanism, the adsorp-
tion kinetics of 2, 4-DCP onto biochar were evaluated 
using pseudo-first-order (PFO) and pseudo-second-order 
(PSO) kinetic models. The linearized PFO model, ln (qe – 
qt) = ln qe – k1t, produced an excellent linear fit with a 
correlation coefficient of R² = 0.99 and a rate constant k1 

= 0.0771 min
–1

.  This very high R² indicates that the PFO 
model accurately captures the time-dependent uptake 
behaviour, particularly during the initial and intermediate 
adsorption stages, and suggests that the rate is strongly 
governed by the availability of vacant surface sites and 
surface diffusion processes (Figure 4). The PSO model, 

also correlated well with the experimental data (R
2
  

0.93, k2 = 6.4×10
–5

 mg
–1

 min
–1

)  indicating that chemical 
sorption contributes to the overall mechanism however, 
the superior fit of the PFO model (R² = 0.99) implies that 
the adsorption kinetics are dominated by processes con-
sistent with first-order behaviour under the studied con-
ditions. Together, these results suggest a mixed mecha-
nism in which rapid physical uptake and site availability 
control the early rate while chemisorption may become 
more influential as equilibrium is approached. 
 
 
 

 
FIGURE 4 Pseudo first order model fitted 2, 4-
dichlorophenol data at different concentration. Data are 
presented in Mean ± S.E, n = 3. 
 
 

The adsorption kinetics followed the model of pseu-
do-first order likely (R

2
 = 0.99) in comparison to the pseu-

do-second order model (Figure 5), which implies the rate 
of adsorption of 2, 4-DCP is largely attributed by the 
number of available binding sites and external mass 
transfer. The PSO dominance is characteristic of systems 
where physical sorption and diffusion through pores play 
the main role during early adsorption stages (Ho et al. 
2000). This indicates that chemical interactions through 
hydrogen bonding or π–π stacking also contribute to the 
overall mechanism. The studies of phenolic pollutant ad-
sorption on biochar and activated carbon, similar results 
were observed (Moussavi and Khosravi 2011). The quick 
diffusion of 2, 4-DCP molecules to the SBB surface and the 
gradual saturation of adsorption sites depicts the adsorp-
tion is rapid in the initial followed the equilibrium plat-
eau. This in line with the intra-diffusion model given by 
Weber and Morris (1963), where surface adsorption dom-
inates the initial phase followed by slower pore diffusion. 
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FIGURE 5 Pseudo second order model fitted 2, 4-
dichlorophenol data at different concentration. Data are 
presented in Mean ± S.E, n = 3. 

 
3.6 Scanning electron microscopy (SEM) 
The surface of sugarcane bagasse biochar is a highly po-
rous, with presence of well-defined fibrous structure and 
contains numerous open channels (Figure 6). The grooves 
and pores are clearly visible a large surface area available 
for adsorption. The presence of interactive functional 
surfaces was indicated by relatively smooth walls. The 
surface shows the deposition of adsorbate molecules, 

clogged pores, and partial coverage of fibrous network. 
The diffusion of 2, 4-DCP molecules into the porous ma-
trix was observed in filled or blocked pores. The increase 
in the surface roughness, and irregular patches are typical 
signs of adsorbate accumulation. The biochar’s porous 
and interconnected fibrous channels were clearly seen in 
SEM micrographs. The pore size reduction and rough tex-
ture appearance is indicative of surface coverage and 
molecular interaction between adsorbate and adsorbent 
(Chen et al. 2020). This kind of transformations is com-
mon in phenolic compounds adsorption, where the diffu-
sion of small molecules into the micro- and mesoporous 
network causes blockage (Gopinath et al. 2021). The 
presence of heterogeneous surface topography after ad-
sorption also suggests that multilayer interaction may 
occur locally, even though Langmuir fitting indicates dom-
inant monolayer adsorption on average. These findings 
align with elemental mapping and FTIR results reported in 
related studies, showing that adsorption is often facilitat-
ed by aromatic ring interactions and the formation of 
weak chemical bonds (Li et al. 2020; Tran et al. 2023). 

 

 

FIGURE 6 Scanning elec-
tron microscopy micro-
graphs of sugarcane ba-
gasse biochar before 
adsorption and after ad-
sorption of 2, 4-
dichlorophenol at magni-
fications (a) 2500X and 
(b) 5000X, showing well-
defined porous struc-
tures and open channels. 
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3.7 Fourier transform infrared spectroscopy  
The adsorption of 2, 4-DCP onto the biochar surface was 
analyzed using Fourier Transform Infrared (FTIR) spec-
troscopy, which revealed distinct spectral differences, 
confirming interactions with specific functional groups 
(Figure 7). The broad band observed around 3400–3450 
cm

–1
 corresponds to the stretching vibrations of surface –

OH groups, including hydroxyls and adsorbed water (Tran 
et al. 2023). Following adsorption, this band showed a 
slight reduction in intensity and a marginal shift toward 
lower wave numbers, suggesting hydrogen bonding be-
tween the phenolic –OH of 2, 4-DCP and the biochar’s 
hydroxyl functionalities (Rishika et al. 2024). The C–H 
stretching vibrations of aliphatic –CH₂ and –CH₃ groups 
appeared at 2920–2850   cm

–1
; remained unchanged, in-

dicating that the aliphatic structures of the carbon matrix 
were unaffected. Conversely, the fingerprint region for 
C=C stretching of aromatic rings and conjugated carbonyl 

groups (1600–1620 cm
–1

) became sharper and shifted 
slightly, pointing to π–π electron donor–acceptor interac-
tions (Li et al. 2020). Additionally, the intensity of the ar-
omatic C=C bending vibration peak increased at 1420–
1450 cm⁻¹, confirming the presence of aromatic chloro-
phenolic compounds. A new or significantly enhanced 
band appeared at 1250–1300 cm

–1
 in the treated biochar, 

assigned to phenolic C–O stretching and C–Cl deformation 
modes typical of chlorophenol adsorption (Wu et al. 
2019; Chen et al. 2020). Furthermore, a band at 1050–
1080 cm

–1
 corresponding to C–O–C stretching vibrations 

suggested possible chemical associations with ether link-
ages. (Ho et al. 2000; Rishika et al. 2024). These spectral 
patterns confirm that π–π stacking, hydrogen bonding, 
and van der Waals interactions are the dominant adsorp-
tion mechanisms, further supported by the slight reduc-
tion in overall –OH and aromatic peak intensities. 

 

 

FIGURE 7 Fourier Trans-
form Infrared spectrosco-
py micrographs showing 
control and after adsorp-
tion of 2, 4-dichlorophenol 
on to the surface of bio-
char. 
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3.8 Column adsorption and modelling 
3.8.1 Thomas model: The Thomas and Yoon-Nelson mod-
els were employed to assess the column adsorption be-
haviour of 2, 4-DCP onto biochar to characterize the 
breakthrough performance and adsorption kinetics under 
dynamic flow circumstances (Figure 8). Thomas model 
was applied to relate solute concentration to time during 
fixed-bed column operation, assuming Langmuir-type 
adsorption and negligible axial dispersion. The linearized 
Thomas equation, exhibited excellent linearity with a cor-
relation coefficient of R² = 0.98, confirming its suitability 
for modelling the column data. The estimated Thomas 
rate constant (kTh) and maximum solid-phase adsorption 
capacity (qmax(cal)) were 0.0024 mL min

–1
 mg

–1
 and 100 mg 

g
–1

, respectively (Table S2). The strong correlation indi-
cates that the Thomas model successfully describes the 
mass transfer dynamics of 2, 4-DCP within the column 
and that the process is largely governed by external film 
diffusion and chemical interaction between the solute 
and the active sites of the biochar. The close agreement 
between the experimental capacity (qmax(exp) = 78.3 mg g

–

1
) and the model-calculated value (qmax(cal) = 100 mg g

–1
) 

further supports the accuracy of this model in predicting 
adsorption performance. The provided excellent Thomas 
fit of R

2
 = 0.98, depicts that the process of adsorption in 

the fixed bed column follows the Langmuir kinetics and is 
primarily attributed to mass transfer at the solid- liquid 
interface rather than by chemical reaction. The obtained 
Kth 0.0024 mL mg

–1
 min

–1
 and qmax values of 100 mg g

–1
 

suggest strong binding affinity and efficient utilization of 
available binding sites in accordance with Chatterjee et al. 
(2011) and Amin et al. (2016). These results highlight that 
the dynamic adsorption system operates under favoura-
ble flow and contact conditions. 
 

 
FIGURE 8 Thomas plot for 2, 4-dichlorophenol adsorption 
on column bed. 
 
3.8.2 Yoon-Nelson model 
The Yoon–Nelson model, which assumes that the proba-
bility of adsorption decreases exponentially with time, 
was used to describe the breakthrough curve without 
requiring detailed bed characteristics (Figure 9). The line-
arized equation has given the R

2
 = 0.98, an excellent fit 

that indicated strong correlation between the experi-
mental and theoretical predictions. The Yoon–Nelson rate 

constant (Kyn) and breakthrough time (τ) were calculated 
as 0.12 min

–1
 and 52.0 min, respectively. The τ value 

closely matched the experimentally observed break-
through time, indicating that approximately 50% of 2, 4-
DCP molecules exited the column at around 52 minutes of 
operation. The good correlation further suggests that the 
column adsorption process follows predictable kinetics 
and favourable breakthrough behaviour. 
 

 
FIGURE 9 Yoon- Nelson plot for 2, 4-dichlorophenol ad-
sorption on column bed. 
 

Additionally, the Yoon–Nelson model exhibited a 
strong correlation (R

2
 = 0.98) with the experimental data, 

yielding a rate constant (Kyn = 0.12 min
–1

) and a break-
through time (τ) of 52 min (Table S3). The close agree-
ment between the observed and predicted τ values indi-
cates that approximately 50% of the influent concentra-
tion was adsorbed by this time, which aligns with the ex-
perimental breakthrough profile. The model’s prediction 
of an exponential decrease in adsorption probability con-
firms the progressive saturation of adsorption sites, with 
equilibrium reached near the predicted τ (Yoon and Nel-
son 1984). These findings are consistent with previous 
reports on phenolic pollutant removal in biochar-packed 
columns (Mohammadi et al. 2019). Collectively, the 
Thomas and Yoon–Nelson models demonstrate that 2, 4-
DCP adsorption in a continuous column is highly efficient 
and predictable, following Langmuir-type monolayer dy-
namics under steady flow conditions. 
 
4 | CONCLUSIONS 
Response surface methodology optimized adsorption 
parameters, achieving about 95% 2, 4-DCP removal at 
moderate concentration, near-neutral pH, adequate con-
tact time, and optimized biochar dose. Adsorption equi-
librium followed the Langmuir isotherm with high mono-
layer capacity, indicating homogeneous surface binding. 
Fixed-bed column studies demonstrated high dynamic 
adsorption capacity with excellent fit to Thomas and 
Yoon–Nelson models, indicating predictable break-
through performance. The excellent efficiency of removal 
of 2, 4-DCP in both batch and the column studies of sug-
arcane bagasse biochar reflects its porosity, high surface 
area, and functionalized matrix. The present study will 
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also act as baseline information for removal of such other 
emerging pollutants from water using low-cost adsorp-
tion technology.  Future studies can be focused on utilis-
ing the modified biochar through chemical or mechanical 
activation for removal of 2, 4-DCP from aquatic environ-
ment. 
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