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Abstract  Methyl orange (MO) is a toxic dye used 
in many industrial processes. The removal of MO is 
considered expensive by the sophisticated treatment 
methods. Hence, there is a need for the discovery 
of novel methods for removing MO from polluted 
water. Therefore, this study was aimed at understand-
ing the scientific insights into the adsorption mecha-
nism of novel engineered biochar derived from neem 
chips via catalytic conversion with FeCl3 for the MO 
removal. This is the first report describing the use of 
novel engineered biochar derived from waste neem 
chip biomass for the removal of the highly resist-
ant anionic dye “methyl orange” by understanding 
the insights into the removal mechanism. The bio-
char was prepared at different temperatures: 200 °C, 
400 °C, 600 °C, and 800 °C, with a residence time of 
2 h. An adsorptive experiment was planned, under a 
set of experimental conditions: dosage 1  g/L; pH 6; 
rpm 150; holding time 72 h, to identify the best bio-
char. The selected biochar has then been activated 

by iron catalyst of different concentrations (1%, 3%, 
5%, and 7%) at a temperature of 700 °C for 30 min. 
The adsorptive performance was then checked. The 
engineered biochar with a high qe value (amount of 
adsorbate removed by unit weight of engineered 
biochar) was selected, for the detailed studies; iso-
therm, kinetics, thermodynamics, and rate-limiting 
factor analyses were used to understand the adsorp-
tive mechanism of novel engineered biochar synthe-
sized. Moreover, it was also treated with wastewater 
to check its removal efficiency. Furthermore, point 
zero charge (pzc) was analyzed to study the func-
tional properties of novel engineered biochar along 
with XRD analysis. The outcomes revealed that 
the FeCl3 activation improved the (qe) amount of 
adsorbate removed by grams of engineered biochar 
to 63.39 mg/g from 80.30 mg/g and it improved the 
aromatic carbon network. Moreover, the adsorption 
nature of novel engineered biochar to MO removal 
is multilayer. It also obeyed well for the pseudo-sec-
ond-order kinetics. The adsorption is spontaneous 
and endothermic. The engineered biochar synthe-
sized performed well to remove impurities from a real 
industrial wastewater: Removal of total suspended 
solids was 68% and removal of total solids was 74%. 
Therefore, the engineered biochar produced by the 
iron catalytic conversion of neem chips is a novel 
adsorbent for MO removal from aqueous phase.
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Highlights   
• Novel engineered biochar from neem chips has the 
potential to remove industrial dyes.
• Pyrolysis temperature had a significant influence on 
the performance of the biochar.
• FeCl3 activation of neem chips enhances the 
adsorption of methyl orange by two-fold.
• Surface functional properties of the biochar were 
improved by iron catalyst activation.

Keywords  Biochar · Engineered biochar · Neem · 
Methyl orange · FeCl3 · Wastewater treatment

1  Introduction

Water pollution by industrial dyes is considered 
problematic all over the world. There are many dyes 
which are commonly used for industrial applications 
(Kumar et al., 2021). However, various forms of dyes 
are discharged into the environment without treat-
ment. It, in turn, causes many environmental conse-
quences: water pollution, soil pollution, and health 
consequences to humans. Methyl orange is an acidic-
type dye which has number of uses in textile industry, 
paper production, food industry, painting, and medi-
cine (Agarwal & Vaishali, 2016). It can enter into the 
environment mostly by anthropogenic way, connected 
to the effluent from textile industries. During dying 
process, around 10–20% of the dyes which are used 
in the textile industry are released to the environment 
(Bazrafshan et al., 2014).

It is highly important to remove dyes from the 
effluent, as it can lead to some abnormal coloration 
to the surface water with harmful effects to aquatic 
organisms (Bazrafshan et  al., 2014). Furthermore, 
it has some carcinogenic and mutagenic effects to 
human. The myriad treatment methods such as elec-
trostatic, thermostatic, microbial oxidation, chemical 
coagulation, membrane processes, and adsorptive 
bubble separation methods such as foam separation 
(Soylu et  al., 2020) and advanced oxidation pro-
cesses such as Fenton oxidation process (Gökkuş 
et al., 2014), using ozone and ultraviolet, used for the 
removal of methyl orange, are highly complex and 
most are expensive in nature. Not only that, technical 

knowledge and skills are also a must to follow the 
advanced treatment methods. Furthermore, the com-
plex structure and high molecular weight of the dye 
molecules make the removal performance through 
some process (microbial oxidation) insufficient 
(Gökkuş & Oğuz, 2011).

Therefore, there is a need for the development 
of simple and effective treatment methods for the 
removal of this toxic dye. Adsorption in this regard 
plays a key role in the removal of pollutants which 
are present in the effluent compared to the above said 
methods. More attention is given to low-cost absor-
bents for wastewater treatment. Engineered biochar 
is one of the low-cost absorbents, which can be used 
for the removal of methyl orange from the effluent. 
Biochar is a carbonaceous product which is produced 
through the pyrolysis process (Godlewska et  al., 
2020). When the physical, chemical, and microbial 
properties of biochar are changed, it is called as engi-
neered biochar. Moreover, researchers have used vari-
ous methods for the production of engineered biochar 
(Godlewska et al., 2020).

Iron catalyst usage is one of the chemical acti-
vation methods. The smaller pores of biochar are 
enriched by a smaller size of ferric cations present 
in FeCl3 and facilitate the production of engineered 
biochar (Samar K. Theydan, n.d.). The studies on the 
use of iron catalyst for the activation of biochar from 
various biomass materials are at the embryonic stage. 
This is the first report that completely explains the 
mechanism of the novel engineered biochar derived 
from neem chip biomass using iron catalyst. The out-
comes of this work are pressing to facilitate biochar 
research yielding highly efficient engineered adsor-
bents for pollutant removal from water.

Hence, this study was set towards the insights into 
the engineered biochar obtained from the pyrolyzed 
biochar obtained from neem chip activation. The sys-
tematic experimental arrangement was developed to 
make a comprehensive story about the novel engi-
neered biochar from the neem chips using iron cata-
lysts. The outcome of the study will be useful for 
academics, researchers, and industrial people to go 
for the commercialization of this effective engineered 
biochar efficient in the removal of the highly toxic 
industrial dye called “methyl orange.”
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2 � Research Design and Methods

2.1 � Materials

Neem chip was collected from Thirukkovil, Sri 
Lanka. A methyl orange stock solution was prepared 
by dissolving 1 g of methyl orange powder in 1 L of 
distilled water. Standard calibration curve of methyl 
orange is given in Fig.  S.1, and Table  1 shows the 
chemical properties of methyl orange. All chemi-
cal reagents including iron chloride hexahydrate 
(FeCl3.6H2O), hydrochloric acid (HCl), sodium chlo-
ride (NaCl), and sodium hydroxide (NaOH) were of 
high-purity grade obtained from Organic Trading 
(PVT) Ltd., Sri Lanka. These were used without fur-
ther purification.

2.2 � Biochar Production and Characterization

The neem chips which were collected from Thiruk-
kovil, Sri Lanka, were crushed and broken by a stone 
mortar and pestle. Broken shell pieces were initially 
sieved by 2-mm and 1-mm pore size sieves. The 
neem chip particles which belong to the particle size 
ranging from 1 to 2 mm size were collected at the end 
of the process. Collected particles were first washed 
with distilled water followed by mild acid treatment 
with 0.01 M HCl. Treated particles were placed for 
sun drying for 5 h. Heat treatment was given using a 
muffle furnace (Model: PC442T, Protherm Furnace, 
Turkey) with the heating rate of 59.52 C min−1 for 2 
h holding time at 200 °C, 400 °C, 600 °C, and 800 °C 
(Al-wabel et  al., 2013) temperatures by placing the 

particles into a ceramic crucible with a lid. Finally, 
obtained biochars were labeled as NCBC 200, 
NCBC 400, NCBC 600, and NCBC 800 respectively 
(NCBC: neem chip; 200: pyrolysis temperature).

The crystallographic properties of the neem chip 
biochar were analyzed by X_Ray Diffraction Spec-
troscopy (AERIS PANalytical, UK) with fixed diver-
gent silt, cupper anode, and a long fine focus tube (40 
kV and 7.5 mA) using powdered samples.

2.3 � Adsorption Experiment

Batch adsorptive experiments were conducted for the 
neem chip biochar obtained at different pyrolysis tem-
peratures. Each of the 25-mL flat-bottom glass bottles 
was filled with 20 mL of methyl orange solution with 
the concentration of 100 mg/L, adjusted to desired pH 
(pH 6) by adding 0.1 M NaOH and HCl. Each glass 
bottle was placed into a shaking incubator (BSD-250, 
Boxun, Shanghai, China) at 150 rpm and 25 °C for 
72 h. Absorbance of each bottle was measured by a 
spectrophotometer (UH5300 Spectrophotometer, 
HITACHI, Japan) at 464 nm spectrum (Bazrafshan 
et  al., 2014). Two replicates for each sample were 
used, and the average of the absorbance was used for 
further analysis. An absorbance versus biochar graph 
was developed using Excel version 2016. Point zero 
charge analysis was done by sample solutions at dif-
ferent ranges of pH, varying from 2 to 12, and they 
were placed at 150 rpm for 24 h at 25 °C. The point 
at which the initial pH of the solution was equal to the 
final pH was considered point zero charge. In other 
words, the net charge at this point is zero.

2.4 � Biochar Activation

NCBC 600 and NCBC 800 were selected by com-
paring the yield and adsorptive performance. Acti-
vation was done by FeCl3 at 700 °C for 20 min 
with different concentrations: 1%, 3%, 5%, and 7%. 
The impregnation ratio was maintained at 1.5:1 g/g 
(activator:biochar) (Samar K. Theydan, n.d.). Impreg-
nated samples were placed into an oven at 30 °C for 
24 h, and then, they were placed at 110 °C to com-
pletely dry the samples. FeCl3 residues were com-
pletely removed by washing engineered biochar by 
0.1 M HCl, followed by distilled water. Again the 
samples were placed into the oven at 110 °C for 

Table 1   Chemical properties of methyl orange

Chemical properties

Chemical formula C14H14N3NaO3S
Molar mass 327.33 g·mol−1

Appearance Orange or yellow solid
Density 1.28 g/cm3

pH 3.1 (red) and 4.4 (yellow)
Melting point  > 300 °C (572 °F; 

573 K) (not precisely 
defined)

Boiling point Decomposes
Solubility in water 5 g/L (20 °C)
Solubility in diethyl ether Insoluble
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complete drying. Adsorptive experiments were con-
ducted again to select the best engineered biochar.

Furthermore, the effect of methyl orange concen-
tration was investigated by changing the concentra-
tion from 100 to 500 mg/L, and the initial dosages 
of neem chip biochar and pH were kept 1 g/L and 6 
respectively (Manoharan et  al., 2022). Furthermore, 
the effect of pH on methyl orange removal was also 
studied under a set of conditions: 1 g/L initial dosage, 
pH ranging from 2 to 12, and 25 °C. The adsorptive 
capacity and removal percentage were analyzed by 
the following equations (Eqs. (1) and (2) respectively) 
(Bazrafshan et al., 2014).

where

qe	� amount of adsorbate removed by unit weight of 
absorbent in mg/g;

Ci	� initial concentration of adsorbate in mg/L;

Cf	� concentration of adsorbate at particular time in 
mg/L;

W	� weight of biochar in grams; and

V	� volume of solution in liters.

2.5 � Isotherm, Kinetics, Thermodynamics, and 
Rate‑Limiting Factor Analyses

Adsorption isotherm, kinetics, thermodynamics, and 
rate-limiting factor analyses were performed to under-
stand the mechanism of MO adsorption by the novel 
engineered biochar, using mathematical models. The 
Freundlich model, Langmuir model, and Temkin 
model were used for the analysis of the adsorption 
isotherm. The nature of adsorption was identified 
through the isotherm study. The kinetics study was 
done by the pseudo-first-order equation, pseudo-sec-
ond-order equation, Elovich, and Avrami models. The 
Van’t Hoff equation was used for thermodynamics, 

(1)qe =
V(Ci − Cf )

W

(2)Removal percentage =

(

(Ci − Cf )

Ci

)

× 100

and the rate-limiting factor was studied by the Weber-
Morris model. The respective equations starting from 
1 to 10 are given in Supplementary Data.

2.6 � Wastewater Treatment

An artificially polluted wastewater sample was treated 
with 7% NCBC 800 engineered biochar. Adsorp-
tive experiment was conducted and changes in some 
selected parameters (DO, EC, color, turbidity, pH, 
TS, TDS, and TSS) were measured before and after 
adsorption to compare the efficiency of the engi-
neered biochar for wastewater treatment. Figure  1 
represents the overall experimental steps used to sys-
tematically study the set objectives. This engineered 
biochar from neem chips was developed via two steps 
as indicated in Fig. 1, the detailed and complete pro-
cedures used to understand the adsorptive mechanism 
of novel engineered biochar.

3 � Results and Discussion

3.1 � Biochar Characterization

3.1.1 � Effect of Temperature

A reduction in the yield of the neem chip biochar was 
observed. The yield of the neem chip biochar reduced 
with increasing temperature. The yield of the neem 
chip biochar reduced from 91.2 to 8.3% as pyrolysis 
temperature changed from 200 to 800 °C. The aver-
age yields of NCBC 200, NCBC 400, NCBC 600, 
and NCBC 800 were 91.2%, 31.5%, 14.3%, and 8.3%, 
respectively, as shown in Fig.  2. The highest yield, 
91.2%, at pyrolysis temperature 200 °C was due to 
partial pyrolysis of neem chip biomass (Manoharan 
et al., 2022). Pyrolysis temperature, heating rate, and 
holding time are the limiting factors on the yield of 
biochar. Here, the heating rate (59.52 °C) and holding 
time (2 h) were constant, and pyrolysis temperature 
was the limiting factor for biochar yield.

The yield reduction is for the sake of combus-
tion of primary and secondary components. Ther-
mal decomposition of lignin and some other materi-
als leads to the production of biochar. During heat 
treatment, destruction of cellulose, hemicellulose, 
and some organic components occurs with increas-
ing pyrolysis temperature (Al-wabel et  al., 2013). 
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Due to the thermal effect for certain time duration, 
the volatile materials are lost as vapor form, and a 
portion of the solid material is converted into ash 
(Bonelli et  al., 2001). Therefore, a yield reduction 
was observed with an increasing rate of volatiliza-
tion with increasing pyrolysis temperature. In con-
trast, the ash content of the biochar was increased 
with increasing pyrolysis temperature. Similar pat-
tern in yield was observed in previous studies (Al-
wabel et  al., 2013), and the reduction in yield was 
changed from 51.3 to 23.1% as pyrolysis tempera-
ture was changed from 200 to 800 °C.

The pyrolysis process increases the carboniza-
tion of biomass material (Al-wabel et al., 2013). An 
increase in reduction of yield and increase in porosity 
were observed with increasing pyrolysis temperature. 
Clogging of pores on the biochar surface occurred 
in lower pyrolysis temperatures (Kloss et  al., 2012). 
It matches with earlier reported works by Al-wabel 
et  al. (2013) and Manoharan et  al. (2022), and the 
reduction of yield was 51.3 to 23.1% and 46.8 to 5.1% 
respectively for the pyrolysis temperatures ranging 
from 200 to 800 °C and 300 to 900 °C.

Fig. 1   Overall display of 
experimental setup
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3.1.2 � Surface Charge Distribution

The presence of positive and negative charges at point 
zero charge (pzc) point is equal, and the net charge is 
zero. There was an increase in the pzc of the biochar 
pyrolyzed at different temperatures: 200 °C, 400 °C, 
600 °C, and 800 °C. The pzc for NCBC 200, NCBC 

400, NCBC 600, and NCBC 800 were 4.9, 5.1, 7, 
and 8.9, respectively, as shown in Fig.  3. It is obvi-
ous that the stabilized aqueous solution will be posi-
tively charged when the pH of the solution is below 
the identified pzc, and it is vice versa for highest pH 
values (Nadarajah et al., 2021). As the experimental 
setup was prepared by NaOH, NaCl, and HCl, nega-
tively charged sites were computed by Na+ and H+ 
ions, and positively charged sites were computed by 
OH− and Cl− ions (Manoharan et al., 2022).

The best and optimum pH for methyl orange 
adsorption can be determined by pzc analysis (Farooq 
& Ramli, 2011). If the pzc is less than the pH of the 
solution, then the surface of the biochar is negative. 
It leads to the adsorption of positively charged ions. 
This story is reverse as the pH goes the other way 
around. The charge distribution of biochar is highly 
essential for the adsorption. The structure of the bio-
char should be kept positive, if anionic dyes need to 
be adsorbed. However, it has to be negative if cationic 
dyes are used for adsorption (Manoharan et al., 2022). 
As methyl orange is considered an anionic azo dye 
(Bazrafshan et al., 2014), the structure of the biochar 
should be positive for the better removal. Therefore, 

Fig. 2   Effect of pyrolysis temperature on biochar yield

Fig. 3   Point zero charge 
analysis of biochar pyro-
lyzed at different tempera-
tures
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the pH of the adsorptive medium should be less than 
the pzc of the biochar (Farooq & Ramli, 2011).

3.1.3 � Carbon Structure

The crystalline properties of the materials were 
analyzed by XRD spectrum. XRD spectra of the 
raw neem chip, neem chip biochar pyrolyzed at 800 
°C (NCBC 800), and engineered biochar derived 
from neem chips (7% NCBC 800) are illustrated in 
Fig. 4. The spectra in Fig. 4 show several peaks cor-
responding to above said biomass materials derived 
from neem chips. The strong peak was observed 
at a 2θ value of 25.59° for the raw neem chip and 
NCBC 800, and it was 25.62° for 7% NCBC 800. It 
was continued by 2θ values of 28.62°, 28.41°, and 
28.60° for the raw neem chip, NCBC 800, and 7% 
NCBC 800 respectively. Compared to the raw neem 
chip and NCBC 800, a strong peak was observed 
for 7% NCBC 800 at a 2θ value of 35.53°. Superfi-
cial peaks were observed at the posterior part of the 
XRD spectrum, where 2θ values for the raw neem 
chip, NCBC 800, and 7% NCBC 800 were 46.38°, 
46.36°, and 46.52° respectively.

As comparison, the sharpness and intensity of 
peak increase from the raw neem chip to NCBC 
800 and 7% NCBC 800. This proves the crystalli-
zation of carbon (Song et al., 2013). The formation 
of the strongest peaks is a good evidence for the 
development of crystals (Silicates) and inorganic 

compounds (CaCO3) during heat treatment (Mano-
haran et  al., 2022). A very fine crystal structure 
is explained by the larger peak width of the XRD 
spectrum (Zhu et  al., 2000). Furthermore, a wide 
peak was observed at the beginning of the spectrum 
for the raw neem chip compared to NCBC 800 and 
7% NCBC 800. Apparently, a peak was observed at 
a 2θ value of 35.53° on the spectrum of 7% NCBC 
800. It represents the effect of ferric chloride cat-
alyst on biochar structure with carbon network 
developed.

The peak at 2θ values at 28° is due to the presence 
of silicates (Berwal et al., 2015). This is in line with 
earlier study using lignocellulosic biomass and bio-
chars, where the peak was observed at 28.4° (Berwal 
et al., 2015). Silicates are one of the structural com-
ponents of bark. The intensity of diffraction peaks 
relies on the amount of substances present in the 
powdered sample.

3.2 � Adsorptive Experiment

Different adsorptive phenomena will lead to the for-
mation of different size pores in the biochar surface 
(Bonelli et  al., 2001). In addition to above, the raw 

Fig. 4   XRD spectra of the raw neem chip, biochar NCBC 800, 
and engineered biochar 7% NCBC 800

Fig. 5   Removal percentage and adsorptive performance (qe) 
of raw, neem chip biochar, and engineered biochar
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neem chip, neem chip biochar, and engineered bio-
char derived from the neem chip were also compared 
to check the effectiveness of the engineered biochar 
on adsorptive performance and removal percentage of 
methyl orange. The results obtained after adsorptive 
experiment are shown in Fig. 5. As shown, the adsorp-
tive performance of the engineered biochar (7% NCBC 
800) was higher than that of the neem chip biochar and 
raw neem chip. The heat treatment through pyrolysis 
process increased the adsorptive performance on both 
the neem chip biochar and engineered biochar. Moreo-
ver, the adsorptive performance of the engineered bio-
char is enhanced by the addition of FeCl3 (Nadarajah 
et  al., 2021). In addition to surface functional groups, 
the microstructure of biomass also improved by the 
catalytic effect of FeCl3 (Sajjadi et al., 2019). This is in 
agreement with the results of earlier studies using FeCl3 
as a catalytic agent to remove contaminant particles 
from water (Nadarajah et al., 2021).

Different structural components associated with bio-
mass material show different thermal reactions with 
respect to pyrolysis temperature. Moreover, the mineral 
materials on the biomass surface can show a catalytic 
effect on biochar production. Furthermore, iron cata-
lyst also enhances the properties of surface functional 
groups (Bonelli et al., 2001). Therefore, an increase in 
adsorptive performance was observed in engineered 
biochar from neem chips compared to the biochar. 
As pyrolysis temperature increased, basic functional 
groups and highly ordered aromatic groups were also 
increased (Al-wabel et al., 2013). It leads to the adsorp-
tion of dye particles from aqueous solution. Similar 
results were recorded on the studies related to biochar 
produced from Conocarpus waste and study on ther-
mal degradation rates of Brazil nut shells (Bonelli et al., 
2001).

The effect of the raw neem chip, biochar NCBC 
800, and engineered biochar 7% NCBC 800 on methyl 
orange removal is shown in the Supplementary Infor-
mation by Plate S.1., where Plate S.1(a) indicates the 
experimental setup before adsorption. Similarly, the 
observations after adsorption are shown in Plate S.1(b). 
The reduction of color of the aqueous solution is a good 
evidence to understand the effectiveness of 7% NCBC 
800 than the other two. Adsorptive performances of dif-
ferent materials activated by various technologies were 
compared, and the results are tabulated in Table 2. A 
significance in adsorptive performance (qe = 80.3 mg/g) 
was obtained for engineered biochar derived from 

neem chips. Therefore, the research result reported in 
this paper is an effective solution for dye removal from 
aqueous phase.

3.3 � Factors Influencing Methyl Orange Removal

3.3.1 � Dosage of Activated Carbon

The effect of engineered biochar dosage was stud-
ied at 25 °C with 100 mg/L concentration of methyl 
orange solution (pH 6). Engineered biochar dos-
age ranged from 0.5 to 5 g/L. Figure 6 explains the 
adsorptive performance of 7% NCBC 800 with dif-
ferent dosages (0.5, 1, 2, and 5  g/L). It was noticed 
that the increasing dosage considerably enhanced the 
adsorptive performance. However, the removal per-
centage increased at a decreasing manner from 37.02 
to 97.40% for the changes in the dosages from 0.5 to 
5  g/L as the availability of methyl orange particles 
is limited in each solution. Availability of adsorbent 
surface is high with respect to increasing dosage 
(Farooq & Ramli, 2011). Therefore, higher removal 
performance was observed for higher dosages, and for 
lower dosages, it was vice versa.

The adsorption process mainly depends on the sur-
face properties. Available surface area and mass of 
adsorbent can affect the adsorption efficiency (Baz-
rafshan et  al., 2014). The greater amount of active 
sites for adsorption leads to the increase of adsorp-
tive performance. The influence of iron catalyst plays 
an important role in the enhancement of adsorptive 
performance. During the activation process, larger 
particles in the biochar were broken down into many 
small-sized particles (Nguyen et  al., 2021) by the 
effect of iron catalyst. It induces the number of active 
sites and adsorptive performance as well. The porous 
structure of the engineered biochar facilitates the 
removal of the methyl orange dye (Lonappan et  al., 
2018).

Moreover, the surface functional groups which are 
activated by iron catalyst lead to the internal adsorption 
of dye particles. Throughout the experiment, a reduc-
tion in adsorptive performance qe (mg/g) was observed 
with increasing dosage. The qe values for dosages 0.5, 
1, 2, 3, and 5 mg/L are 74.05, 64.09, 42.46, 30.61, and 
19.48 mg/g respectively. The amount of methyl orange 
removed by unit weight of the engineered biochar is 
reduced with increasing dosage (Hamzezadeh et  al., 
2022). A previous study related to treating cationic dye 
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also reported similar pattern (Hamzezadeh et al., 2022), 
where removal performance was reduced from 34.2 to 
6.74 mg/g for an increasing dosage of 0.5 to 4 g/L.

3.3.2 � pH

The pH of the solution plays an important role in the 
adsorptive removal of the dye as it has the influence 

on surface charge, functional properties of active 
sites, structure of adsorptive material, and degree of 
ionization of adsorbate material (Bazrafshan et  al., 
2014). The effect of initial pH on methyl orange 
removal was studied at different pH levels ranging 
from 3 to 11 at 25 °C with 1 g/L dosage and 100 mg/L 
initial concentration of the methyl orange solution. 
The initial pH of the solution is one of the factors 

Table 2   Adsorptive performance of different materials for methyl orange removal

Material used
Dosage 
(mg/L)

pH (a.u)
Temperature 

(˚C)
qe (mg/g) References

Vitis viticola. L 

grape activated 

by calcination 

process

1 g/L 2 45 ˚C 79.9
(Yonten et

al., 2020)

Coconut shell 

activated by 

furnace induced 

activation and 

ZnCl2 chemical 

activation

1 g/L
Natural 

pH
30 ˚C 59.17 (Hii, 2021)

Mandarin peels 

activated by

NH4Cl (MN-

Biochar) and 

ZnCl2  (MZ-

Biochar)

1.5 g/L 7 25 ˚C

MN-

Biochar: 

2.52

MZ-

Biochar: 

16.27

(Park et al., 

2021)

Engineered 

biochar derived 

from neem chips 

using FeCl3

1 g/L 6 25 ˚C 80.30
Reported work 

in this paper
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which influences the methyl orange removal perfor-
mance by any biochar as it has the influence on the 
surface structural, functional groups, and net charge 
(Pal et al., 2013). The effect of initial pH on methyl 
orange removal is illustrated by Fig.  7. The amount 
of the dye removed by unit weight of the engineered 
biochar was high (81.55  mg/g) for acidic pH (pH 
4), and low (61.02 mg/g) for pH 11. A reduction by 
a fluctuating manner in adsorptive performance was 
observed for basic pH values. It was observed that 
the pzc value for 7% NCBC 800 was 4.16 based on 

Fig.  S.2 in the Supplementary Information. It indi-
cates that the values below this value can lead to the 
surface of engineered biochar positively charged.

Methyl orange is anionic azo dye (Block et  al., 
2021), adsorptive performance is high at lower and 
acidic pH values, and it is reduced with increas-
ing negative charges. As the initial pH values of the 
aqueous solution exceed the pzc, the net charge of the 
engineered biochar remains negative, and an impul-
sive effect can be observed between the adsorbate and 
adsorbent. A study by Zhang et al., (2011) on Congo 
Red adsorption by ball-milled sugarcane bagasse also 
reported similar pattern.

3.3.3 � Initial Concentration

The effect of the initial concentration on adsorptive per-
formance (qe) of the engineered biochar for methyl orange 
removal at 25 °C is illustrated by Fig. 8. A reduction in the 
removal performance was observed with increasing initial 
concentrations (He et al., 2014). The highest removal per-
centage (96.19%) was observed at the 50 mg/L initial con-
centration with an adsorptive performance of 48.09 mg/g. 
Removal performances were 96.19%, 80.3%, 73.72%, 
80.03%, and 64.14% for 50 mg/L, 100 mg/L, 150 mg/L, 
200 mg/L, and 300 mg/L of concentrations respectively. 
This is noteworthy as equal dosage (1g/L) of engineered 
biochar has been used for all experimental arrangements, 
and adsorptive performance is limited by the availability 
of active sites (Pal et al., 2013).

Fig. 6   Effect of dosage on methyl orange removal by engi-
neered biochar

Fig. 7   Effect of initial pH on methyl orange removal (tempera-
ture 25 °C; dosage 1 mg/g; initial concentration 100 mg/L)

Fig. 8   Effect of initial concentration on methyl orange 
removal by engineered biochar (pH 6; temperature 25 °C)
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The fact is that the higher mass of adsorbent 
availability can expedite the attractive forces among 
adsorbent and adsorbate surfaces (Nadarajah et al., 
2021). The ratio between active sites and methyl 
orange particles is high for lower concentrations. 
Therefore, high removal percentage was observed 
(Garg et al., 2003). It is conflicting for higher con-
centrations (Hamzezadeh et  al., 2022). A hypsoch-
romic shift was observed for lower initial concentra-
tions of methyl orange than higher concentrations. 
This observation is due to the availability of high 
number of pollutant particles in the aqueous solu-
tion with limited number of adsorptive sites. A 
similar pattern was proved by a study on “Adsorp-
tive removal of methyl orange and reactive red 198 
dyes by Moringa peregrina ash” (Bazrafshan et al., 
2014). A decrease in the removal performance from 
97.6 to 80.21% and an increase in qe from 1.39 to 

17.19 mg/g for methyl orange were observed in the 
above reported work.

3.4 � Isotherm Model Outcomes of the Engineered 
Biochar

Sorption mechanism, surface properties of adsorbent, 
and adsorbate interaction can be explained through 
adsorption isotherms (Mohammadi et  al., 2011). The 
well-known and common isotherm models: the Lang-
muir isotherm model, Freundlich isotherm model, and 
Temkin isotherm model, were used to investigate the 
effect of adsorption by (engineered biochar from neem 
chip by 7% FeCl3) 7% NCBC 800 on methyl orange 
removal. The linear forms of each model: Langmuir, 
Freundlich, and Temkin models (explained in Eqs.  1, 
2, and 3 respectively in the Supplementary Informa-
tion), were used for the mathematical analysis. Figure 9 

Fig. 9   Isotherm analysis 
of engineered biochar for 
methyl orange adsorption: 
Langmuir (a); Freundlich 
(b); Temkin (c) (pH 6, tem-
perature 25 °C, concentra-
tion 100 mg/L, and dosage 
1 g/L)
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explains the results of the isotherm analysis of methyl 
orange adsorption by the engineered biochar derived 
from neem chips (where (a) is the outcome of the Lang-
muir isotherm model; (b) outcome of the Freundlich 
isotherm model; and (c) outcome of the Temkin iso-
therm model). The obtained values of Langmuir con-
stant (K), coefficient of heterogeneity (n), Temkin iso-
therm constant (At), constant related to heat adsorption 
rate (Bt), and regression value (R2) for the respective 
models are tabulated in Table 3.

Among the three isotherm models used, the adsorp-
tion process of methyl orange was well-fixed with the 
Freundlich isotherm model with the highest R2 value. 
The obtained R2 values were 0.9482, 0.994, and 0.9056 
for Langmuir, Freundlich, and Temkin models respec-
tively. Better fix of the Langmuir model explained that 
the methyl orange particles were presumed to have been 
adsorbed as a monolayer by active sites of engineered 
biochar from neem chip (Bazrafshan et  al., 2014). At 
the same time, adsorption process through heterogene-
ous surfaces can be explained by the Freundlich model, 
and Temkin isotherm model explained the linear reduc-
tion of the adsorption heat (Manoharan et  al., 2022). 
The highest overall regression value (R2) of 0.994 and 
coefficient of heterogeneity (1/n) of 0.6 indicate that a 
heterogeneous adsorption process also occurred with 
multilayers of absorbent. Previous adsorption studies 
reported that the fall of heterogeneity between 0 and 
1 was an indication of favorable adsorption process 
(Manoharan et al., 2022), and it was reported as 0.544 
for that study using neem chip biochar.

3.5 � Adsorption Kinetics

The kinetics study was conducted for 3500 min to 
determine the controlling mechanism of 7% NCBC 
800 on methyl orange removal. The linear forms of the 
pseudo-first-order, pseudo-second-order, Elovich, and 
Avrami models were used to study the kinetic parame-
ters. Figure 10 indicates the kinetic study of 7% NCBC 
800 for methyl orange removal by the pseudo-first-
order (a), pseudo-second-order (b), Elovich (c), and 
Avrami (d) models.

The corresponding parameters: K1—adsorption 
rate constant of the pseudo-first-order model, K2—
adsorption rate constant of the pseudo-second-order 
model, α—initial adsorption rate and β—desorp-
tion constant (Soldatkina & Zavrichko, 2019), and 
expected (qe.Exp) and calculated (qe.Cal) values of 
adsorptive performance, 570 obtained from the linear 
graphs, are summarized in Table 4.

The R2 values obtained for 50  mg/L, 100  mg/L, 
and 150  mg/L concentrations were 0.9601, 0.9319, 
and 0.7186 respectively for the pseudo-second-order 
model. Based on the results, the pseudo-second-
order model is well fixed with the adsorption, com-
pared to the pseudo-first-order, Elovich, and Avrami 
models. Dye uptake rate can be explained by the 
adsorption kinetics with control of time (Soldatkina 
& Zavrichko, 2019) at solid–liquid interface. The 
pseudo-second-order model explains that the adsorp-
tion is controlled by chemical reactions (Godlewska 
et al., 2020) between the adsorbent surfaces. Similar 
results were reported in already published research 
studies (Ahmed Jasim & Mohammed Abbas, 2019; 
Godlewska et  al., 2020; Wasewar et  al., 2009). The 
recorded R2 values were ranging from 0.994 to 1.000 
for the above studies.

The pseudo-second-order model eliminates the 
influence of equilibrium concentration. It gives 
better understanding of adsorption mechanism. As 
the adsorption of methyl orange is through chem-
isorption process, relatively longer time is required 
to reach equilibrium. Furthermore, it generates 
poor fit for the kinetic analysis (Nadarajah et  al., 
2021). At this point, it is worthwhile to note that 
the effect of contact time on dye adsorption at dif-
ferent initial concentrations is explained by kinetic 
models (Samar K. Theydan, n.d.). The above 
results are in conformity with reported works in 
past researches on “Adsorption of methylene blue 
onto biomass-based activated carbon by FeCl3 
activation” (Samar K. Theydan, n.d.). With 4.5 h 
of holding time, 235.55 mg/g of qe was recorded in 
the above said study.

Table 3   Isotherm 
parameters for methyl 
orange removal by 7% 
NCBC 800

Dye Langmuir Freundlich Temkin

qm K1 R2 1/n Kf R2 At Bt R2

Methyl orange 256.41 0.06 0.95 0.60 21.65 0.99 0.41 40.67 0.91
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3.6 � Adsorption Thermodynamics

A thermodynamic study is essential to ensure the 
independence of adsorption process (Bazrafshan 
et al., 2014). Gibbs free energy change (ΔG°) is the 
major indicator for spontaneity (Mohammadi et  al., 
2011). The voluntary nature of adsorption reaction 
is indicated by the negative value for ΔG°. The rate 
equation and the Van’t Hoff equation mentioned in 

Eqs. 2.10 and 2.11, respectively, were used to study 
the thermodynamic parameters: Gibb’s free energy 
change (ΔG°), change in enthalpy (ΔH°), and change 
in entropy (ΔS°). Among these thermodynamic 
parameters, change in enthalpy (ΔH°) and change in 
entropy (ΔS°) were directly obtained from the slope 
and intercept of log Kd versus 1/T curve as shown 
in Fig. 11. Gibb’s free energy can be determined by 
enthalpy and entropy factors.

Fig. 10   Different kinetic models for methyl orange adsorption by engineered biochar: pseudo-first-order model (a); pseudo-second-
order model (b); Elovich model (c); Avrami model (d)
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Moreover, Table  5 explains the thermodynamic 
parameters of methyl orange adsorption by engi-
neered biochar. The ΔG° values were − 1.048, 
− 2.458, and − 3.868 kJ/mol for 25 °C, 35 °C, and 
45 °C respectively. This observation indicates that 
the adsorption of methyl orange by the neem chip 
engineered biochar is spontaneous. Furthermore, 
previous studies related to adsorptive removal of 
methyl orange also reported similar results (Moham-
madi et  al., 2011): − 25.85, − 25.94, and 26.26 kJ/
mol respectively for the temperatures of 25 °C, 40 °C, 
and 60 °C. The positive value (40.97 kJ/mol) of ΔH° 
indicates that the process of methyl orange removal 
is endothermic. This is due to higher intake of heat 
energy than the release into the system. In addition, 
the change in entropy (ΔS°) was also a positive value, 
and it is 0.141 kJ/mol/K.
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Fig. 11   Relationship between log Kd and 1/T

Table 5   Thermodynamic parameters of methyl orange 
removal by 7% NCBC 800

Dye Temperature 
(K)

Thermodynamic parameters

ΔG° (kJ/
mol)

ΔH° (kJ/
mol)

ΔS° (kJ/
mol/K)

Methyl 
orange

298  − 1.048 40.97 0.141
308  − 2.458
318  − 3.868
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3.7 � Rate‑Limiting Analysis of Methyl Orange 
Removal by 7% NCBC 800

The data obtained from the kinetics study was used 
for the rate-limiting factor analysis. The movement 
of particles onto the surface and into the pores of the 
adsorbent can be well explained by the rate-limiting 
analysis. Furthermore, the rate-limiting process dur-
ing adsorption can also be understood by this analy-
sis. Investigation of the rate-limiting factor was done 
by the well-known Weber-Morris model. Figure 12a 
illustrates the linear plot of qt vs √t. The kwm (inter 
particle diffusion rate) and I (thickness of boundary 
layer) were obtained from slope and intercept, respec-
tively, for three different concentrations. The rela-
tionship between kwm/I and initial concentration is 
shown in Fig. 12b.

Two distinct phases for methyl orange adsorption 
are revealed by the Weber-Morris model. Phase I 
(first linear component) of the qt vs √t plot reflects 
mass movement of methyl orange from the solution 
to the boundary layer of the biochar, while phase II 
(second linear portion) represents the intra-particular 
diffusion as well as the effect of the boundary layer 
(Campos et al., 2018). Very slow rate of increase was 
observed in the 50 mg/L concentration. A bit speed 
was observed for 150 mg/L, and the rate was mod-
erately higher for the 100 mg/L concentration of the 
methyl orange solution. It is because of the move-
ment of methyl orange particles towards the surface 
of engineered biochar.

Moreover, the availability of high number of adop-
tive sites induces the rate of external mass transfer at 
the beginning of the adsorption (Manoharan et  al., 
2022). However, a reduction in active sites with time 

leads to the decreasing tendency of graph at phase II. 
Similar pattern has been reported in previous studies 
on the removal of methyl orange by different types of 
biochar materials (Bazrafshan et al., 2014). Adsorp-
tion process is controlled by more than one factor, 
especially by multilayer and intra-particular diffu-
sions and also with time. The influence of every fac-
tor causes the reduction in adsorptive performance 
(Bhattacharyya & Sharma, 2005).

3.8 � XRD Spectra

Figure  S.3 represents the XRD spectra before and 
after the adsorption of methyl orange by the engi-
neered biochar derived from neem chips via iron 
catalyst (7% NCBC 800). Similar pattern of XRD 
spectra was observed for before and after adsorption 
of methyl orange. Remarkable peaks at 2θ values 
of 25.97°, 28.84°, 35.78°, 43.48°, and 57.13° and 
a barely visible peak at a 2θ value of 35.15° were 
obtained for 7% NCBC 800 as shown in Fig.  S.3 
in the Supplementary Data. The intensity of the 
strong peak (2θ value of 25.97°) in respective spec-
tra obtained for after adsorption is getting increased 
from 0.71 to 0.98 due to the adsorption of methyl 
orange by 7% NCBC 800. Comparison of the spec-
trum obtained before adsorption and the spectrum 
obtained after adsorption revealed some weak peaks 
(2θ value of 47.1) and humps (2θ value of 48.44) 
along the spectrum obtained after the adsorption of 
methyl orange. The changes in pattern of the spec-
tra responsible to study the adsorption behavior of 
the engineered biochar for methyl orange are a good 
evidence to confirm that the dye molecules diffused 

Fig. 12   Outcomes of the 
rate-limiting analysis for 
methyl orange removal by 
7% NCBC 800
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into micro- and macro-pores of engineered biochar 
derived from neem chips (Namasivayam & Kavitha, 
2006).

3.9 � Outcomes for Wastewater Treatment

Figure  13 represents the different measured param-
eters of polluted wastewater with dye addition, before 
and after the adsorptive experiment. The effective-
ness of 7% NCBC 800 (engineered biochar from 
neem chip biochar by 7% FeCl3) on artificially pol-
luted wastewater was analyzed. Changes in DO, EC, 
pH, color, turbidity, TS, TDS, and TSS were plotted 
for polluted wastewater before and after adsorption. 
Significant changes were observed in DO, EC, pH, 
color, TS, and TSS. However, turbidity and TDS were 
not showing a significant change. A gradual decrease 

was observed in DO before and after the adsorption of 
polluted wastewater.

A drastic reduction in color was observed before 
and after adsorption. Color value was reduced from 
456 to 11.48 after adsorption by 7% NCBC 800. The 
highest value was observed for color initially due to 
the addition of the methyl orange dye. The reduction 
of color is due to the adsorptive removal of dye par-
ticles as well as some other solid particles which are 
present in artificially polluted wastewater sample.

A reduction in turbidity is also an evidence for 
the occurrence of adsorption by engineered biochar 
derived from neem chip. Like other parameters, solid 
contents of the artificially polluted wastewater sample 
were reduced because of the adsorption process. From 
all of the observations of wastewater treatment, the 
7% NCBC 800 can be used for the wastewater treat-
ment. Above way, similar type of adsorptive removal 

Fig. 13   Measured param-
eters of polluted wastewa-
ter samples treated with 
engineered biochar: DO, 
EC, and pH changes (a); 
color and turbidity changes 
(b); TS, TDS, and TSS 
changes (c)
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mechanism has been observed in several other studies 
targeting wastewater treatments with different kinds 
of biochar materials (Kumar et al., 2021).

Engineered biochar, in this study, is a carbon-rich 
material, produced with limited oxygen by heating 
the biomass at high temperatures through a pyroly-
sis process and treated with catalyst before activa-
tion. As a result of its high porosity, enhanced sur-
face area, high cation, and anion exchange capacity, 
biochar is able to hinder contaminants and pollutants 
from wastewater (Chai et  al., 2021). Furthermore, it 
reduces the bioavailability of pollutants by adsorp-
tion (Chai et  al., 2021). This is why the engineered 
biochar is used in wastewater treatment. It also gave 
good outcome for the wastewater treatment.

4 � Conclusions

The study mainly focused on the performance of 
engineered biochar via FeCl3 catalytic activation 
from the neem chip biochar for the removal of the 
methyl orange dye from aquatic phases effectively. 
The pyrolysis temperature had a significant effect 
on the functional properties of biochar. The biochar 
NCBC 800 has the highest qe value of 63.39 mg/g for 
methyl orange. The novel FeCl3 catalyst induced the 
performance of engineered biochar significantly, and 
it yielded the adsorptive performance of 80.30 mg/g 
(Langmuir maximum value was 0.95). The adsorptive 
performance of 7% NCBC 800 (engineered biochar 
from neem chip biochar by 7% FeCl3) was influenced 
by dosage, pH, temperature, initial concentration, and 
contact time. The isotherm analysis indicated that the 
adsorption of methyl orange onto the surface of the 
engineered biochar is multilayer in nature.

The kinetic models summarized that the adsorp-
tion kinetics of engineered biochar, 7% NCBC 800, 
could be explained clearly by the pseudo-second-
order model. The thermodynamic analysis indicated 
the adsorption of methyl orange onto the engineered 
biochar surface is endothermic and spontaneous in 
nature. The adsorptive performance of engineered 
biochar, 7% NCBC 800, is influenced by boundary 
layer thickness and inter-particular diffusion rates. 
The adsorption of organic dye by engineered bio-
char is influenced by carbon structure and the surface 
charge distribution as evidenced by XRD and pzc 
analyses. It is clear from the outcomes of this analysis 

that the major removal mechanism of methyl orange 
by engineered biochar is the hydrophobic interaction. 
The engineered biochar, 7% NCBC 800, exhibited 
better performance for the removal of color, turbidity, 
total solids, total suspended solids, and dissolved oxy-
gen of a wastewater sample. Hence, the synthesis of 
engineered biochar from neem chips, using iron cat-
alyst, is a novel strategy for the effective removal of 
pollutants from aqueous phase in an efficient manner.
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