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A B S T R A C T

Lambda-cyhalothrin, a type II pyrethroid, is widely employed as an outdoor and indoor insect repellent due to its 
target specificity and moderate toxicity. However, its extensive use elevated its residual concentration to sig
nificant detectable levels in waterbodies, making it an immediate problem. Furthermore, as a lipophile, its 
accumulation in multicellular organisms has resulted in irreversible acute and chronic effects on numerous 
physiochemical and biological activities. Thus, to address its removal as a pollutant from waterbodies, bio- 
adsorbents are considered a cost-effective and environmentally sound cleanup method. Modern day bio- 
adsorbents like co-composted-biochar, because of their potential adsorption capability rather than the conven
tional ones, may become a commonly used remediation tool. Therefore, this study aims at producing co- 
composted-biochar (COMBI) by combining kitchen-derived putrescible waste and biochar to effectively 
remove Lambda-cyhalothrin (LC) from spiked up water. It has been further analysed for its physico-chemical 
characteristics using instrumentation such as BET, SEM-EDS and FTIR. The results showed that biochar and 
COMBI had a much greater surface area (2.174 m2/g-1.718 m2/g) and pore diameters (3.648 nm–3.628 nm) than 
the compost sample. Simultaneously, the response surface methodology (RSM) was employed to optimise the 
removal efficiency of COMBI against LC. A Box-Behnken Design (BBD) was developed with an experimental 
layout to perform tests for determining the effects of four basic parameters i.e. pH, contact time (minute), 
adsorbate concentration (g/l) and adsorbent dose (g) on (%) removal of LC. It was noted that variation among 
removal efficiencies for the experimental runs ranges between 94.8% and 99.9%, within the majority attaining 
an efficiency of greater than 95%. During the experiments, the ideal conditions were found to be as pH 2 in a 
contact time of 140 min and a dose of adsorbent 0.01 g. Thus, COMBI could be a promising and potential 
candidate for the elimination of LC.

1. Introduction

A general survey conducted by Grainnews (2022) anticipated that 
the consumption of type II pyrethroids in the global insecticide shares a 
major portion of 19%, with a market size of USD 14.9 billion. Among 
this worldwide consumption, India individually consumes 622.08 
metric tonnes, of which indigenously produced pyrethroid consumption 

varies from 1 million tons M.T. to 674.6 M.T. between 2017 and 2022 
(FAOSTAT, 2023; Ahamad & Kumar 2023). Furthermore, being a 
replacement for high-class inert organophosphate and organochlorine 
pesticides since the 1980s, pyrethroids usage has increased because of 
their comparatively gentle nature towards non-target insect pests (Tang 
et al., 2018). Their basic structure is chemically analogous to that of 
pyrethrins, originally extracted from Chrysanthemum cinerariaefolium. 

Abbreviations: B, Biochar; BBD, Box-behnken design; BET, Brunauer-Emmett-Teller; C, Compost; CEC, Cation exchange capacity; CM, Compost Material; COMBI, 
Co-composted-biochar; EC, Electrical conductivity; FTIR, Fourier transform infrared spectroscopy; LC, Lambda-cyhalothrin; RSM, Response surface methodology; 
SEM-EDS, Scanning Electron microscopy-energy dispersive spectroscopy; XRD, X-ray diffraction.
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Pyrethroids are broadly classified into type I and type II categories 
depending on the presence or absence of an alpha-cyano moiety at the 
alpha position in their chemical composition (Ahamad & Kumar, 2023). 
Type I pyrethroids comprise Allethrin, Bifenthrin, Tefluthrin, Tetra
methrin, and Permethrin, while type II pyrethroids list Cyhalothrin, 
Cypermethrin, Fenvalerate, Deltamethrin, Flumethrin, etc. Their mass 
application in the agricultural sector as a replacement for high-class 
recalcitrant conventional pesticides lays out an effective control over 
insect pests resulting in satisfactory protection for crop plants (Chen 
et al., 2021). However, their concentration after such an application for 
a longer time inevitably leads to their detection among food crops that 
might accumulate in the fat cells of an organism after ingestion (Feng & 
Jin, 2007; Ananda Gowda & Somashekhar, 2012; El-saeid & Khan, 
2015). Despite possessing a lower half-life and higher biodegradability, 
pyrethroids, after getting biomagnified or bioconcentrated, are difficult 
to remove (Tang et al., 2018). Their residues in environmental media are 
not of great concern, but once they enter inside organism body through 
food chains, they can cause long-term adverse impacts on land animals 
as well as on aquatic organisms (Mahboob et al., 2015; Corcellas et al., 
2015; Zhao, 2014; Gao et al., 2012; Tang et al., 2018). According to 
Werner & Moran (2008); Wolansky & Tornero-Velez (2013), pyre
throids enter aquatic bodies via agricultural runoff, creating acute 
poisoning in fish, lobsters, crabs, etc. A delay in the synthesis of vitel
logenin and chorionic, i.e., egg proteins, can be seen in juvenile fish in 
the presence of bifenthrin and permethrin (Brander et al., 2012). 
Additionally, pyrethroids like Lambda-cyhalothrin (LC), cypermethrin, 
and deltamethrin have been found to create histopathological abnor
malities in fish tissues by Yang et al. (2020). Further corroborated by the 
work of Bradberry et al. (2005); Yang et al. (2020), which according to 
their result concluded that pyrethroids are 2250 and 1000 times more 
noxious to insects and fish than higher organisms, including mammals 
and birds. Unlike small vertebrates and invertebrates of aquatic and 
terrestrial systems, pyrethroids possess less acute harmful effects on 
human beings, which include dizziness, convulsions, headaches, muscle 
twitching, and an itching and tingling sensation in the affected area 
during dermal exposure. A study reported that humans who strictly 
adhere to a vegan-based diet possess a high level of pyrethroid metab
olites in their urine (Prado Lu & Leilanie, 2015).

One of the substantial and actively used insecticides that has been 
applied indoors and outdoors to prevent insect pests and to control 
various disease-causing vectors is Lambda-cyhalothrin (LC) (Amweg 
et al., 2005; Alrawe and ALzubaidy, 2022). Its ingestion via contami
nated vegan diets and animal products is solely responsible for its acute 
toxicity in humans. Because of its lipophilic nature, LC is rapidly 
absorbed and solubilized among the membranes of the gastrointestinal 
tract and respiratory system of the human body, which ultimately leads 
to its accumulation in various organs, i.e., the kidneys, liver, CNS, etc., 
creating a condition of oxidative stress and cellular damage (Sankar 
et al., 2012). Additionally, a higher background concentration of LC in 
aquatic and terrestrial components of the environment induces repro
ductive toxicity and histopathological changes in small mammals and 
fishes (Al-Sarar et al., 2014). Several studies conducted by Gong (2013); 
Zhao (2014); Mahboob et al. (2015); Andrade et al. (2010); Corcellas 
et al., 2012; Bedi et al. (2015); Tang et al. (2018) highlights the residual 
concentration of LC in various environmental media in a concentration 
ranging between not detectable to up to 573 ng g− 1.

Seeing these influential deleterious impacts of LC, it is critical to 
remove it from diverse environmental matrixes. There are several 
methods which have been employed over time for efficient removal of 
such pesticides include biological treatment using bioreactors 
(Navaratna et al., 2016), chemical treatment via oxidation (Zhuan and 
Wang, 2020), precipitation, ion-exchange and physical treatment with 
the help of membrane technologies (Asad et al., 2020), filtration and 
distillation (Saleh et al., 2020). Most of the above mentioned treatment 
methods possess a major drawback in terms of their high working capital 
and maintainence cost, also in several cases produce toxic secondary 

compounds as by product of their treatment process (Baharum et al., 
2020; De Gisi et al., 2016). Therefore, physical adsorption employing 
bio-based adsorbents is reffered as highly desirable treatment method 
because of being an environment friendly, low operational and main
tainence cost with almost negligible production of toxic compounds as 
by-product (Ma et al., 2019; Tulun et al., 2021; Mojiri et al., 2020). 
Literature based on adsorption studies utilizing bio-adsorbents deter
mined that biochar derived from bamboo, sewage sludge, wood deri
vaties, agricultural waste and manures has been proven to be an 
excellent pocket friendly and eco-friendly sustainable alternative in 
remediation practices against pyrethroids removal (Chen et al., 2019; 
Rehman et al., 2024; Abdelhameed et al., 2020; Cederlund et al., 2016; 
Liu et al., 2015; Taha et al., 2014; Baharum et al., 2020). However, a 
little information is available about the removal of LC using biochar, 
making it an area of growing interest. Moreover, using a different bio 
adsorbent, such as co-composted-biochar (COMBI), instead of standard 
biochar for LC removal could be a new method, particularly in the realm 
of pyrethroid remediation.

Although it has been proven that COMBI is an efficient version of 
biochar (B) and compost material (CM) in terms of retention capacity, 
surface area, pore volume and hydrophilicity (Hagemann et al., 2017; 
Prost et al., 2013; Brtnicky et al., 2019; Azeem et al., 2016; Ye et al., 
2019). There is essentially not much information available on pesticide 
removal using COMBI as a substitute of conventional bio adsorbent such 
as biochar. This study focusses on developing a low-cost, efficient form 
of pristine biochar that may be utilized to effectively remove emerging 
contaminants from water and soil matrices without causing harm to the 
environment.

The experimental study discussed in this research paper demon
strates how a composite bio-based adsorbent, COMBI, is a promising and 
efficient LC removal tool from wastewater spiked up with the concen
tration of this particular pesticide. The findings were useful in deter
mining the potential of co-composted biochar as a low-cost, sustainable 
bio-based adsorbent that may also be used to remove other contami
nants. To proceed with this experimental work, the aims were to: Pro
duction of co-composted-biochar (COMBI), Its detailed characterization 
and comparison with parent materials to get an in-depth idea about the 
modifications that occur in the structure and various physio-chemical 
parameters during co-composting, Optimization of co-composted-bio
char’s (COMBI) removal efficiency against an enriched isomeric form of 
LC from the water sample using a Box-Behnken design (BBD) with 
response surface methodology (RSM).

2. Materials and methods

2.1. Chemicals and and reagents

The samples of technical grade LC (C25H19ClF3NO3) with a molecular 
mass of 449.9 g/mol, were collected from a nearby pesticide production 
unit. It was beige-colored solid type II non-systemic broad-spectrum 
pyrethroid that is widely used for crop protection against insect pests. 
The chemical properties of LC represents a relative density of 1.288 g/ 
cm3, a melting point ranging from 47.5 to 48.5 ◦C, and a volatility of 2 ×
10− 2 Pa m3/mol. Chemicals and solutions other than LC that were used 
during the experiment include acetone (CH3COCH3), 0.1 N HCL, 0.1 N 
NaOH, and deionized (DI) spectroscopy water of laboratory grade were 
also purchased.

2.2. Production of Co-composted-biochar

For the making of COMBI, a heap was prepared in a cemented pit 
having dimension of (90 cm × 90 cm× 75 cm) as a composting unit, 
which was constructed in a garden area close to the laboratory. The raw 
materials used for compost material (CM) include kitchen putrescible 
waste, fruit peels, sugarcane residue, and some plant litter were 
collected from the local area, whereas the biochar derived from agro- 
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waste was commercially purchased. The breakdown of organic raw 
materials and their blending with biochar’s nanoparticles was done 
using the aerobic method of composting (Hagemann et al., 2018; Pandit 
et al., 2020).The biochar (B) and compost material (CM) were blended 
initially in different proportions of 60 (CM) and 40 (B), for 
co-composting. In which, the CM along with biochar was placed in 
layers, alternatively with cow dung manure as bedding. Spraying water 
and churning of pit material were done weekly until the maturation of 
COMBI, to maintain humidity and avoid anaerobic conditions during its 
production process.

2.3. Preparation of standards and determination of removal efficiency

A stock solution was prepared of 1000 ppm using 1g of LC, solubi
lized in a volume of acetone which is appropriate for dissolving it 
completely, which was then made up to 1000 mL with the help of 
deionized (DI) water. From this stock solution, working standards with a 
concentration range of 20–80 g/l were prepared. Working standard so
lutions were analysed as per standard protocol and a linear curve was 
drawn with the help of UV/visible spectrophotometer at a wavelength of 
580 nm (Zahoora et al.,). The Equation used to calculate the removal 
efficiency of LC is stated below: 

Removal efficiency (%)=
Co − Ci
Ci

× 100 (1) 

Here, Co and Ci are the final and initial concentrations in g l− 1.

2.4. Optimization design and analysis

The parameter optimization for efficient removal of LC using COMBI 
was done with the help of box bhenken design, having three levels of 
each parameter in the design expert version 13.0.5.0. The four inde
pendent variables taken into account in the process of optimization 
include pH, adsorbent dose, adsorbate concentration, and contact time. 
Whereas, the dependent variable is represented by the evaluated 
response in terms of removal efficiency (%) that was obtained as a result 
of 24 experimental runs, in which 3 additional runs were performed as 
replicates of the center point. The BBD codes, together with the mini
mum and maximum selected values for each parameter, were listed in 
Table 1.

2.5. Surface and spectral analysis

Specific surface area (SSA) of samples was analysed using the 
Autosorb iQ Station 1 surface area analyzer, and Quantachrome in
struments. The surface area was obtained using the multi-point BET 
method with the measurement of gaseous N2 adsorption at a tempera
ture of 77.35 K, which corresponds to liquid nitrogen. The samples, 
under continuous N2 flow, were degassed and analysed approximately 
for 3 h under a relative pressure range of 0.05–0.30. Fourier Transform 
infrared spectroscopy of organic material samples was conducted using 
a “Spectrum Two” PerkinElmer FT-IR spectrometer within the mid- 
infrared region with a scan range of 4000-400 cm − 1. The samples 
were prepared using the KBr pellets/disks technique, wherein 1–2% of 

the samples were mixed and pulverized with KBr to attain maximum 
homogeneity. The ground powder, with the help of a pellet-forming die, 
was finally converted into a homogenous and transparent film, which 
was inserted into the IR sample holder to attain the sample spectrum. 
SEM micrographs and elemental analysis of all the samples were 
attained by subjecting samples to a high-resolution 7610F Plus JEOL 
Field Emission Scanning Electron Microscope (SEM) attached to an 
energy-dispersive X-ray spectrometer. The samples were first sputter 
coated with 2–3 nm thick gold and then analysed through SEM-EDS 
under high vacuum conditions. To identify the crystalline stability of 
the prepared samples, X-ray diffraction patterns were recorded using the 
“Smart Lab 3 kW” Rigaku Multipurpose Versatile X-Ray Diffraction 
System. The operating level of the diffractometer was at 40 kV and 40 
mA and the data collected was in the range of 10 to 80o (2Ɵ) with a scan 
rate of 0.020o with the help of Cu Kα radiation.

For statistical analysis, a detailed evaluation of observed results of 
physiochemical parameters were performed, which were then presented 
as mean ± Standard deviation of triplicates. The detailed procedure 
used for the analysis of physiochemical parameters has been provided in 
the supporting information as text material S1. The Pearson correlation 
analysis for parametric values was computed and represented with a 
statistical significance level of p < 0.05 to measure the strength of the 
linear relationship between the physiochemical parameters of biochar 
(B), compost (C), and co-composted-biochar (COMBI).

3. Results & discussion

3.1. Physical and chemical characteristics

The calculated values of various physio-chemical parameters of B, C, 
and their blend after co-composting are illustrated in Table 2. Accord
ingly, samples of B and COMBI showed a neutral pH value of 7.8 and 7.9 
respectively, while an alkaline pH value of 9 was observed the C sample. 
A similar trend was reported for EC values, where the compost observed 
a higher value of 3.42 ms/cm compared to B and COMBI. On the con
trary, a significantly higher CEC value of 12.5 meq/100 g was seen in 
COMBI, while a lower CEC value of 2.5 meq/100 g was associated with 
B.

Likewise, moisture and total ash content were higher for the compost 
sample following a decreasing order of C (5.3%) > COMBI (33.5) > B 
(5.3) in moisture content and C (53.3%) > COMBI (34.1) > B (24.8%) in 
ash content. In addition to these proximate analytical characteristics, B 

Table 1 
Selected predictor variables with their codes and values ranging from minimum 
to maximum.

Code Factor name Units Minimum 
value

Maximum 
value

Reference

A pH ​ 2 12 Zahoora 
et al.B Adsorbent dose Gram 0.01 3

C Adsorbate 
concentration

Gram/ 
liter

20 80

D Contact time Minute 40 240

Table 2 
Calculated values of physio-chemical parameters of B, C, and COMBI.

Parameters Units B C COMBI

pH ​ 7.8 ± 0.02 9 ± 0.094 7.9 ± 0.06
EC ms/cm 0.36 ±

0.04
3.42 ± 0.41 0.82 ±

0.02
CEC meq/ 

100gm
2.5 ± 0.40 10.4 ± 0.36 12.5 ±

0.12
CaCO3 

equivalence
gm/kg 2.5 ± 5.03 1.5 ± 6.02 1.2 ± 3

Moisture % 5.3 ± 0.01 40.3 ± 0.51 33.5 ±
0.24

Total Ash % 24.8 ±
0.17

53.3 ± 0.03 34.1 ±
0.08

Total Carbon % 43.2 ±
0.03

25.7 ± 0.02 37.3 ±
0.02

Inorganic Carbon % 16.8 ±
0.29

15.9 ± 0.32 17.3 ± 0.3

Total Nitrogen % 0.24 ±
0.01

1.28 ± 0.03 0.43

Ca % 79.4 ±
0.01

104 ± 0.03 112 ± 0.01

K % 0.23 0.64 ± 0.01 0.24 ±
0.02

P mg/kg 1.08 ±
0.02

3.35 ± 0.03 2.56 ±
0.02
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had a significantly greater total organic carbon content (43.2%) than C 
(25.7%) and their blend COMBI (37.3%). However, only a slight vari
ation was seen in the inorganic carbon content values of B (16.8%), C 
(15.9%) and COMBI (17.3%). The total nitrogen content of samples 
varied from 0.24% to 1.28%. The highest 1.28% was exhibited by the C 
sample, followed by COMBI (0.43%), and B (0.24%). Available nutri
ents, especially Ca, K, and P listed in Table 2, were more common in 
COMBI and C samples. In comparison, B was found to contain a lesser 
amount of Ca (79.4%), K (0.23%), and P (1.08 mg/kg). Similar trend in 
findings were reported by the previous study conducted for the pro
duction of compost, and co-compost biochar by Sánchez-Monedero et al. 
(2019).

The variation in physiochemical properties of B, C, and COMBI could 
be attributed to their different raw materials and process parameters 
used in production (Yang et al., 2019). Plant-based biochars produced 
under an intermediate temperature range of 400–600 ◦ C were observed 
to have a neutral pH, low ash content, high aromaticity, and low volatile 
matter content (Singh et al., 2010). However, the aromaticity of 
wood-based biochars is an outcome of their higher degree of volatili
zation, which results in a reduction of acidic functional groups and 
moisture content. Likewise, B, the alkaline pH value, high moisture 
content, high ash%, and nitrogen% of the C sample were also dependent 
on the type of feedstock material and the composting parameters. 
Vaz-Moreira et al. (2008), in his study, reported various physiochemical 
parameters of domestic waste, i.e., kitchen-derived vegetable and fruit 
peel, that were associated with values of 36.2% for moisture content, 
38% for organic matter, 0.5 dSm− 1 for EC, and a slightly acidic value of 
6.8 for pH. In contrast to these reported parameters, the C sample 
derived from the same kitchen-derived vegetable and fruit peels in this 
work possessed an alkaline 9 pH value, which might be related to the 
alkaline functional groups of humic and fulvic compounds that act as a 
perfect indicator of compost maturity (Sánchez-Monedero et al., 2019). 
These functional groups were also responsible for the higher EC value of 
the C sample while the lower EC value of B represents a lower concen
tration of surface acidic or basic functional groups due to its intense 
aromatic structure. Furthermore, the CEC value of organic samples, i.e., 
B, C, and COMBI, was shown concerning the concentration of extract
able minerals (Ca, K, and P). A sample with a high concentration of 
extractable minerals possessed a high CEC value, while a sample with a 
lower concentration expressed a low CEC value (Merlin et al., 2014). 
COMBI, while being a composite of B and C material, was detected with 
an intermediate value of assessed physiochemical parameters that lie 
between the values of B and C samples. A high carbon content in the 
COMBI sample indicated the presence of labile carbon, which is an 
upgraded property of CM as a result of the interaction between biochar’s 
nanoparticles and compost humic substances.

3.2. Characterization analysis

3.2.1. BET
The micro-mesoporosity of B, C and COMBI samples was identified 

by their obtained N2 adsorption-desorption isotherms (See in Fig. S2 of 
Supporting Information) that exhibit characteristics similar to type IV 
and V physico-sorption isotherms recommended by IUPAC (Kajama 
et al., 2015). The evaluated values of MBET surface area, t-plot micro
pore surface area (MSA), and BJH-derived pore parameters are listed in 
Supporting Information as Table S2. According to the results of the BET 
analysis, B among all organic samples exhibited a larger MBET surface 
area (2.174 m2/g), t-plot MSA (1.203 m2/g), and pore diameter (3.648 
nm). The prime reason attributed to the larger surface area and pore 
diameter can be explained by the extreme degree of aromaticity in the B 
samples, which would probably be associated with a lesser ash content 
and ultimately increase the microporosity and macroporosity in the 
biochar structure (Schimmelpfennig and Glaser, 2012; Hung et al., 
2017). In consistent with the BET findings of B sample, some comparable 
results were also observed by Cruz et al. (2020); Ozcimen & 

Ersoy-Mericboyu (2010); Mukome et al. (2013); Som et al. (2012) for 
their BET analysis of biochars derived from raw materials including 
agrowaste (4.6 m2/g), chestnut shell (0.6717 m2/g), softwood + algal 
digestate (2 m2/g and 2.8 m2/g) and palm fronds (4 m2/g). Likewise 
biochar, the COMBI possessed a higher MBET surface area, MSA, and 
pore diameter in comparison with C samples. In contrast with them, the 
C sample was observed with a minimum value of MBET surface area 
(1.056 m2/g) and pore diameter (1.802 nm) while showing an absence 
of t-plot MSA which is analogus with the surface area of kitchen waste 
derived organic manure (1.776 m2/g and 0.8267 m2/g) examined by 
Kaur et al. (2018) in her study. Furthermore, these analysed results of C 
surface area and pore parameters are strongly corroborated by the ob
tained sem micrographs of the compost sample, the aggregated smooth, 
textured structure with minimal porosity was the perfect reflection of 
humic material abundance in the C sample, which might increase its 
surface activity while making the micropores accessible to clogging. 
Clogged external micropores could be an explanation for minimal 
microporosity, which therefore resulted in an undetectable value of 
t-plot MSA in the C sample. In the meantime, pore volume, contrary to 
other surface and pore parameters, adheres to an opposite trend in 
which a higher pore volume of 0.012 cc/g was reported in COMBI 
samples, followed by the B sample with 0.009 cc/g and C sample with 
0.007 cc/g, which were similar to the results reported by Hagemann 
et al. (2017).

3.2.2. SEM- EDS
Surface alterations in pure B and C samples with their corresponding 

blend were depicted by the SEM image for their homogeneity and 
porous availability. SEM structural images of B, C, and COMBI with 
different magnifications are represented in Fig. 1. Biochar, being a 
charred material, was examined at different magnifications and revealed 
its macroporous structure, comprised of various small and large vascular 
channels. The honeycomb-shaped macropores (>50 μm) that appeared 
on the biochar’s external surface indicated its production under high- 
temperature conditions and the predominant existence of lignin as a 
significant component in its feedstock material (Hung et al., 2017). The 
C sample, in contrast with B, showed its morphology in the form of an 
irregular aggregated fluff with numerous micropores covering its entire 
external surface. The microporosity of the C sample is an outcome of the 
cellulose-rich feedstock material used in its production, i.e., 
kitchen-derived fruit and vegetable peels. Likewise, for B and C, the SEM 
images of COMBI revealed their morphology as a composite of biochar’s 
vascular structure and compost’s aggregated fluff in association with a 
large number of external macro and micropores. However, the macro
pores in the COMBI sample seemed to be less pronounced than the 
macropores of pure B. The macropore dissimilarity may be due to the 
formation of humic material coating over the biochar surface that ulti
mately blocks some of the external macropores, making them a hotspot 
for a variety of surface activities (Hagemann et al., 2017). The elemental 
composition and stability of the samples were delineated according to 
the obtained EDS plots. Plotting revealed that the samples of B and 
COMBI had a high carbon concentration, whereas the C sample had a 
lower concentration which is possibly due to the presence of labile 
carbon. Contrary to this, the compost sample showed a high concen
tration of Si, O, N, Ca, Mg, P, K, and Fe. Whereas the B sample showed 
the lowest concentration of nutrients among all. The highest silicon peak 
in the C sample was due to the fruit and vegetable waste used as their 
dominant raw materials during composting. In addition to this, the 
merged peak of nitrogen and oxygen in the EDS plot of C and COMBI 
indicated their presence in bounded form as nitrate.

3.2.3. FTIR
FTIR spectroscopy was used to investigate the chemical alteration 

and functionality shifting in B, C, and COMBI sample. Their spectrum 
comprises major and minor peaks possessing variability in terms of 
absorbance or transmittance of IR radiation by their specific functional 
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group, as presented in Fig. 2 (a). As can be seen from FTIR findings, all 
organic samples are comprised of similar aromatic and aliphatic func
tional groups, showing resemblance in their composition while having 
minimal variations when compared with each other. Samples of B, C, 
and COMBI possessed some major absorbance peaks in the range of 
4000-400 cm− 1, revealing the dominant constituents of their structure 
in the form of water, alcohols, phenols, ketones, quinines, 

hemicelluloses, cellulose, and aliphatic compounds. However, their 
absorbance varied in terms of peak intensity. A high-intensity peak in 
the range of 1700–1500 cm− 1 assigned to ketones, quinine, and aro
matic C=O and C=C bonds of humic and fulvic substances was spotted 
in C samples, followed by COMBI, while a less intense peak associated 
with C=O of lignin compounds was observed in B samples (Rijo et al., 
2024). Organic samples, despite being similar in chemical composition, 

Fig. 1. SEM images of C, B, and COMBI (60:40) at different magnifications; Images A and B represent Biochar at × 1000 magnification and × 2000 magnification; C 
and D represent Compost at × 1000 and × 2000; E and F represent COMBI 60:40 at × 1000 and × 2000.
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exhibited a noticeable difference around the transmittance range of 
1500–400 cm− 1. The transmittance spectra of C and COMBI, when 
compared with the B spectrum, were detected, with some extra peaks at 
1384 cm− 1 and 1032 cm− 1 attributed to C-O bond stretching of poly
saccharides and C-O-O-/C-O-C stretching of carboxylates. Likewise, 
comparisons between C and COMBI revealed a minor difference in their 
structure, which was spotted in the wavelength range of 885-752 cm− 1. 
The absorption peak observed at 778 cm− 1 belongs to C-H out-of-plane 
vibration in COMBI, which corresponds to their condensed aromatic 
structure (Keiluweit et al., 2010). In addition to this, an absorption peak 
at 468 and 469 cm− 1 belonging to Si-O bond vibration was also 
observed. In C and COMBI samples, revealing the existence of quartz as a 
constituent in their chemical structure. However, the peak intensity of 
Si-O bond vibration varied between C and COMBI samples, following a 
decreasing order that commenced with a deep peak in the C sample and 
ended with a bump-like structure observed in the B sample.

3.2.4. XRD
Fig. 2 (b) shows the XRD spectra of B, C, and COMBI with a variable 

ratio of biochar and organic feedstock material. These spectra were used 
to analyze the composition and inorganic crystalline stability of B, C, 
and their blend as a result of their peak intensity and location. These 
peaks, based on their sharpness and precise location, confirmed the 
presence of quartz (SiO2), sylvite (KCl), calcite (CaCO3), and the crys
tallographic planes of various components of B, C, and COMBI. The 
amorphous nature with high crystalline stability of B was observed by a 
slight curve along with a bunch of high-intensity peaks in the diffraction 
range of 20o to 40o. Peak intensities in XRD analysis are indicative of the 
compositional concentration and existence of essential minerals, i.e., Ca, 

K, Si, Mg, P, etc., in their bounded crystalline form as calcite, sylvite, 
dolomite, apatite, etc. The predominant diffraction pattern of quartz is 
indicated by the presence of strong intensity peaks at 26.5 ◦, 21.9 ◦, and 
27.7o in all diffraction spectra that too is in the agreement with JCPDS 
file no. 00-016-1157 according to Mallakpour and Naghdi, 2016). On 
the contrary, the low-intensity peaks of sylvite and calcite at 28.2o, 40o, 
50o, 39.4o, and 30.3o represent low compositional concentrations of K 
and Ca (Kumar et al., 2021), which was also corroborated by the 
resulting EDS plots. The peak for quartz was more intense in the C 
sample, followed by COMBI, and least in the case of the B sample, which 
shows that kitchen waste and fruit peels (KWFPs)-derived C is high in 
SiO2, while agro-waste-derived biochar contains the least among all. 
Meanwhile, the peak intensity of quartz in COMBI was dependent on the 
ratio of B and KWFPs, possessing a low SiO2 concentration in COMBI. 
Similar to quartz, the compositional concentration of K and Ca attrib
uted to the peak intensity of sylvite and calcite varied from high con
centrations that adhered to the C sample to low concentrations, which 
were observed in the B sample. Besides them, the existence of phosphate 
mineral was confirmed with the apatite peak of C and COMBI samples at 
a diffraction angle of 45.7o which was in consistent with the JCPDS file 
No. 076–0694 (Rujitanapanich et al., 2014; Das et al., 2021). However, 
no diffraction peak for apatite was observed in the B sample. Further
more, B and COMBI samples were observed with a peak having variable 
intensities at a diffraction angle of 22.4 ◦, which was assigned to the 
cellulosic crystallinity of the material (Mohammadpour et al., 2024). 
The variable intensities of the cellulosic peak between B and COMBI 
samples were consistent with the fixed carbon content of the materials. 
However, the absence of a peak in the C sample indicated a significant 
loss in the crystalline structure of cellulose in the material. The reason 
behind its significant loss could be a thorough breakdown and conver
sion of cellulosic feedstock material to high-value humic compounds 
(Rijo et al., 2024).

4. RSM analysis

The coded polynomial equation given below is used to evaluate the 
dependency of response variables on independent variables in the 
context of their fitness, either in a linear or quadratic model. The main 
goal of using a higher-degree polynomial model is to find the optimal 
response region in which all four parameters act more efficiently and 
rapidly to achieve maximum removal efficiency. 

Removal efficiency %=98.63 − 1.08 A − 0.9492 B + 0.7583 C

− 0.1600 D − 0.8525 AB − 0.5250 AC + 1.48 AD + 0.7000 BC

+ 0.2500 BD + 0.0000 CD − 1.12 A2 + 0.9817B2 − 0.6546 C2

− 0.7271D2 

This equation represents the correlation coefficient of each coded 
parameter, which, by comparing their values, can be used to identify 
their relative impacts on each other as well as on the response variable. 
A negative correlation value sticks to the antagonistic impact of a 
parameter towards others, whereas a positive value indicates synergistic 
impacts (Punia & Singh, 2024; Shah et al., 2022). Accordingly, values of 
A, B, D, AB, AC, A2, C2, and D2 show antagonistic impacts, while values 
associated with C, AD, BC, BD, CD, and B2 exhibit synergistic impacts.

4.1. Test of significance and analysis of variance (ANOVA) analysis

There are many methods to measure the effectiveness of a model 
based on hypothesis testing regarding model variables. But the first 
thing before initiating any of these tests is to satisfy the normality 
assumption for the response variable, in which an error term is required 
to be tested for its normally independent distribution with a zero mean 
and a variance of s2. For this model, the normal residual plot represented 
by fig. S3 (a) in Supporting Information, is approximately distributed 

Fig. 2. (a) FTIR and (b) XRD spectrum of B, C and COMBI.
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along a straight line that is a depiction of error term normality satis
faction, which further concludes that the observed response variable yi is 
also normally and independently distributed.

Moreover the statistical fitness and relevance of the model and var
iables are suggested by the resulting p-values and F-values, which have a 
confidence level of 95% and a significant value of p < 0.05. Residual 
plots and coefficients of determination were used to evaluate the suit
ability and quality of fit for the model. The difference between observed 
and predicted R2 values gives an insight into response variability that 
can be further explained through independent variables and their rela
tive interactions. A higher R2 value represents less variability and a 
higher accuracy of the polynomial model. By looking at Table S4 of 
Supporting Information, the fit statistic was reported to have a higher R2 

value of 0.96, which signifies the absolute accuracy of the model. The 
predicted and adjusted R2 values of 0.78 and 0.92 displayed a reason
able difference of less than 0.2 and exhibited a satisfactory adjustment of 
the second-order quadratic model with the experimental statistics. 
Meanwhile, the ANOVA table listed a significant value of <0.0001 for 
the coded parameters A, B, C and AD, exhibiting remarkably high fitness 
of the quadratic model to the experimental results. The observed F 
values of independent variables were also high compared to the F crit
ical value of 3.36 except D, BD and CD. Both the conditions regarding p 
values and F values in the cases of A, B, C, AB, AC, AD, BC, A2, B2, C2, and 
D2 suggested significant evidence of rejecting the null hypothesis (Ho), 
which reveals that each of the independent variables pH (A), adsorbent 
dose (B), adsorbate concentration (C), and contact time (D) contributes 
significantly to the quadratic model individually as well as interactively. 
A higher adequate precision of 16.31 in the fit statistic for this model 
exhibits its desirable value, i.e., >4, implies an adequate signal-to-noise 
ratio, whereas the mean and standard deviation displayed a value of 
97.96 ± 0.49. The overall fit statistic and ANOVA findings for this model 
suggest that it can be utilized to investigate the design space.

4.2. Optimization of independent variables for efficient removal of 
Lambda-cyhalothrin

The goal of using the RSM approach in LC removal is to find the 
optimum value of four independent variables, i.e., pH, adsorbent dose, 
adsorbate conc., and contact time, to maximize their interactions and 
combined effects on the response variable (Swamy et al., 2014; Das & 
Mishra, 2017). The maximum and minimum ranges of removal effi
ciency varies from 99.99% to 94.8%. Among this variation, the highest 
removal efficienvy of 99.99% was observed at an acidic pH value of 2, 
0.01 g of adsorbent dose, 50 g/l of adsorbate conc., and 140 min of 
contact time. In contrast, the minimum removal of LC was of 94.8% at a 
maximum pH value of 12, following a middle concentration and dose 
range of adsorbate along with adsorbent (1.5 g and 50 g/l), and a lowest 
contact time of 40 min. Seeing the experimentally observed data of 
response variable in Table S3 of supporting information, it is estimated 
that among four independent variables pH, adsorbent dose and adsor
bate conc. exhibits a significant influence on the output of removal ef
ficiency, which is justified by their lowest p-value, the highest F value, 
and a higher coefficient of determination (R2 = 0.96) represented in the 
ANOVA (Table S4 of Supporting Information). A p-value of <0.0001 for 
all three independent variables individually as well as in combined form 
demonstrates their predominant effects on the removal of LC. However 
the fourth independent variable D coded for contact time is associated 
with a significance level of p ≥ 0.1, which is subjected to follow null 
hypothesis i.e. owing negligible influence on response variable as a 
factor solely and in combination with others. The variable parameters 
including pH, adsorbent dose and contact time is linked with a negative 
correlation of − 1.084, − 0.9491 and − 0.16, represent their antagonist 
behaviour as a result of their individual and inter parametric in
teractions on LC removal efficiency. Contrary to the above factors, the 
third one i.e. adsorbate conc. remarked with a +ve correlation of 
0.7583, creating synergistic effects in its combined form with other 

variables that can also be seen using contour plots.
The ramp plot represented by fig. S3 (b) in Supporting Information, 

in numerical optimization is used to analyze the obtained results as a 
consequence of the optimization process to achieve the maximum goal. 
The ramp plot shows individual factor graphs in which red colour dots 
indicates the factor setting that resulted in a desirable solution with a 
maximized desirability value close to 1. Here, in this case, the obtained 
data was optimized creating a desirability ramp plot of 100% LC 
removal efficiency of COMBI that can be achieved keeing the pH value, 
adsorbent dose, adsorbate conc., and contact time at 5, 2.8 g, 71 g/l and 
104 min respectively. The validity of these desired optimum values was 
evaluated experimentally by performing a run in triplicates and the 
obtained result was compared with the removal efficiency given by the 
software. It can be seen from Table S5 (listed in Supporting Information) 
that the value is quite close to the software obtained value with a min
imal difference of 0.70.

4.3. Individual effects of independent variables on removal efficiency of 
Lambda-cyhalothrin

Figure S3 (c) in Supporting Information represent the random vari
ability of response when pH and adsorbate conc. change from their 
lowest values of 2 and 20 g/l to their highest possible values of 12 and 
80 g/l. A 99.99% removal efficacy was observed in the acidic and near- 
neutral regions with an adsorbate conc. of 50 g/l, whereas the alkaline 
region with a higher volume of adsorbate conc. adhered to the lowest 
removal efficiency of pyrethroid insecticide. Depending on the pH of the 
experimental run, the type of interaction between COMBI and lambda- 
cyhalothrin varies between electrostatic and hydrogen bonding. 
COMBI as a result of surface carboxylic (-COOH), ketonic (-C=O) and 
ether (R-O-R) groups possess a positive charge under acidic pH, which 
eventually binds with the negatively charged cyanide group of Lambda- 
cyhalothrin, exhibiting a strong electrostatic interaction (Yang et al., 
2004; Suo et al., 2019; Zahoora et al.). Furthermore, the presence of 
hydroxyl group (OH) as a dominant functional group in COMBI, 
demonstrate the reason behind weak intermolecular hydrogen bonding 
between co-composted-biochar and molecule of LC, alongwith electro
static interactions, resulting in a higher removal efficiency at low pH 
(Chandi et al., 2024). Conversely, a higher pH is associated with 
comparatively lower removal efficiency, which was supposed to be 
linked with the pKa value of LC, i.e. > 9, allowing its dissociation into a 
negatively charged ionic form, further creating a repulsive force be
tween deprotanted groups of COMBI and anionic form of LC molecules 
(Alkhatib et al., 2023).

A similar trend was detected in the removal efficiency when adsor
bate conc. varies from lowest to highest value. The LC removal efficiency 
of COMBI increases first along with the increasing concentration of 
adsorbate from 20 to 70 g/l, afterthat the increment become pleatuated 
probably due to the non-availability or saturation of adsorbent sites (Fan 
et al., 2017; Gale et al., 2021). Adittionally, this variation in removal 
efficiency of COMBI with adsorbate concentration is strongly supported 
by the outcome of adsorption isotherm (directed to Fig. 3 and Table S6 of 
Supporting Information), revealing a finite number of active sites for 
adsorption in COMBI. Likewise the above two variables, adsorbent dose 
and contact time too act as a limiting factor for the removal efficiency of 
LC. A systematic descending pattern can be observed in both cases, 
wherein a lower value of both adsorbent dose of 0.01 g and 40 min of 
contact time exhibits a higher removal efficiency and a decrement can 
be seen when the values of both factors went up to the final limit of 3 g 
and 240 min. The responsible reason behind reduction of COMBI’s 
removal efficiency against LC with increasing adsorbent dose is possibly 
associated with intra-particle interaction resulting in aggregation of 
biochar’s active sites that likely cause hindrance in adsorption of LC over 
surface area of co-composted-biochar (Phuong et al., 2019). Same as 
adsorbent dose, when contact time increases the removal rate goes up 
but after reaching an equilibrium state there is no further increment 
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detected, which signifies a contact time between 40 and 140 min as its 
optimal range.

4.4. 2D Contour graphs and 3D surface plots for Lambda-cyhalothrin 
removal efficiency

The visualization of the interaction between removal efficiency and 
the combined effects of predictor variables is represented using 2D 
contour graphs along with their companion 3D surface plots. Since the 
number of independent variables is four, each of the contour plots will 
be held constant for two variables, while the other two will be kept at 
various levels to get the combined effect on the response variable. The 
response surface also varies accordingly with the levels of independent 
variables. The analysed optimum parameters and their concurrent effect 
on removal efficiency are represented in Fig. S4 of Supporting Infor
mation. These contour plots show the relationship between pH, contact 

time, concentration and dose settings selected to remove LC, the darker 
red region represents a higher removal efficiency (%), while the lighter 
and greener region is associated with comparatively lower removal ef
ficiency. Among these contour plots of AB, AD, BC, BD, and CD, the 
concurrent effect of pH, with adsorbent dose in AB, adsorbate conc. and 
adsorbent dose in BC, adsorbent dose and contact time in BD plots were 
observed with the majority of dark red color covering a hefty portion of 
plot’s area, depicted that these variables in combination showed an 
influential synergistic effect on LC removal when applied in their opti
mum value range under enhanced conditions.

5. Adsorption isotherms

The adsorption isotherms was applied for a variable concentration of 
LC ranging between 20 and 60 g/l by keeping other parameters constant 
with an equalized values of 2 for pH, 0.01 g for adsorbent dose and a 
targeted value of 140 min for the contact time. Consistently, for the 
sorption experiment, two parametric Langmuir and Frendulich isotherm 
models were applied in order to investigate the interaction and 
adsorption behaviour of lambda cyhalthrin on the surface of co- 
composted-biochar (Srikhaow et al., 2023; Abdelhameed et al., 2020). 
Among these two applied isotherms, the Langumir model support the 
assumption that adsorption takes place on adsorbent surface which are 
homogenously covered with some finite number of active sites, making 
it a strict monolayer adsorption (Singh & Rawat, 1994; Sharma et al., 
2023). The mathematical formulation and and its linear form is illus
trated using equations (2) and (3). 

qe=
qmaxKLCe
1 + KLCe

(2) 

1
qe

=
1
qmax

+
1

qmKLCe
(3) 

Where, KL demonstrate the Langumir constant in (L mg− 1), qmax repre
sent maximum adsorption capacity (mg g− 1), qe represent equilibrium 
adsorption capacity (mg g− 1), and lastly Ci and Ce shows initial and 
equilibrium concentration of adsorbate in (mg l− 1).

Contrarily, the Frendulich isotherm consider the fact that adsorption 
occurs on heterogenous surface of adsorbent material, resulting in a 
multilayer adsorption process. The empirical formula and linear form of 
Frendulich isotherm is displayed in equations (4) and (5). 

qe=Kf C
1
n
e (4) 

log qe= log Kf +
1
n
log Ce (5) 

Here, Kf (mg g− 1) is the adsorption coefficient which is also known as 
Frendulich constant while 1/n represent adsorption intensity measure in 
(l mg− 1). It has been further stated that the value of 1/n helps in iden
tifying the type of isotherm either it is desirable when the value is 
greater than zero (1/n > 0), undesirable when it is greater than one (1/n 
> 1) or irreversible during the condition when the value tends to be 
lower than zero (1/n < 0) (Ahsan et al., 2018; Haq et al., 2022).

The resultant data set and graphs of respective isotherm models are 
delineated in Table S6 of Supporting Information and Fig. 3. By 
observing Fig. 3, it can be concluded that the best fitted isotherm for the 
concerned adsorption process is Langmuir isotherm model. The dis
played correlation coefficient (R2) in Fig. 3 and Table S6 of Supporting 
Information, of Langumir isotherm is 0.97 which is substantially greater 
than the R2 value (0.95) of Frendulich isotherm, indicating the 
adsorption of LC on active sites of COMBI is entirely formulated of ho
mogenous monolayer interaction with almost negligible interlinking of 
adsorbate molecules. Moreover, a high qmax value of 197.2 mg/gm is 
also associated with Langmuir model which is notably a sign of high 
adsorption capacity of COMBI. Also the RL value follows the condition i. 

Fig. 3. (a) Langmuir isotherm (b) Frendulich isotherm for adsorption of LC on 
COMBI surface.
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e. 0 < 0.32 < 1, for Langumir isotherm, depicting the adsorption process 
of LC molecules on COMBI is favorable.

6. Adsorption mechanism

According to Srikhaow et al. (2023); Alkhatib et al. (2023); Li et al. 
(2022); Chandi et al. (2024), the adsorption mechanism between 
pesticide and biochar is primarily determined by specific intermolecular 
interactions such as electrostatic attraction, van der Waals interaction, 
hydrogen bonding, π-π EDA association, hydrophobic interaction, and 
surface diffusion. To determine the responsible interaction of current 
experimentation, the FTIR spectra of COMBI before and after removal 
was analysed. The after-removal analysis revealed a strengthening in the 
peak intensity of hydroxyl (-OH) bond and carboxylate (C-O-O) 
stretching in the FTIR spectrum (represented in Fig. S5 of Supporting 
Information), which could be an indicator of intermolecular hydrogen 
bonding between the hydrogen donor phenolic and carboxylic group of 
COMBI and nitrogen and oxygen bearing groups of LC (Li et al., 2022; 
Phuong et al., 2019). Moreover, a clear variation in the peak intensity of 
aromatic (C=C) and ketonic (C=O) groups of humic and fulvic compo
nents in COMBI, reveals the formation of a modest intermolecular π-π 
EDA association among aromatic rings of composted biochar and LC. In 
addition to these moderate forces, a substantial electrostatic force of 
attraction has been determined as a result of interaction between the 
oxygenated functional groups of COMBI and electronegative halogen 
and nitrogen groups of LC (Phuong et al., 2019), that prevails strongly 
and is thus governed as the primary adsorptiom mechanism for the 
process of removal.

7. Reusability study of Co-composted-biochar

The reusability experiment of COMBI was performed using 0.1 N 
HCL as an eluent in four consecutive cycles. Additionally, the removal of 
LC from simulated water was done under optimal range i.e. by keeping 
the values of individual parameter akin to the parameteric values of run 
number 19 (pH-2, adsorbent dose- 0.01 g, adsorbate conc.- 50 g/l and 
contact time-140 min) which has been recorded with the highest 
removal efficiency. The results are summarized in Fig. S6 of Supporting 
Information, showing a gradual decrease in the removal efficiency of 
COMBI from 99.9% to 79.7% across the four cycles. The reason behind 
might be the non-availability of active sites during adsorption which can 
be understood by the fact that the sites are still occupied by the adsor
bate molecules making them less prone towards adsorption of further 
molecules (Dbik et al., 2022).

8. Conclusion

The results of comparative analysis between B, C, and COMBI for 
various qualitative and quantitative characteristics revealed a signifi
cant variation among them. COMBI was recorded with an efficient 
interaction between biochar’s surface and organic components of 
compost material which was supported by the fact that a high crystalline 
stability, abundance of oxygen comprised functional groups, and an 
increased pore volume was detected in the observed data of XRD, FTIR, 
SEM, and BET analyzer. An optimized adsorption experiment using the 
RSM-BBD method was successfully conducted for COMBI towards LC 
elimination, which was notably discovered with a promising removal 
efficacy of more than 95%. The predictor factors were adjusted for 
greater attenuation of COMBI’s LC removal efficiency when subjected to 
a lower pH value of 2, a medium range of 50 g/l of adsorbate concen
tration, 0.01 g of adsorbent dose, and a minimum contact period of 120 
min. The purpose of this experiment was to discover how effectively a 
composite type of bio-adsorbent works as a remediation tool against 
pyrethroid pesticides. COMBI, a synergistic combination of biochar and 
compost, eliminates a substantial amount of LC, making it a viable and 
cost-effective remediation technique for other organic pollutants as 

well.
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