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Abstract

Keeping sustainability concept in view with combating the crises risen from pollution of environment with dyes, this study
aims to efficiently remove methylene blue (MB) dye from wastewaters using an agricultural waste derived sorbent produced
by pyrolyzing of neem tree shells at 700 °C. An extensive scrutinization was performed both on the effects physiochemi-
cal variables and adsorption properties of the recruited biochar. Results showed that the prepared bio-charcoal possesses a
promising textural property, leading to a high capability to retrieve MB from aqueous solutions at pH range of 8.5 to 9.0.
The equilibrium of adsorption was achieved within time durations lesser than 200 min of stirring. Several mathematical
models were applied to elucidate the kinetic behavior, and the outcomes vouchsafed the rate-controlling role of adsorbate-
adsorbent interaction and the effect of intraparticle diffusion in the adsorption process. The equilibrium adsorption behavior
was extensively evaluated through various two-parameter and three-parameter isotherms, revealing the monolayer Langmuir
mechanism of adsorption and an adsorption capacity as high as 134.13 mg/g at ambient temperature (25 °C). The maximal
adsorption capacity (g, of Langmuir) increased from 126.39 mg/g (at 15 °C) to 139.59 mg/g (at 35 °C), revealing the
endothermic nature of MB adsorption, confirmed by the positive enthalpy (AH®, 14.07 kJ mol~"). The spontaneous adsorp-
tion of MB (AG® at 25 °C = —27.02 kJ mol~!) along with high adsorption capability and other properties of the produced
biochar makes it a promising sorbent with high potential for usage in real MB-laden wastewaters.

Keywords Adsorption - Environmental protection - Dye industries - Waste biomass - Wastewater treatment - Sustainability

P< Ahmad Hosseini-Bandegharaei
ahoseinib@semnan.ac.ir; ahoseinib@yahoo.com

Laboratory of Electrochemistry and Environment (LEE),
Faculty of Science and Technology, Mohamed El Bachir El
Ibrahimi University, 34000 Bordj Bou Arréridj, Algeria

Laboratory Physical Chemistry of Interfaces of Materials
Applied to the Environment, Saad Dahleb University, Blida,
Algeria

Department of Chemistry, Faculty of Sciences, Mohamed
Boudiaf University, 28000 M’sila, Algeria

Department of Chemistry, Institute of Applied Science
and Humanities, GLA University, Mathura 281406, India

Department of Biotechnology, Saveetha School
of Engineering, SIMATS, Chennai 602105, India

Published online: 03 September 2024

Hydraulic and Civil Engineering Department, University
of El Oued, PO Box 789, 39000 El Oued, Algeria

Department of Chemistry, Semnan University, Semnan, Iran

Centre of Research Impact and Outcome, Chitkara
University, Rajpura 140417, Punjab, India

Department of Sustainable Engineering, Saveetha School
of Engineering, SIMATS, Chennai 602105, Tamil Nadu,
India

University Centre for Research & Development, Chandigarh
University, Mohali, Punjab 140413, India

Department of Physics, Sri Sarada College for Women
(Autonomous), Salem, Tamil Nadu, India

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-024-06072-5&domain=pdf
http://orcid.org/0000-0002-1280-479X

Biomass Conversion and Biorefinery

1 Introduction

Nowadays, water pollution by industrial dyes is a princi-
pal concern for the scientists, due to their toxicity to the
environment and human health [1], and must be combatted
by adopting suitable strategies. The textile industry is one
of principal sources of serious pollution problems, and its
effluents contain various toxic dyes, including methylene
blue (MB). During the dyeing process, approximately 2
to 20% is released directly into the environment as waste-
water. Therefore, it is crucial to treat wastewater contami-
nated with dyes before releasing them into water resources
[2]. Dyes fall into three categories: anionic, cationic, and
non-ionic [3]. Methylene blue (MB) is one of the most
vastly utilized dyes in many industries [4]. The presence
of methylene blue in the waters makes them undesirable
for industrial and domestic use [5, 6]. Due to the high tox-
icity of MB, its existence in the water will cause serious
damages to the human body, causing symptoms like dizzi-
ness, nausea, jaundice, anemia, chest pains, and even nerve
damage [3, 7]. Therefore, water bodies containing MB
dyes must be subjected to treatment processes which have
the ability of its removal from the aquatic environment.

In adsorption technology, the focus in wastewater
management is currently transitioning from traditional
adsorbents to biosorbent materials, which hold significant
promise for applications in environmental regulation and
the retrieval of metals [8, 9]. For adsorption methods, car-
bonaceous materials with porous structures (biochars and
activated charcoals) have exhibited splendid properties as
adsorbents for both organic and inorganic contaminants,
in recent years [11, 12]. Similar to activated charcoal, low-
cost biochar production plays an imperative role in water
purification, thanks to its superior structural properties,
viz. great specific surface areas, high total pore volumes,
splendid chemical stabilities, and better hardnesses [9].
However, biochar is much cheaper to produce than acti-
vated charcoal. Indeed, the biochar preparation process
does not require additional activation (neither physical nor
chemical) and high temperatures for carbonization (that
is,> 1000 °C) [13, 14].

Several researchers have exploited various agricultural
wastes and natural materials for preparing biochar, through
pyrolysis, such as wood [15], olive husk [16], bamboo
wood, nut shells [17], sawdust [10], rice hulls [18], algae
[19], coconut fiber [20], Tectona grandis tree sawdust
[14], pepper stems [21], sawmill residues date palm peti-
oles [22], and biomass polymeric substances [23] [24].
Some produced biochars from wastes, as well as ashes
and activated carbons, have been used for methylene blue
removal from waters and wastewaters. For instance, Yang
et al. [25] used industrial food waste digestate as a widely
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available feedstock to produce ash-biochar composites
for the removal of methylene blue (MB) from contami-
nated wastewater. The resulting ash-biochar composites
exhibited a maximum MB adsorption capacity of 1123.5
mg/g. Mechanistic and modeling assessments revealed
that the ash components on the ash-biochar composite
surface enhanced MB removal by providing an alkaline
adsorption environment and more oxygen-based n-x inter-
action sites. Additionally, increasing the pyrolysis tem-
perature expanded the biochar surface area and uniformly
rearranged the carbon structure, strengthening the n-x
interactions between MB and the ash-biochar compos-
ites adsorbent. Biochar offers significant environmental
and economic benefits, including carbon sequestration,
improved soil fertility, enhanced water retention, and the
ability to adsorb pollutants. It is a low-cost product that
can utilize agricultural waste, contributing to better waste
management and reduced greenhouse gas emissions. How-
ever, biochar production is energy-intensive and can result
in inconsistent quality due to variability in feedstock and
pyrolysis conditions. Initial investment costs and limited
market demand are economic constraints, while long-term
soil impacts and potential contaminant introduction pose
environmental risks. Additionally, the lack of standardized
guidelines and limited public awareness may hinder its
widespread adoption [26, 27].

In the present work, agricultural waste-based biochar
from neem tree shells was produced (named B-700) by
pyrolysis of the waste precursor This biomass was selected
as the raw material for biochar production due to its abun-
dant availability in the study region. These agricultural
wastes are frequently burned or discarded, resulting in a
loss of valuable resources. By converting neem barks into
biochar, we provide a sustainable solution for waste manage-
ment and simultaneously produce a material with advanta-
geous properties for water treatment. This approach not only
reduces environmental waste but also enhances resource uti-
lization and offers potential benefits for addressing water
pollution. FTIR analysis, BET measurements, SEM images,
and pHyp- were used to characterize the adsorbent. After
investigating characteristics, the prepared biochar was sub-
jected to different tests as an adsorbent for the removal of
MB dye as a contaminant of waters, checking the effects
of physiochemical variables. Then, extensive work was
performed on scrutinization of the adsorption properties;
by using different mathematical models Langmuir, Freun-
dlich, Temkin, Dubinin—Radushkevich, Khan, Sips, Toth,
and Redlich-Peterson models were used to evaluate param-
eters such as maximum adsorption capacity (Q,,,,), affinity
constant (K} ), adsorption intensity (1/n), average adsorption
energy (E), and system heterogeneity. Additionally, kinetic
parameters including the pseudo-first-order rate constant
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(k,), pseudo-second-order rate constant (k,), intraparticle
diffusion coefficient (kip), the Elovich parameters, and the
Avrami model factors were determined to understand the
adsorption properties of the new biochar. Thermodynamic
analysis was also conducted to calculate changes in free
enthalpy (AG®), enthalpy (AH®), and entropy (AS®) to assess
whether the adsorption process is spontaneous and to deter-
mine if it is endothermic or exothermic.

2 Experimental

Neem tree shells (B-700’ precursor) were harvested in Sétif
from Algeria and used as raw material. The precursor small
pieces were subjected by a complete wash: first with the city
water till becoming clear, then complete rinsing with deionized
water to remove any impurity existing with the shells. Subse-
quently, the shell pieces were oven-dried at 110 °C for 48 h.
Following the drying phase, the desiccated material underwent
grinding and sieving to attain the desired particle dimensions
of 200 um. Subsequently, the precursor was subjected to grad-
ual heating from ambient temperature to 700 °C, employing
a heating rate of 5.0 °C per minute, and kept at 700 °C for
a duration of 3 h. Actually, the temperature of 700 °C was
selected after preliminary adsorption studies, which showed
its superiority for MB adsorption, compared to biochars pre-
pared at both higher and lower temperatures. The pyrolysis
procedure was executed within a controlled oxygen-deficient
environment, utilizing a crucible encased in porcelain. The
methodology adopted for this stage closely followed the guide-
lines outlined by Chahinez et al. [21, 22, 28].

Methylene blue (cationic type, chemical formula,
C,¢H,5CIN;S; M, 319.86 g mol™'; solubility, 1 g/25 mL at
298 K) was acquired from Aldrich (USA). Doubly-distilled
water was employed for building all diluted solutions (1 to
200 mg/L), and all utilized substances were of analytical grade.

Following the process of pyrolysis conducted underneath
controlled oxygen-depleted circumstances, the biochar
specimen underwent immersion in a 0.10 M HCI solution.
Subsequently, it was subjected to successive rinsing cycles
utilizing hot deionized water, continuing till the filtrate pH
attained a level of neutral. The resultant biochar, originating
from neem tree shells (B-700), was ultimately oven-dried at
110 °C for a duration of 24 h to ensure that moisture con-
tent remained below 5%. This prepared biochar was then
securely stored within a desiccator until future usage.

The prepared biochar through the carbonization process
at temperatures surpassing the raw material’s final thresh-
old temperature primarily comprises carbon owing to com-
plete thermal degradation of volatile organic components
like hemicellulose and cellulose. This transformation
yields porous materials as a result [6, 20]. Consequently,

for the purposes of this investigation, in this study, we
have centered to use the biochar generated at 700 °C for
both characterization and adsorption analyses.

The prepared sorbent was subjected to characterization
by Fourier transform infrared spectroscopy (FTIR; exploit-
ing JASCO 6800 IR instrument). The textural features of
the biochar, encompassing parameters like BET surface
area (Sgpt), pores volume, and pores size, were ascertained
using conventional analyses of N, adsorption—desorption
isotherm at 77 K. Such analyses were performed utilizing
a Quantachrome Instruments device at a temperature of 77
K. Micrographs for assessing the surface morphology were
taken from a (FESEM, JEOL, JSM-7001F) field emission
scanning electron microscope (FESEM).

The solution acidity at the point of zero charge (pH,,.)
signifies the value of pH where the adsorbents’ surface holds
no net charges. This determination was conducted using a
UV-visible spectrophotometer “SHIMADZU UV-1900 i”
and a pH meter “WTW Inolab 7110.” In the current study,
for determining of ZPC point pH, the initial pH of NaCl-
containing (0.01 mol/L) was adjusted at values in the 2—-13
span, using HC1 or NaOH. Subsequently, at a temperature of
25+1 °C, 25 mL samples of NaCl were individually com-
bined with 25 mg of biochar and subjected to mechanical
agitation for 50 h, with the resulting final pH value being
documented. The drift method was used, and the experimen-
tal outcomes were plotted, and the pHp, value was identi-
fied from the intersection point of the graph [29].

The knowledge of the physicochemical and structural
properties of any solid support is essential to contrib-
ute to grasping the phenomena such as adsorption and
desorption. Hence, after structural characterizations,
adsorption experiments were conducted in closed vials
containing 100 mL of MB solutions at the specified level.
The dye-containing aqueous phase and adsorbent were
agitated at a specified temperature and contact durations,
at an agitating speed of 200 rpm. Afterward, the bio-
char was isolated by filtration through a 45-pm filter,
and the remained level of the dye was determined. The
amount of MB dye was measured exploiting a UV—Vis
spectrophotometry method (by a SHIMADZU UV-1900
instrument) at the wavelength of maximal absorption
(4 max =664 nm). The Beer-Lambert was exploited for
deducing the final MB concentrations.

The experimental results were adopted to evaluate the
effects of agitation time, dye level (1 to 200 mg/L), tem-
perature (15, 25, 35, and 45 °C), and pH (2 to 11) at con-
stant biochar dosage (0.5 g/L) to determine the optimal
circumstances for maximal removal of the MB dye. The
amount of dye uptaken by the solid support at the speci-
fied time (g,) and equilibrium (gq,) in mg/g and adsorption
efficacy (R%) were measured from Egs. (1)-(3):
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where C, C,, and C, are dye concentrations (mg/L) at the begin-
ning, specified time, and at equilibrium, respectively. V (L) is the
dye solution volume, and m (g) is the amount of sorbent.

For the modeling of the adsorption process, several
adsorption models of kinetics and isothermal mathemati-
cal equations were exploited to elucidate the process of
adsorption. The detailed information and route of deriva-
tion of these models have been gathered by Tran et al. [28].
Nonlinear forms of kinetic models, viz. NPFO (nonlinear
pseudo-first order), NPSO (nonlinear pseudo-second order),
Elovich, Avrami, and intraparticle diffusion mathematical
relations can be expressed in the Eqs. (4), (5), (6), (7), and
(8), respectively.

g, = go(1 — ") )
kz X 615
= T ok % 5
+q, Xk, X t
qt_Ex n(a X f Xt) (6)
g, = q,(1 — e Kal™) @)
g =K,xt! +C ®)

where k; is the NPFO rate constant (1/min), k, is that of
the NPSO equation (g/(mg min)), « is the sorption rate at
the beginning (mg/(g min)), f is related to the coverage
extent of the surface and the activation energy related to the
chemisorption (g/mg), k,y is the Avrami kinetic constant
(1/min), n,y is a fractional sorption order corresponding to
the adsorption mechanism, k;_, is the IPD (intraparticle dif-
fusion) velocity constant (mg/(g min'/?), and C is constant
of intraparticle diffusion model (mg/g).

Regarding adsorption isothermal evaluations, Egs.
(9)—(16) express the nonlinear mathematical relations of
Langmuir, Freundlich, Temkin, Dubinin—Radushkevich,
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Khan, Sips, Toth, and Redlich-Peterson adsorption iso-
therms, respectively.

QmaxKLCe
9= Tt ac ©
9. = KFCe (l/n) (10)
q. = Bin(AC,) (11)
qe = qpre” "% € = RTIn(1 + ci (12)
_ qsbKCe
Te = (11 b, C, ) (13)
'/
_ qmax(KS X Ce) !
e = 7 (14)
1+ (KgxC,) /"
g. = QmaxKTCe
e ! (15)
[1+ (K C)'| [
_ KRPCe
ge = T+agCl (16)

where Q:nax is the maximal Langmuir adsorption capacity of the
B-700 (mg/g), K, is the Langmuir constant (L/mg), K is the
Freundlich constant (mg/g)/(mg/L), n is the Freundlich intensity
parameter (dimensionless), A and B are Temkin isothermal con-
stants, and other parameters have been described elsewhere [2].

In all modeling evaluations conducted in the current
work, the nonlinear fitness was performed by Solver in
Excel to minimize the error functions for models, and also
the calculation of all parameters in adsorption kinetics and
isotherms was performed by the same software.

The difference betwixt the values g, or g, acquired from
the experiments (¢ experimental OF Goexperimental) a1d the model
(@esmodel OF Tomode) Was reflected by the coefficient of deter-
mination (R?), the adjusted coefficient of determination

(Rzadj) [23, 30, 31], and another statistical index ()(2).
(qe exp — 9e.mode )2
Rzzl—z P : dlz (17)
Z (qe,exp - qe,mean)
-1
R =1-(1-R)x|-2=—
Adj ( ) <n P (18)
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2
N (Geexp = Decal)
){2 _ Z__l( e,exp e,cal ) (19)
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Where g peqn 18 the average of the g, amounts, 7 is the tests’
number, and p is the parameters’ number in each of the studied
models. The most suitable model has the highest values of Rzadj
and R? and the lowest values of .

Fig. 1 a FTIR spectra of raw 120

3 Results and discussion
3.1 Characterization of adsorbents

The FTIR spectra of raw neem tree shell biomass and the
B-700 samples are illustrated in Fig. la. In both spectra,
we have observed bands with different intensities at around
3300-3350 cm™!, which are indicative of O-H stretching
vibrations. The gross biomass exhibited a characteristic peak
at approximately 2909 cm™'!, which is probably assignable

biomass ((A) black line) and (A)

B-700 sample ((B) red line)
and b pore size distribution for
biochar B-700 derived from
adsorption/desorption isotherm
of nitrogen gas at 77 K
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to the stretching vibrations of C-H moieties in methyl and
methylene. This peak disappeared after pyrolysis due to
the decrease in aliphatic components [32]. The peak at a
stretching frequency of 1613 cm™ is assigned to the pres-
ence of the C=C group in lignin [33], which is an aromatic
compound. Furthermore, the peak observed at 1320 cm™"
may likely be assignable to the stretching vibrations of C—C
and C-N bond stretches [34]. Additionally, the characteristic
peak with a lower intensity of 1045 cm™' can be associated
to the stretching vibrations of C—O-C bonds found in cellu-
lose, hemicellulose, and lignin [35]. The scattering of peaks
following pyrolysis and the appearance of distinct peaks in
the biochar spectrum at 1430 cm™' indicate the stretching
of the C—C aromatic ring and off-plane deformation caused
by aromatic C-H groups at 885 cm™! [36].

Figure 1b and Table 1 present the texture analysis find-
ings for B-700 biochar. This biochar demonstrates a surface
area of 229 m?/g, which is not particularly high, primarily
due to its limited microporosity, estimated at 0.08 and 0.092
cm®/g using the t-plot and D-R methods, respectively. How-
ever, it surpasses certain other biochar variants discussed in
the literature by Xu et al. such as rice straw (with values of
123 m%/g and 0.189 cm?/g) [37], as reported by, and eggshell
(with values of 5.3 m*/g and 0.009 cm?/g), also reported by
Xu et al. [37]. Additionally, when compared to composite
biochar (biochar-ZnO) reported in the same source, B-700
biochar demonstrates superior characteristics, boasting a
surface area of 49.39 m?/g and a microporosity of 0.078
cm3/g [38].

On the contrary, this material possesses a substantial
mesoporous fraction, with estimates of 0.036 cm*/g and
0.023 cm®/g estimated through the t-plot and D-R methods,
respectively. These mesopores are characterized by an aver-
age size of 3.84 nm. Furthermore, the microporous volume
values derived from both the t-plot and D-R methods indi-
cate that B-700 is primarily composed of micropores smaller
than 7 A in size, classified as ultra-micropores according to
the t-plot method. Notably, 20% of these micropores exhibit
an average diameter ranging from 7 to 20 A.

Table 1 Textural characteristics of biochar B-700

Abbreviations Unity Values

1. Pore width

Average pore width L, nm 3.84
2. Pore volume t-plot

Mesopore volume VMeso cm’/g 0.08

Micropore volume VMicro cm’/g 0.036

Total pore volume Viotal cm’/g 0.116
3. Surface area

BET surface area SpET m?/g 229.091

t-plot external surface area  Sg,, m%/g 31
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There are various factors contributing to the specific sur-
face areas of the synthesized biochars, including the pyroly-
sis conditions employed, the choice of diverse feedstocks,
and the potential utilization of activation techniques. To gain
a comprehensive understanding of the influences on biochar
properties, it is crucial to undertake rigorous experimenta-
tion and adsorption analysis.

Figure 2 illustrates the SEM micrograph of two samples:
(a) biochar B-700 and (b) the original biomass. It shows a
diverse structure with pores present in both samples. Notably,
biochar B-700 displays a notably higher level of porosity in
comparison to the raw biomass. This heightened porosity is
a result of the degradation of lignin and cellulose caused by
the pyrolysis process within the biochar’s composition [28].

Fig.2 SEM microstructures: (a) biochar B-700 and (b) raw biomass
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The porosity observed after pyrolysis of the raw mate-
rial is a consequence of thermal decomposition, structural
changes, carbonization, gas evolution, and chemical trans-
formations that collectively lead to the creation of a more
porous material. This increased porosity is advantageous in
various applications, including adsorption processes, as it
provides a larger surface area and greater accessibility for
molecules to interact with the material.

To verify the porous nature of biochar B-700, we will
conduct a specific surface area characterization. The pres-
ence of pores in biochar B-700 holds the promise of substan-
tially improving the efficiency of the provided adsorbents for
the removal of MB molecules from aquatic environments.

The electrical state of the surface of adsorbent in aque-
ous phases is generally characterized by the zero point of
charge (ZPC). This point can be described as the solutions’
circumstance in which the density of surface’s charge is
equal to zero. Usually, methods like potentiometric titration
or similar procedures are recruited for the determination of
ZPC pH, by determining the point at which ionic strength
has no effect on the density of surface charge, when the
used electrolyte for adjusting ionic strength is inert [39, 40].
Figure 3 illustrates the curve depicting the PZC of B-700
and its impact on the adsorption phenomenon. The pHp, -
value of B-700 was found to be 8.22, as depicted in Fig. 3.
This pHp, value signifies that the biochar’s surface carries
a negative charge when the pH of the solution is greater
than 8.22 (pH > pHpy), which enhances the absorption of
the MB dye present in the solution. Conversely, when the
pH drops below the pHpy value (pH <pHpy(), the surface
of this adsorbent becomes positively charged, rendering the
adsorption of cationic dyes like MB less favorable [41].

pHzpc=8.17

pH; - pH;

-1

-2

pH

3.2 Biochar B-700’s adsorption study
3.2.1 Influence of pH on sorption

To investigate the influence of the impacts that pH levels
impose on the adsorption process, from dye aqueous phases,
a series of experiments were conducted within the pH range
spanning from 2.0 to 12.0. The changes in the quantity of
sorbed dye as a pH function are visually depicted in Fig. 4.
As one may know, when the pH is less than the pHp,- value,
the surface of this adsorbent acquires a positive charge, ren-
dering the adsorption of cationic dyes like MB less favora-
ble. In fact, the outcomes vouchsafe that the adsorption
of dye by the adsorbent is strongly correlated with the pH
level of the solutions. Notably, the retention of MB dye by
B-700 experiences a notable increase as the solution’s pH
shifts toward the alkaline side, particularly within the pH
range of 8 to 9, surpassing the pHyp, threshold of 8.22. In
essence, the quantity of dye retained by B-700 in various
solutions is intricately tied to the solution’s pH, with a pro-
nounced enhancement in MB dye retention observed as the
pH becomes more basic.

Because of the basic nature of the MB, its dissolution
in water causes the formation of ions which are positively
charged and can explain increased dye sorption extend in the
presence of increased negative charges of biocar’s surface in
the high pHs. Hence, in addition to other forces, the electro-
static attractions may play a major role in the dye sorption
onto B-700. Such interaction mechanisms are principally
controlled by the level of pH of the aqueous phase and can
elucidate the changes in the MB’s removal efficacy in the
process [39]. Therefore, the dye retention capacity of biochar

1 3 5 9 11 13
ph

Fig.3 Zero point of charge (ZPC) curve of B-700

Fig.4 The pH’s influence on the adsorption phenomenon
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started to rise at pH =2 and reached its maximum at a pH
as high as 8.5. Nevertheless, because of the augmentation
of concentration hydroxide anions at very high pH levels,
the adsorption capacity of the biochar declines at these pH
levels.

3.2.2 Impact of contact time on adsorption and kinetic
scrutinization

The kinetics of the adsorption process should be exam-
ined in order to ascertain the pace at which wastewater is
treated to remove methylene blue (MB) dye. This data is
essential for creating effective treatment plans and making
sure the procedure can work within reasonable time limits.
Additionally, the kinetic analysis sheds light on the possible
mechanisms—such as mass transfer, chemical reaction, or
diffusion—that may be in charge of the adsorption process.

The impact of contact duration on the adsorption process
of MB dye onto B-700 biochar is demonstrated in Fig. 5a,
while the employed kinetic models are fitted in Fig. 5b. The
associated constants and statistical errors are summarized
in Table 2. As the outcomes vouchsafe, for all dye levels

studied, within the first 50 min of contacting, the removal
extent of the dye from the solution (adsorption onto B-700)
steadily increased, reaching approximately the maximal
levels of adsorption, and after that, the adsorption amounts
are marginal. This rapid uptake can be assignable to copi-
ous active sites on the B-700 absorbent surface, facilitating
substantial removal activity. However, as these adsorption
sites gradually became saturated, the adsorption rate subse-
quently decelerated [39]. In fact, for complete equilibrium,
the initial 50 min of contact between biochar B-700 and the
dye proved insufficient, and the system gradually attained
equilibrium after a longer contact period, which took nearly
3 h to reach. At this equilibrium point, B-700 exhibited
adsorption capacities of 46, 81, 83.54, and 105.73 mg/g at
initial concentrations of 25, 50, and 75 mg/L, respectively.
In the current study, we analyzed time-dependent
adsorption data using four distinct kinetics models. These
models were assessed based on correlation coefficients
(R?) and their alignment with experimental results. Nota-
bly, the R? values for NPSO kinetics surpassed those for
NPFO kinetics, and the calculated g, values closely mir-
rored the experimental ¢.. These findings suggest that the

Fig.5 (a) Influence of contact 120 o = 25mg/L o 50mg/L o 75mg/lL
time on the adsorption capacity = 25mg/L e Somg/ll o 7Smg/l 110 me m me
of B-700 for the dye (experi- up ¢ ]
o S 100 g ¢ 3 8 ¢ . y=0.9153x +90.924
mental conditions: C,=25, 50, 3 $ R?=0.9666
and 75 mg/L; pH=9; m/V =0.5 ©E 3 100 F M
g/L; and T=25 °C), (b) fitness 80 F 3 3 ¢ 8 8 3 & 0@ s
of several kinetics equations ‘:b: 70 F § y=2.8946x +72.832
with the data at the mentioned o0 60 £33 90 [ Re=1
conditions, and (c) intraparticle é 50 fa
@ffusmn plots for MB ads.orp— S a0 g = = 8 i & = . y=7.2829x + 46.01
tion on B-700 at the mentioned 50 1] # 2 80 F R2=1 ././.A"
conditions ] =
1 y=1.0454x + 67.67
20 (a) R?=0.9838
10 F o
bp 70
0 o0
0 40 80 120 160 200 240 é =7.9595x + 24.404
t (min) © R:=1
o60 F
o y=15.871x + 13.011
= 25mg/L ® 50mg/L R =
N 50 F
140 ¢ 75mg/L PSO fit y=0.613x + 35.847
——PFOfit - Elovich Fit y #15.115x + 2.201 .R:;Eﬂma
120 Avrami fit w0 f R ./l/'
y=1.0675x + 31.354
R?=0.9995
30 f
y=6.783x +0.1215
20 F 2=0.9878
10
(c)
0 Lo il il
20 60 100 1 180 0 3 6 9 12 15
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Table 2 Kinetics parameters

. Model Parameteres Unit Cy
for the adsorption of methylene
blue (MB) onto biochar B-700 25 50 75

Geexp mg/g 44.3 82.5 104.4

NPFO model qe mg/g 46.8 83.9 105.8

g, = g.(1 - e(h0) K, /min 200E3  1735E3 1.48E-3
R, 0.9939 0.9991 0.9994
R? 0.9922 0.9993 0.9996
7 0.175 0.153 0.153

NPSOerr;Cg)del q. mg/g 41.9 71.1 97.5

= T k, g/mg min 0.08 0.10 0.11
R, 0.9754 0.9842 0.9876
R? 0.9809 0.9877 0.9901
Ve 0.811 2.477 3.598

Elovilch model a mg/g 11.4 57.1 88.6

q: = 5In(1 +af) ; mg/(g X min) 0.12 0.08 0.06
R, 0.9103 0.9882 0.9938
R? 0.9304 0.9909 0.9952
Ve 2.024 1.836 1.709

Avrami model q. mg/g 42.8 80.2 103.3

4 = qe(1 — e Ea™) My 0.807 0.630 0571
K, 1/min 0.068 0.080 0.091
R, 0.9931 0.9991 0.9999
R 0.9945 0.9993 0.9997
7 0.140 0.133 0.181

Intraparticle diffusion Kipy (mg/g min®3) 6.78 15.11 15.87

q.=Kpt /2 +C 1) (mg/g) 0.12 2.20 13.01
R? 0.988 1.0 1.0
Kip 2 (mg/g min®) 1.07 7.96 7.29
c, (mg/g) 31.35 24.40 46.01
R? 0.999 1.0 1.0
Kips (mg/g min®) 0.61 1.05 2.89
oA (mg/g) 35.85 67.67 72.83
R? 0.980 0.984 1.0
Kipa (mg/g min®) - - 0.91
C; (mg/g) - - 90.92
R? - - 0.980

most accurate representation of sorption kinetics is pro-
vided by the pseudo-second-order kinetic model. Some
researchers have mentioned that the pseudo-first-order
model posits physical adsorption, where the rate of sol-
ute absorption over time is directly proportional to the
solute concentration-to-solid quantity ratio [42], while
the pseudo-second-order kinetic model is founded on the
assumptions that the rate-limiting stage might involve
chemical adsorption or chemisorption, characterized by
valence forces via exchange or sharing of electrons betwixt
sorbents and sorbates [43]. Although such conclusions
seem to be rational, the decision about the nature of the

sorption process should be made by considering other
studies like thermodynamic ones. By and large, one can
claim that, when the NPSO model has a high goodness-of-
fit with the data, the interaction between sorption sites and
adsorbate molecules is the rate-controlling stage.
Avrami’s fractional order model also gave a better fit
(Rﬁclj larger than 0.993) for the given experimental out-
comes, whose Avrami kinetic constants at 25, 50, and 75
mg/g were respectively 0.068, 0.080, and 0.091 (1/min).
The Avrami exponent (n,y) was larger than 0.571. The
values were betwixt 0 to 1, suggesting that the adsorption
mechanism is probably managed by diffusion [30].
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The plots shown in Fig. 5c indicate multilinearity, sug-
gesting the occurrence of multiple distinct steps, which illus-
trates a graph representing the linearized form of the intra-
particle diffusion model for the investigated concentrations.
For example, at the dye concentration of 25 mg/g, it reveals
that the initial phase, characterized by rapid external surface
adsorption, concludes within the first 50 min, followed by
the controlled intraparticle diffusion phase (step 2), which
persists from 50 to 100 min. Subsequently, the equilibrium
adsorption phase (stage 3) commences after 100 min. How-
ever, for higher concentrations, the first two stages take
shorter times. Also, a fourth stage can be assumed for the
highest studied concentration (75 mg/L), which is related
to the most inner pores of the biochar beads. During this
stage, methylene blue undergoes gradual transport through
intraparticle diffusion into the beads and eventually becomes
entrapped within the micropores. Typically, the slope of
the line observed during these stages is related to as the
intraparticulate diffusion rate constant [37]. Generally, the
first part corresponds to the rapid external surface sorption
(instantaneous sorption), the second part represents the
controlled progressive sorption with intraparticle diffusion
regulation, and the next parts signify the equilibrium stages
where intraparticle diffusion slows down due to exceedingly
low adsorbate concentrations in the solution [37]. The result
serves to visualize the linear forms of the intraparticle dif-
fusion model at the analyzed dye levels and also highlights
the presence of external surface adsorption in the initial step,
completed within the first minutes of contact. Subsequently,
the intraparticle diffusion through larger pores (next steps)
extends, followed by another next step and, finally, the onset
of equilibrium sorption (stage 3 for initial dye concentrations
of 25, and 50 mg/L and stage 4 for initial concentration of
75 mg/L). During this process, methylene blue molecules
gradually interact with the sorption sites even in the most
inner parts of the beads (i.e., the most inner micropores).
The following tips can be inferred from the results:

The first phase, which is marked by fast exterior surface
adsorption, is finished in the first 30 min at lower dye con-
centrations. This stage is the immediate sorption of MB
molecules onto the biochar’s exterior surface. Because there
are more MB molecules available at greater concentrations,
which quickly saturate the exterior surface sites, this phase
lasts shorter. In the second phase, a harsher control is exerted
for intraparticle diffusion into narrower pores which are still
near the beads’ surface. The equilibrium adsorption phase
happens sooner at lower dye concentrations, like at 25 and
50 mg/L whose equilibrium is completed at stage three. As
the concentration of MB molecules in the solution decreases
and achieves equilibrium, the adsorption rate slows down
during this phase. However, an extra step that appears at the
highest dye concentration (75 mg/L) is probably the result
of MB molecules diffusing into the biochar’s innermost
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micropores. This step denotes a deeper penetration into the
sorbent structure with the progressive transit and trapping
of MB within the finest interior pores.

3.2.3 Adsorption isotherm and effect of initial dye level

To comprehend how MB dye molecules interact with the
biochar surface at various concentrations, it is crucial to look
at isotherm research. It is possible to ascertain the adsorp-
tion capacity, surface characteristics, and affinity of the
biochar for MB by fitting the experimental data to several
isotherm models. This information aids in forecasting the
performance of the biochar in practical applications and in
the optimization of the adsorbent dose.

The experimental outcomes of equilibrium sorption were
acquired underneath batch runs by changing initial levels
of MB dye from 10 to 200 mg/L and maintaining the sorb-
ent/liquid ratio of 0.5 g/L at different temperatures 15, 25,
35, and 45 °C. To recognize the nature of the sorption phe-
nomenon, the shape of isothermal curves is one of the pri-
mary tools which can be evaluated [44]. The data shows that
increasing the temperature has a positive on the removal per-
centages (Fig. 6a—d). Also, the functions of MB molecules’
adsorption (g, versus C,) at different temperatures have been
demonstrated in Fig. 6e—h which vouchsafe that the extends
of adsorption are slightly higher at higher temperatures.
The raise of dye concentration is one of the most important
stimulates in the adsorption process, although other factors
can sometimes have a valuable effect on the sorption extend.
The isotherms (Fig. 6e-h) show that, at the low C, values,
the slope of the curves is quite steep, which imply to the high
affinity of biochar for MB adsorption.

The results obtained from isothermal modeling are
reported in Table 3. One can grasp from the results that the
Langmuir model, along with some three-parameter equa-
tions including Redlich-Peterson, Sips, and Khan equations,
has a good fitness with the experimental data, vouchsafing
the monolayer sorption mechanism. Also, the exponent val-
ues of the three-parameter models are near unity, which is
another proof of the monolayer mechanism of the process
[2]. These studies show that the best match for our experi-
mental results in this investigation was given by the Lang-
muir isotherm model, which implies that adsorption takes
place on a homogenous surface with a finite number of iden-
tical sites. According to this monolayer adsorption method,
each dye molecule occupying the charcoal surface takes up
a particular location without interacting with other adsorbed
molecules.

Maximum quantity values for g,,, (mg/g) for the pre-
pared biochar at the studied temperature varies from 126.39
to 151.17 mg/g, showing the large potential of the biochar
for MB removal plans, from waters and wastewaters.
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3.2.4 Adsorption thermodynamics

Thermodynamic assessments are essential to identify adsorp-
tion routes. The degree of randomness at the solid-liquid
interface and the type of the adsorption, including whether it
is endothermic or exothermic, may be inferred from param-
eters like enthalpy (AH®), entropy (AS°), and Gibbs free
energy (AG®). These elements are essential to comprehend-
ing the energy shifts that occur during adsorption and guar-
anteeing the process’s stability and effectiveness in a range

of environmental circumstances. The endothermic nature of
the adsorption process in our investigation, as indicated by
the positive enthalpy change (AH®), suggests that energy is
needed to potentially cross the activation barrier for chem-
isorption. The process is confirmed to be spontaneous by the
negative Gibbs free energy (AG®), and the possibility of MB
adsorption onto the biochar is further supported by the posi-
tive entropy change (AS°), which indicates greater random-
ness at the solid-liquid interface during adsorption. The ther-
modynamic parameters of sorption are usually computed by
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Table 3 The values of
parameters for isothermal
models exploited in the
equilibrium evaluations
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Equation Parameter Unit Value
15°C 25°C 35°C 45°C
Langmuir Gmax mg/g 126.39 134.13 141.90 151.17
qe = "HT K, L/mg 0.153 0.170 0.191 0.219
Ve 0.60 0.86 0.19 0.47
R? 0.9982 0.9960  0.9991  0.9987
R, 0.9977 0.9950  0.9988  0.9983
RL 0.0129 0.011 0.010 0.009
Freundlich K mg! -~/ 33.94 36.99 40.73 44.49
4. = K:C, /. Ll/n/g(lln)
Ll/n, g 1)
n 3.47 3.50 3.56 3.57
Ve 20.90 23.25 26.74 28.61
R? 0.9185 09134 09070  0.9099
R, 0.8981 0.8917  0.8838  0.8874
Temkin A L/g 23.23 24.69 25.62 27.19
4. = BIn(AC,) B 2.01 231 2.76 3.13
Ve 10.25 423 5.04 451
R? 0.9396 09770 09756  0.9793
R, 0.9245 09712 09694  0.9741
Dubinin—Radushk- ¢, (mg/g) 112.30 11634 12442 13153
evich
4. = qpre~KmE & (kJ/mol) 0.12 0.15 0.17 0.22
& =RTIn(1 + CQ) Ve 23.45 36.45 33.45 35.47
‘ R? 0.8894 0.8068  0.8959  0.8776
R, 0.8617 0.7736  0.8699  0.8470
Sips 1 Gona (mg/g) 128.04 135.01 143.35 153.98
o ol
s7Ce n 1.02 1.01 1.02 1.04
Ky (L/mg) 0.147 0.167 0.187 0.208
Va 0.62 0.84 0.22 0.45
R? 0.9980 0.9961  0.9989  0.9989
R, 0.9972 0.9944 09984  0.9984
Toth ke Gona (mg/g) 134.54 14232 149.59 16221
N A T - 0.85 0.86 0.86 0.82
Ky (mg/L) 0.154 0.173 0.189 0.226
Ve 3.17 428 472 6.19
R? 0.9895 0.9862 09864  0.9851
R, 0.9850 0.9804  0.9805  0.9847
Redlich—PeCt?rson Kg.p (L/g) 19.65 23.45 27.47 34.74
e = Tragcr n 0.99 0.99 0.99 0.99
ag_p 0.161 0.184 0.197 0.251
7 0.62 0.83 0.22 0.40
R? 0.99799970  0.9959  0.9988  0.9989
R, 0.9970 0.9949 09983  0.9974
Khan oec. qs (mg/g) 122.41 128.14 13976  139.59
e = Teneew a 101 1.02 101 1.03
by 0.159 0.182 0.196 0.246
7 0.63 0.83 0.22 0.41
R? 0.9993 0.9987 09996  0.9990
R? 0.9980 0.9967  0.9988  0.9986
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Fig.7 In K plot as a function of 1/7 for thermodynamic evaluations

adopting the thermodynamic laws set out in Egs. (20) and (21),
where AG° is the Gibbs energy change, AH® is the enthalpy
change, AS° is the entropy change, and K is the equilibrium
constant (dimensionless).

AG° = —RTInK (20)

AG® = AH? — TAS? 21

which the former shows the relation betwixt AG° and equi-
librium constant and the latter demonstrates the relationship
between AG° and AH® and AS°.

The famous van’t Hoff expression is acquired by substi-
tuting Eq. (20) in Eq. (21):

0 0
InK =—ATHX%+% 22)

In the current work, AG® was estimated directly from
Eq. (20), while AH® and AS° were determined from the
slope and intercept van’t Hoff plot (Fig. 7), respectively, i.e.,
In K- plot as a function of 1/T (Eq. (22)).

The K values at different temperatures were derived
from the Langmuir constant (K; ) by multiplying the K| by
the molecular weight of the MB dye and 1000 [5, 45, 46].

The thermodynamic characteristics of methylene blue
(MB) adsorption onto the prepared biochar are summarized
in Table 4. The negative AG® values vouchsafe that the

adsorption is favorable and occurs spontaneously, requir-
ing minimal activation energy at the specified temperature
[47-49]. Additionally, the positive AH® value (14.07 kJ/mol)
indicates that the adsorption process is endothermic, and the
amount (lower than 21.9 kJ/mol) reveals that the physiosorp-
tion is predominant, i.e., the adsorption proceeds via physi-
cal forces like n-m interaction, hydrogen bonding, cation-n
interaction, and electrostatic interactions [2]. This is further
supported by the increased quantities of adsorbed MB (g,)
and larger equilibrium constant (K) observed at high tem-
peratures, as reported in previous studies [2, 44, 50]. The
positive values of AS° suggest that the lower organization is
happening at the solid/solution interface during the process
which can be attributed to the liberation of water molecules
and their replacement with MB molecules.

3.3 Comparing biochar performance with other
biochars

The comprehensive scrutiny of adsorption properties for
neem tree shell-based biochar in the current study indicates
that this biochar can be applied for removing MB from
waters. Also, it should be mentioned that MB bears struc-
tural similarities with some pesticides, pharmaceutical com-
pounds, and other organic compounds that can be adsorbed
onto the new biochar via the interaction forces implied in
Sect. 3.2.4, i.e., n-x interaction, hydrogen bonding, electro-
static interactions, and cation- & interaction, and therefore
can be also applied for removal of such contaminants from
waters too [51, 52]. Also, through ion-x interactions, inter-
actions with functional moieties existing in the structure of
neem tree shell-based biochar, etc., this biochar can also
adsorb anionic and cationic inorganic contaminants. It can
be claimed that the high performance of the new biochar
toward the adsorption of MB in this study can be taken as a
gauge for its ability to remove other harmful contaminants
from aqueous solutions. Anyway, before any practical usage,
the performance of the new biochar in those systems should
be scrutinized and optimized.

To grasp the extent of the performance of the new bio-
char for MB removal, comparing the adsorption results of
this study to those of some other biochars is demonstrated
in Table 5. As can be observed, in comparison to biochars
produced from other precursor biomasses, tree shell-based

Table 4 Parameters of
thermodynamic studies of MB
dye adsorption on B-700

T (K) K¢ van’t Hoff equation Thermodynamic parameters
AG° (kJ/mol) AH® (kJ/mol) AS° (J/mol K)
293 4.86E + 04 AG°=—1692.1/T+16.6 -26.29 14.07 137.86
298 545E+04  R?=0.9832 ~27.02
303 6.14E+04 —27.78
313 7.03E+04 —29.04
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Table5 Comparing different biochars’ performance toward MB
removal with neem tree shell-derived biochar

Biochar precursor biomass 7 (°C) pH  Adsorption  Ref

capacity
(mg/g)

Pine pine wood 25 6.5 3.99 [53]
Pig manure 25 6.5 16.30 [53]
Cardboard waste 25 6.5 1.66 [53]
Wheat straw 20 89 14.16 [54]
Wheat straw 30 89 14.98 [54]
Wheat straw 40 89 16.92 [54]
Eucheuma cottonii Sea- 25 40 107.33 [55]

weed
Banana pseudostem 15 7.0 87.13 [56]
Banana pseudostem 25 7.0 85091 [56]
Banana pseudostem 35 7.0 90091 [56]
Banana pseudostem 45 7.0 89.77 [56]
Date seed - 3.7 4257 [57]
Pongamia glabra seed 28 3-10 1.62 [58]

cover
Sewage sludge and pine 35 7.0 16.75 [59]

sawdust
Date palm petioles 25 7.0 46.58 [60]
Municipal sewage sludge 25 11.0 24.10 [5]
Municipal sewage sludge 35 11.0 28.82 [5]
Municipal sewage sludge 45 11.0 29.85 [5]
Neem tree shell 15 85 126.39 This study
Neem tree shell 25 8.5 134.13 This study
Neem tree shell 35 8.5 141.90 This study
Neem tree shell 45 85 151.17 This study

biochar causes a good efficiency in the removal of MB
from waters, because of its high adsorption capacity. Such
a biochar can be produced from neem tree shell wastes with
ease and speed and be exploited as an adsorbent for MB
removal from aqueous solutions, especially in developing
countries [51].

4 Conclusion

In this study, a sustainable method was successfully adopted
to treat methylene blue-laden waters and wastewaters using
adsorption technology. Agricultural wastes, specifically
neem tree shells, were utilized to prepare biochar (B-700),
which was then employed as an adsorbent for dye removal.
The biochar demonstrated significant potential for effi-
ciently removing methylene blue from aqueous solutions
within a pH range of 8.5 to 9. The equilibrium adsorption
data showed excellent alignment with the Langmuir iso-
therm model, indicating a monolayer adsorption process on
a surface with a finite number of identical sites. The biochar
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exhibited an adsorption capacity of 134.13 mg/g at ambient
temperature (25 °C), and this capacity increased to 151.17
mg/g at elevated temperatures (45 °C). This increase under-
scores the enhanced performance of B-700 at higher temper-
atures and confirms the endothermic nature of the adsorption
process. Kinetic analysis revealed that the adsorption pro-
cess is relatively rapid, with pore diffusion playing a signifi-
cant role in the overall adsorption mechanism. This finding
highlights the effectiveness of B-700 in quickly addressing
dye contamination. The results of this study emphasize the
potential of using naturally derived waste materials, such as
neem tree shells, as efficient and sustainable adsorbents for
wastewater treatment. The successful application of B-700
for the removal of cationic dyes like methylene blue sug-
gests that this approach could be extended to other types of
organic pollutants and contaminants. Future research could
explore the scalability of this method for industrial applica-
tions and assess the long-term stability and reusability of
the biochar. Additionally, investigating the performance of
B-700 in removing a wider range of pollutants and under
varying operational conditions would provide further
insights into its practical applicability. Overall, this study
contributes to the growing body of knowledge on sustain-
able waste management and wastewater treatment solutions.
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