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Abstract

For sustainable development, wastewater treatment and recycling are inevitable; using adsorbents to treat wastewater is
widely accepted. This article is aimed to synthesize adsorbents (novel biochars) from agricultural wastes and to investigate
the adsorption behaviours of Pb(ll) and Cd(ll) on novel biochars. Nitrogen purged biochar (NPBC) was synthesized by
pyrolysis with nitrogen purgation of wheat straw; whereas, steam activated biochar (SABC) was synthesized by pyrolysis-
cum-hydrothermal (steam) activation. Synthesized NPBC and SABC were characterized by physical, chemical, XRD, FTIR,
and SEM-EDX methods. SABC was more porous and amorphous in nature with higher specific surface area (SSA), but
consisted relatively less polar surface functional groups than that of NPBC. The external layer of both NPBC and SABC
were negatively charged (pH > pHp,c). Results revealed that SABC exhibited 97% and 80% recovery efficiency of Pb(ll) and
Cd(ll), respectively, while NPBC demonstrated Pb(ll) and Cd(ll) removal efficiencies of 87.6% and 69.4%, respectively, at
initial concentrations of 50 and 5 mg L™'. Adsorption of Pb(ll) and Cd(ll) upon SABC and NPBC occurred spontaneously,
also exothermically, but decreased with increased reaction temperature. The maximum adsorption capacities (q,,) of
NPBC and SABC for Pb(ll) were 452.13 and 1117 mg g", whereas for Cd(ll) those were 314.9 and 470.43 mg g", respec-
tively, according to the Langmuir isotherm approach (R?>0.989). So, SABC performed better than NPBC for removing
both metals from wastewater. Both NPBC and SABC exhibit substantial prospects for regeneration and consequent
adsorbent recovery. Hence, the designed adsorbents can be very effective towards cationic toxic heavy metal removal
from wastewater.

Article Highlights

e Wheat straw was modified to N,-purged biochar (NPBC) and activation with hydrothermal action (SABC) for the
removal of Pb(ll) and Cd(Il)
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e SABC proved better adsorption capacity compared to NPBC, involving physical adhesion, electrostatic attraction and
transfer of ions

e Up to three recycling periods, the adsorbents indicate a satisfactory metal removal capacity offering a sustainable
eccentric material

Keywords Wheat straw - Steam activated biochar - Nitrogen-purged biochar - Heavy metals - Adsorption mechanisms -
Wastewater - Kinetics - Thermodynamics - Isotherm

1 Introduction

With the advancement of urbanization, civilization, and industrialization worldwide, approximately 380 billion cubic
meters of wastewater are produced every year [1]. The majority of wastewater is produced by households (50-80%), with
the industrial sectors contributing 20-30%, and discharged into the natural ecosystems [2]. Additionally, nearly 5500
billion cubic meters of fresh water are getting contaminated every year [2]. By 2025, it's predicted that approximately
67% of the globe’s inhabitants could experience water scarcity; also, worldwide ecosystems will severely suffer due to
contamination of the food chain via unsafe water [3]. Pb(ll) (lead) and Cd(ll) (cadmium) are a pair of heavy metals (HM)
that are discharged into the environment through mining, manufacturing, and agricultural activities, domestic effluent
discharge, and natural mineral weathering and volcanic phenomena [4]. A concentration of Pb or Cd above 0.05 mg L™
in drinking water can cause multiple diseases in humans, sometimes resulting in fatality [5]. For example, prolonged
exposure to Pb may result in reproductive disorders, cardiovascular problems, kidney damage, impaired brain develop-
ment and renal function, elevated blood pressure, and increased risk of hypertension in humans [6]. Similarly, exposure
to Cd, even at a low level, may alter bone composition (ltai-itai disease) and renal failure in humans [6]. A concentration
of Pb or Cd above 5 mg L' in irrigation water often causes severe toxicity in plants, impacting crop growth and yield
and increasing the possibility of transfer of these metals into the human body through food [5]. Therefore, it is crucial
to treat wastewater and lower the levels of heavy metals, including Pb and Cd, before using it for alternative purposes.

Various physico-chemical and biological techniques, including flocculation, membrane-based filtration, electrolysis,
adsorption, ion exchange, and complexation, can be employed to eradicate heavy metal ions from wastewater [7-10].
Most of the above-mentioned methods have several limitations such as expensive, secondary pollutant creators, toxicity
enhancer and requirement of longer period. Over other techniques, the adsorption process has a number of advantages,
such as low-cost involvement, low energy consumption, reusability for use, operational design flexibility, and robust
working conditions [11, 12]. The issue with financial commitment in the source accessibility could be resolved by using
waste materials of biological origin, such as agricultural residues, as adsorbents [13]. Wheat straw, which biochemically
is composed of lignin, cellulose, and hemicellulose, is a well-known biosorbent of HM ions [13]. Wheat straw adsorbents
contain ether, carbonyl, and hydroxyl functional groups, which are essential for binding HM ions through chelating,
complexing, coordinating, electrostatic attraction, and hydrogen bonding mechanisms [14, 15]. However, pristine wheat
straw adsorbents suffer from low HM removal capacity due to restricted surface area, fewer active sites for adsorption,
and fewer hydroxyl, carbonyl, and methoxy groups present on the surface [16, 171.

Improving the HM adsorption ability of agricultural residue-based adsorbent is of continuing interest to researchers,
and this has often been attempted to achieve through chemical and/or physical modification of the raw materials [11,
18]. Among the modification methods, conversion of crop residues into biochar (BC) through pyrolysis and use of the
biochar for removing HM from wastewater have received tremendous momentum in the last decade [19]. For example,
BC from wheat straw had a comparatively higher particle surface area as well as porosity with a multi-channel micropore
structure in comparison to pristine wheat straw [20, 21]. Fe-functionalized wheat straw biochar had a higher Cd(ll) adsorp-
tion capacity (82.84 ppm); additionally, greater removal efficiency for Pb(ll), which was (111.24 ppm) from wastewater,
and better regeneration ability [14]. Wheat straw is a by-product that is acquired following the wheat harvest which is
the second abundant agricultural waste biomass; about 354 million tons of wheat straw are generated worldwide [22].
37-40% cellulose, 21-25% hemicelluloses, and 11-22% lignin was found in the compositional analysis of wheat straw
[13]. The traditional wheat straw management practice in India is in-field burning, which is detrimental to the environ-
mental quality and human well-being [23, 24]. Converting wheat straw to biochar and using the biochar for HM removal
from water thus offers an opportunity to tackle multiple environmental issues, including air pollution, water and soil
contamination, and agricultural waste recycling.
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Biochar is becoming increasingly popular as a potential low-cost alternative to costly activated carbons [25, 26].
Biochar often exhibits improved adsorption qualities over the unprocessed original biomass of agro-waste through
significant physical and chemical changes that typically include an increase in surface area, pore volume and changes
in surface chemistry (more functional groups) that make biochar more effective at adsorbing various substances. Pop-
lar biochar had a higher Cr(ll) and Cu(ll) adsorption capacity (27.9 and 31.7 umol g~') compared to original feedstock
(14.9 and 9.1 pmol g™'); similarly, corn biomass is less effective in removing Cr(ll) and Cu(ll) (35.7 and 13.4 pmol g™') in
comparison with corn biochar (109 and 128 pmol g~') from wastewater, and lower regeneration ability [27]. Further-
more, pomegranate peel derived biochar 290.04 mg g™') better performs as adsorbent compared to original feedstock
(77.87 mg g~') for dye removal from wastewater [28]. Moreover, increasing the specific surface area of biochar improved
the adsorbent’s ability to remove HM [29]. Activation of biochar with steam in a hydrothermal treatment was reported
to increase the specific surface area of biochar significantly [30]. Additionally, the steam activation could increase the
proportion of responsive functional groups of biochar’s surfaces that facilitate HM adsorption via promoting various
binding mechanisms [31]. To date, several studies have concentrated on the heavy metal elimination from wastewater
using pristine as well as modified biochar; however, a few studies have focused on wheat straw biochar produced via N,
purging. However, short of information is available regarding lead and cadmium removal using steam activated wheat
straw biochar (SABC). There is a need for more research on developing cost-effective and environmentally friendly sim-
ple technologies to scale up biochar-based heavy metal removal. The originality of our effort comprises utilization of
residual wheat straw, which would otherwise be burned in field causes environmental pollution. This raises the viability
of pyrolysis economically and provides a sustainable water treatment solution that aligns with the circular economy’s
tenets. Additionally, the energy intensive carbonization and activation techniques are utilized in preparing biochar,
therefore, biochar are regenerated or recycled for several adsorption cycles in this study, which improved its economic
viability. A comparative assessment of SABC with N, purged biochar (NPBC) in terms of their physico-chemical properties
contributing to interactive mechanisms for HM removal is also a least reported area. Here we hypothesize that the steam
activation of wheat straw biochar will improve the SSA via enlargement of internal cavities and increased microporosity
that would then result in higher HM removal by the activated biochar through physisorption. The objectives of this study
are (1) to synthesize NPBC from wheat straw and modify it via hydrothermal activation to obtain SABC; (2) to thorough
characterization of the NPBC and SABC using state-of-the-art analytical methods; and (3) to study the adsorption kinetics,
isotherm and thermodynamic properties of Pb(ll) and Cd(ll) on NPBC and SABC, as well the key mechanisms of adsorp-
tion. Simply, SABC demonstrated superior repurposing potential with three times reusability as adsorbent materials.

2 Materials and methods
2.1 Reagents and materials

Wheat straw (WS) (Triticum aestivum L.) feedstock was collected from the research farm of the Indian Council of Agricul-
tural Research-Indian Institute of Soil Science, Bhopal (23.3078° N, 77.4069° E) to prepare the biochar. As analyzed on
a CHN analyzer (Thermofisher SCIENTIFIC NC Flash 2000, USA), the C and N contents of the wheat straw were 40.1 and
0.3%, respectively and the average moisture content is 11-12%. Analytical-grade lead nitrate (Pb(NO;),) and cadmium
nitrate tetrahydrate (Cd(NO;),. 4H,0) had been procured via Merck India Limited. Other reagents were obtained from
HiMedia Laboratories Pvt. Ltd.

2.2 Synthesis of N,-purged and steam-activated biochar

The procedure of the biochar preparation in this study was done by the following method. The first step in this pro-
cedure is to wash the wheat straw with deionized water. Following washing, the wheat straw was further exposed to
natural drying and grinding with a dry biomass grinder to a size of less than 2.5 mm. Then it was powdered to a size
of <1 mm. The goal of the drying process is to remove any remaining moisture before the pyrolysis process, which
produces biochar. Biochar was prepared through pyrolysis of that dried and processed wheat straw in a custom-
designed batch type tubular stainless-steel pyrolysis reactor (length 600 mm and internal diameter 100 mm). The
pyrolysis reactor was fabricated and optimized for operation at the Indian Council of Agricultural Research-Central
Institute of Agricultural Engineering, Bhopal [32, 33]. A K-type thermocouple was installed in the reactor’s centre that
measured the temperature inside the reactor. Each batch of pyrolysis accommodated 0.2 kg of dried and processed
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wheat straw feedstock. Before loading of the feedstock, N, gas purging into the reactor was adjusted to a constant
rate of flow rate of 3 L min~'. The NPBC was obtained via wheat straw pyrolysis with N, purging conditions for 2 h
at 700 °C. The SABC was obtained by combining the above N, purging with a steam activation during the pyrolysis
process. Steam was generated by a steam generator using distilled water at 2 bar pressure and was connected to
the reactor to supply steam at a rate of flow of 5 L min~' throughout the pyrolysis for 2 h. The reactor was turned off
after 2 h (the steady state persisted) of operation, then synthesized SABC and NPBC were transferred from the reactor
when the temperature attained 30 °C, then traversed via a 0.149 mm sieve to separate the fine fractions of biochar.
The C% and N% of the NPBC were 48.7 and 28.3%, respectively; whereas those were 69.5 and 0.58%, respectively,
in the SABC (Table 1).

2.3 Characterizations of NPBC and SABC

Fourier transformed infrared (FTIR) spectroscopy (Thermo Scientific” Nicolet™ iS5" FTIR spectrometer, USA; installed with
fast recovery DTGS detector) was used to examine (with KBr palette) the formation of new bonds and the breaking of
previous ones within the WS, NPBC, and SABC structures prior to and following Pb(Il) and Cd(ll) adsorption. Each sample
was scanned with a 0.5 cm™' scanning resolution between 400 and 4000 cm™' in the infrared spectrum. To evaluate the
crystallinity and amorphous nature of WS, NPBC, and SABC, an X-ray diffractometer equipped with Automated Powder
Diffraction software (Philips” PW1710", Slovak Republic) was used to record the XRD patterns of the powdered adsor-
bents. Continuous scanning of the X-ray was performed from a 4 to 50° angle of 26 at a speed of 28 s~ (0.025) under Ni-
filtered monochromatic Cu-Ka, where A=0.15418 nm. The benchtop type SEM-EDX (SEM model: JEOL JSM 5600, Tokyo,
Japan) was employed to describe the surface configuration and chemical analysis of the NPBC and SABC, with a tungsten
filament as the electron source. This allowed for the analytical elemental analysis to be performed using the attached
energy dispersive X-ray (EDX) system. The Ethylene Glycol Mono-ethyl Ether method was used to calculate the total sur-
face area of NPBC and SABC, and a standard procedure described by Carter et al. [34] was used to calculate the specific
surface area (m? g”), which is defined as the total surface area per unit mass. To investigate the surface properties of the
adsorbents, the point of zero charge (pH;¢) was ascertained in triplicates utilizing the technique of solid addition [35].
Diluted HCl and NaOH were used to adjust the initial pH (pH;) of each flask comprising 0.01 M and 0.1 M KNO; (50 mL of
each solution) to a value between 1+0.2 and 13+0.2. Adsorbent (50 mg) was added to each solution, and the mixtures
were stirred for an entire day at room temperature. The pHp, value is obtained by plotting ApH (pH—pH;) opposed to
pH; after the final pH (pH;) of the solutions has been measured.

Table 1 Physicochemical

. - Parameters NPBC SABC Methods
properties of biochars
pH (1:5) 10.94+0.21 10.86+0.15 pH and EC meter
EC (1:5)(dSm™) 4.99+0.14 431+0.26
Total C (%) 48.70+2.15 69.50+1.05 EDS Spectra analysis
Total N (%) 27.33+1.74 0.58+0.04
Total O (%) 14.79+0.96 20.85+0.53
Total Si (%) 1.69+0.10 2.69+0.21
Total P (%) 0.59+0.04 ND
Total- K (%) 4.02+0.10 4.29+0.27
Total Ca (%) 0.63+0.02 0.65+0.03
Total Mg (%) 0.07+0.01 0.07 £0.00
Total Fe (%) 0.30+0.02 0.13+0.02 ICP-OES analysis
Total Mn (ug g™ 131.50+4.85 119.93+4.72
Total Cu (ug g™") 30.66+1.55 42.93+4.31
Total Zn (ug g™ 48.00+2.26 36.06+2.72
Specific surface area (m? g™") 270.00+4.70 326.00+6.30 EGME

NPBC Nitrogen purged biochar, SABC Steam activated biochar
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2.4 Batch adsorption experiments

The effects of different factors: shaking time, temperature, pH, concentration of metal ions, and dosage of the adsorbent
regarding Pb(ll) and Cd(ll) adsorption were investigated using batch adsorption experiments with synthetic wastewater.
To create synthetic wastewater with Pb and Cd, 1.6 g of Pb(NO;), and 2.74 g of Cd(NO;),. 4H,0 were dissolved, respectively
in one liter of distilled water. Then, diluted the solution to the desired concentration. The elimination of Pb(Il) and Cd(ll)
by NPBC and SABC were studied as functions of one factor by varying its range while keeping all other factors constant
with respect to their optimum conditions. Each of the batch of experiments was conducted with BCs in Pb(ll) and Cd(ll)
solutions of 50 mL in a centrifugal tube. To reach equilibrium, biochar mixing with Pb(ll) and Cd(ll) solutions separately
was shaken and centrifuged for 5 min at 2000 rpm, then filtered through Whatman No. 42 filter paper. The concentrations
of Pb(ll) and Cd(Il) were measured by ICP-OES (Model: Perkin Elmer” Avio® 560 Max ICP-Optical Emission Spectrometer,
Shelton, USA) both in solution and adsorbed phase. Optimum operating conditions for metal determinations by ICP-OES
were maintained with power 1.2 kW, plasma gas flow rate 15 L min~', nebulizer gas flow rate 0.80 L min~’, sample flow
rate 0.80 L min~" and the wavelengths for Pb and Cd were 220.35 and 214.44 nm, respectively. No adsorbent was used
in blank tests to ensure that HM precipitation has no effect on metal adsorption.

Every batch adsorption experiment was carried out in three replicates, and the mean of the quantitative results was
taken into account for subsequent calculations. Additionally, the data’s comparative standard deviation was calculated.

2.4.1 Adsorption kinetics

Effective shaking time for the elimination of Pb(Il) as well as Cd(ll) from by the adsorbents were found by varying their
shaking time from 0 to 360 min by keeping other experimental conditions constant (where, initial concentration metal
ions 50 mg L~" for Pb(ll) and 5 mg L~ for Cd(ll), solution pH 5.0+ 0.2, dosage of adsorbent 10 g L', and temperature
298 K).

2.4.2 Adsorption isotherm

Pb(ll) and Cd(ll) elimination by adsorbents (NPBC and SABC) were determined by varying initial concentrations of Pb(ll)
(0to 200 mg L™") and Cd(ll) (0 to 10 mg L") with constant solution pH 5.0+ 0.2, dosage of adsorbent 10 g L™', shaking
time 60 min, and temperature 298 K.

2.4.3 Adsorption thermodynamics

To assess the adsorption thermodynamics, adsorption experiments were conducted in different batches at 298, 308,
and 318 K by keeping other experimental conditions constant (initial metal concentration of Pb(ll) (50 mg L™") and Cd(ll)
(5 mg L"), solution pH 5.0+ 0.2, dosage of adsorbent 10 g L™', and shaking time 60 min).

2.4.4 Solution pH and adsorbent doses

Solution pH was modified from 3.0+ 0.2 to 8.0+ 0.2 with 0.1 N HCl and 0.1 N NaOH and kept other factor constants (Pb(ll)
conc. 50 mg L' and Cd(ll) conc. 5 mg L™, dosage of adsorbent 10 g L™', shaking time 60 min, and 298 K temperature).
Effective dosage of NPBC and SABC for the elimination of Pb(ll) and Cd(ll) from fabricated wastewater was optimized by
changing adsorbent dosages from 0to 40 g L™".

2.4.5 Desorption and reusability performances

To explore the reusability of the NPBC and SABC desorption experiments were conducted. The Pb(ll) and Cd(ll) loaded NPBC
and SABC samples (dried for 24 h at 60 °C after adsorption experiment) were shaken with 0.2 N HCI (50 mL) at 180 rpm for
30 min and then centrifuged for 10 min at 3000 rpm. After extracting the supernatant, adsorbents were rinsed with deion-
ized water to remove the excess acid. Using the same adsorbents, the adsorption—-desorption cycle was repeated three
times. The baseline concentrations of Pb(ll) and Cd(ll) were 200 mg L"and 10 mg L', respectively, in each cycle. Desorbed
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Pb(ll) and Cd(ll) concentrations within the removed supernatant were analyzed by ICP-OES. The adsorption efficiency of the
above HM ions onto NPBC and SABC for each cycle was calculated. Each test was conducted with three replications, and the
mean was computed.

2.5 Data analysis and modelling

Q; (mg g“), the adsorption capacity, and R (%), the removal efficiency of Pb(ll) and Cd(ll) by NPBC and SABC at equilibrium
was calculated using Eq. 1 and Eq. 2 following [36].
(CO - Ce) v

9. = m (M

(CO - Ce)

The variables C,and C, represent the initial and equilibrium adsorbate concentration (mg L™), V denotes the total volume
of adsorbate (L), and m signifies the amount of adsorbent (g).

2.5.1 Adsorption kinetic models

Non-linear pseudo-first order (PFO) (Eq. 3), pseudo-second order (PSO) (Eq. 4), Elovich (Eq. 5) and intra-particle diffusion
model (Eq. 6) were applied to determine the best fit for Pb(ll) and Cd(ll) [37].

qe = qo(1-€4") (3)
(14 gikyt)
1
g: = Eln(aﬂt +1) (5)
G = kget'/? + C (6)

where k; is the PFO rate constant (min™"), tis the time (minute), k, is the PSO rate constant (g mg™' min™"), ky is the
intra-particle rate constant (mg g~' min~""2), Ciis the plot’s intercept, a is the original rate of adsorption (mg g~ min~"),
and B is the degree of surface coverage (g mg™'). The quantity of metal adsorbed (mg g™') at time t and at equilibrium
is denoted by g, and q.

2.5.2 Adsorption isotherm models
Non-linear isotherm models viz. Langmuir (Eq. 7), Freundlich (Eq. 8), Redlich-Peterson (Eq. 9) and Temkin (Eg. 10) equation

comprehend the interaction of Pb(ll) and Cd(ll) with NPBC and SABC surface and the values were computed using following
equations [38].

KC.q
Go=—1 %)
(1 +KC)
q. = KC'" (®)
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(KpCe)
.= p—"’ﬁ 9)
1+ aCy)
RT
9 = b_ln(KTCe) (10)

T

where, the equilibrium adsorbate (mg g™') loaded over the adsorbent is denoted by q.. Ce is the heavy metal released at
equilibrium (mg L™, 4, is Langmuir HM maximum adsorption potentiality (mg g”), K;is the Langmuir constant (L mg”)
pertaining to the energy of metal binding, K;is the Freundlich constant (mg -1, n is the Freundlich exponent (L 9‘1)
associated to the energy of metal binding, K, is the Redlich-Peterson isotherm constant (L g™"), ais the another constant
(L mg™")® and B is the exponent shows the adsorbent’s heterogeneity, which varied from 0 to 1. R is the universal gas
constant (J mol™" K™"), Tis the temperature (Kelvin), K is the equilibrium constant for binding (L g7'), by is the constant
associated to sorption heat (J mol™).

2.5.3 Adsorption thermodynamics

Van't Hoff’s equations were used to compute and assess the thermodynamic variables, such as changes in Gibb's free
energy (AG) [39]:

AG = AH - TAS (11)
AG = —RTInK (12)
InK = (AS/ R)—(AH/ RT) (13)

Here, T is the temperature (K), K represents the dispersion coefficient of the metal ions that exist between the adsorbed
stage and the rest of the aqueous solution (K=C,/C,), where C, =(C, - C,) represents the adsorbed amount of adsorbate
(mg L™") at equilibrium and Ce denotes equilibrium concentration (mg L™") in solution. AG is the change in Gibb’s free
energy (KJ mol™"); AH symbolizes the enthalpy changes (KJ mol-1); and AS indicates the entropy changes (J mol™' K™).

R-square (R?) were used to express the goodness of fit of the regression model, and analysis of variance (ANOVA) was
used to assess both the kinetics and isotherm models. R? and Chi-square (Xz) were used to assess the suitability of these
models after the non-linear methods of the kinetic and isotherm models and they were fitted to the experimental data
using OrigingPro9 software®.

3 Result and discussion
3.1 Characterization of NPBC and SABC
3.1.1 XRD, SEM-EDX and specific surface area analysis

The XRD patterns of NPBC and SABC are presented in Fig. 1a. WS has a semi-crystalline structure: two medium-shaped
humps (15° and 24° 26), and one sharp peak at 27.6° (26), respectively (Fig. S1, supplementary information). These signals
are the outcome of inter- and intra-molecular H-bonding between the functional groups observed in the cellulolytic
units, as well as their orderly arrangement by the cellulolytic backbone [40]. The two diffraction peaks of WS gradually
lose intensity and merge into a single wide peak between 10° and 20° (20) due to the tiny crystallite dimensions that are
vertical to the aromatic layers [16, 17]. Nevertheless, two small peaks were observed for NPBC at 23° and 28.2° (260) with
increased pyrolysis Tat 700 °C. Sharp and unlabelled peaks in NPBC represent several inorganic components [41]. The
development of a polyaromatic graphite-like structure was validated by the NPBC XRD peaks. However, no distinctive
peak was observed for SABC within the range of 20° to 50° (26). The disordered nature of the straw biochar indicated the
broadened peak in XRD in another literature [42]. This indicates the disordered nature of the activated carbon. Turbo-
static carbon crystallites are developed due to the enlargement of the peak in the XRD pattern of the SABC material,
which was caused by the destruction of the crystalline character of the original WS [41].
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Fig. 1 XRD-patterns (a) and SEM-EDX images of Nitrogen-purged biochar (NPBC) (b) and steam activated biochar (SABC) (c)

Figure 1b, c depicted surface morphology (SEM images) of NPBC and SABC at different magnifications. SEM images of
NPBC showed the presence of several hollow cylindrical pores derived from plant cells with a polyaromatic graphite-like
framework and large surface area [42]. The predominancy of C (48.7%), N (28.3%), and O (14.8%) in EDX spectra of NPBC
confirmed that the most skeleton component was C-linked with N- and O-containing functional groups, viz.,-C=0 and
-CONH, along with the presence of additional components such as Si and K. SEM images of SABC showed the presence
of several hollow cylindrical pores derived from plant cells with honeycomb structures and high surface area. The EDX
spectra of SABC in Fig. 1b, c indicated the dominancy of C (69.5%) and O (20.8%) which confirms that the maximum
skeleton component was C, which was associated with O-comprising functional groups like C=0 and COOH along with
the presence of other elements, i.e,, Si and K.

The EGME method was done to analyze the adsorbent’s specific surface area before HMs adsorption, and their values
are presented in Table S1 (Supplementary information). It was previously stated that EGME has an advantage over the
gas adsorption method as it is able to explore the internal surface area of clay minerals (interlayer surfaces) and organic
substances (i.e., internal pore spaces induced by multipolymeric arrangements with cellulolytic structure), which are
relevant under natural environmental conditions but inaccessible under dry situations during the process of gas adsorp-
tion [43]. The SSA of WS, NPBC, and SABC was found to be 218.1, 270.6, and 326.4 m? g~', respectively. The SSA of NPBC
was 24% and SABC was 49.6% higher than normal WS. Previous articles reported that biochar must have a large surface
area with high effective pore size in order to adsorb the pollutants [25, 44-46].

3.1.2 FTIR and point of zero charge

Numerous functional groups on the outer layer of NPBC and SABC, both prior to and following the removal of Pb(ll) and
Cd(ll) and their feedstock (WS), are shown in Fig. 2. The stretching of -OH groups is responsible for the absorption band
at 3615 cm™', according to the FTIR spectrum of the WS. The glucose unit’s bending and twisting vibrations of the C-H
group are attributed to the bands at 2917 cm™ and 1595 cm™"' [47]. The sign at 1038 cm™ is attributed to the -C-O- group
present in ethers and auxiliary alcohols within the cellulose chain structure [14]. Predominantly, the core functional
groups of NPBC consist of signals at 1060 cm™ (C-O-C, C=0), 1540 cm™' (C=0, C=C, -CONH-, -CH,- and -CH;), and
3770 cm™' (aromatic and aliphatic O-H) [48]. Specifically, the peaks of FTIR at 3114, 1540, 1060 and 456 cm™" slightly
shifted to 3413, 1560, 1078 and 479 cm™' when Pb(Il) was adsorbed on NPBC. When Cd(ll) was adsorbed onto NPBC,
the change of some peaks was significantly observed. The peaks of FTIR at 1540, 1060 and 456 cm™' shifted to 1558,
1032 and 479 cm™ after Cd(ll) adsorption on NPBC. To be precise, the main functional groups of SABC include 982 cm™
(C=0,C-0-C), 1507 cm™" (C=C, C=0, -CH,~, -CH; and -CONH-) and 3063 cm™"' (aliphatic C-H) and 3648 cm™' (aromatic
and aliphatic O-H) [41]. Steam activation breaks down functional groups like carboxyl and phenol, which can reduce
the polarity of biochar and that was noticed in the shifting of FTIR peak from 456, 1540 and 3114 cm~' to 439, 1507 and
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3063 cm™’, respectively when comparing NPBC with SABC. Upon the loading of Pb(ll) and Cd(ll) on SABC, specifically
the peaks of FTIR at 439, 982, 1507, 3063 and 3648 cm™! shifted to 449, 1053, 1560, 2981, 3681 cm™', when Cd(ll) was
adsorbed. In Pb and Cd adsorption, the cyclic aromatic functional groups can function as m electron donors. In addition,
lesser number of FTIR peak was observed when SABC was loaded with Pb(ll) since there are no aliphatic or aromatic -OH
containing functional groups. That indicated Pb(ll) is more adsorbed by both NPBC and SABC as compared to Cd(ll). So,
the aromatic functional groups C=C, C=0, C-0-C, -CH,-, -CH;, -CONH- and aliphatic C-H obviously changed when the
NPBC and SABC interacted with Pb(ll) as well as Cd(ll) [29].

The pHpzc of NPBC sample was observed at 9.1 and 9.5 for 0.1 M and 0.01 M KNO;, respectively (Fig. 3); whereas,
the pHpzc of SABC is 9.3 and 9.8 for 0.1 MKNO; and 0.01 M KNO; solutions, respectively. When pH < pHp ¢ value, the
adsorbents’ entire surface is assumed to be positively charged, whereas when pH > pH;, value, the entire surface
of the adsorbents is considered to be negatively charged [21, 45]. For both NPBC (pH 10.9) and SABC (pH 10.9)

(a) 50 NPBC (b) 5.0 1 SABC

4.0 - 4.0 -

30{ ~— 3.0 - S

2.0 Charge ~+ 0.01 MKNO, 2.0 Po: Zero ~0.01 MKNO,
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Fig. 3 ApH intersects pHi axis for determining Point Zero Charge (PZC) of (a) NPBCand (b) SABC.Vertical error bars denote standard devia-
tion which represents the variation relative to corresponding mean point where n=3
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pH > pHp,, which indicated their entire surfaces are negatively charged, caused deprotonation of the active spots

on the adsorbent and binding of Pb(ll) and Cd(ll) at the given spots in the adsorbent structure [49].

Fig. 4 Effect of contact time
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3.2 Optimization of Pb(ll) and Cd(ll) removal conditions
3.2.1 Effects of contact time

Removal efficiency of Pb(ll) and Cd(ll) was attained steady value at 60 min (Fig. 4a, b). SABC outperforms NPBC in
terms of eradication of both Cd(Il) and Pb(ll) from synthetic wastewater. The highest Pb(ll) removal efficiency of
both NPBC (87.6%) and SABC (96.9%) was found at 60 min. Similarly, the 60-min period revealed the maximum Cd(ll)
removal efficiency of both NPBC (69.4%) and SABC (80%) and reaches equilibrium and both the adsorbent showed
higher adsorption capacity (Fig. S2a, b). Numerous vacant binding sites on the external surface of the NPBC and SABC
are accountable for the rapid adsorption during the initial stage, and consequently, the solute molecules’ repellent
interactions between the solid and bulk phases made it difficult to occupy the remaining available sites [50]. When
saturation was achieved at the outer periphery of the adsorbent, then the metal ions would enter into the pore spaces
of the adsorbent and are absorbed by the interior surfaces of the adsorbent [51].

3.2.2 Effects of heavy metal ion concentration

The removal rate decreased from 98.6 to 71.2% for NPBC as the Pb(ll) concentration increased from 5 to 200 mg L',
whether relatively less change from 99.4 to 84% was observed for SABC (Fig. 4c, d). At low concentrations, the majority
of adsorption sites allow HM ions to attach to the adsorbent’s surfaces immediately through ionic interactions [52].
With increasing metal ion concentration, adsorption capacity increased for both NPBC and SABC, however, SABC
exhibited more adsorption capacity compared to NPBC (Fig. S2¢, d). Adsorption would have theoretically reached a
plateau after all of the binding sites of the adsorbent’s surfaces were occupied because of continuous adsorption.
Interestingly, there was a consistent drop in the adsorption percentage as the amount of HM ions increased [53].
Removal percent of SABC drops from 74.6% at 1 mg L™' to about 44.7% at 10 mg L™ indicated that Cd(Il) adsorption
decreases on increasing the Cd(ll) concentration; similar trends were also observed for NPBC. Consequently, there
is a decrease in the rate at which Cd(ll) ions move from the bulk solution to the surface of the adsorbent particle.

3.2.3 Effects of temperature

Pb(ll) and Cd(Il) removal percent was decreased with increasing solution T from 298 to 318 K (Fig. 4e, f), which indi-
cated that HM ion adsorption onto adsorbents is physisorption in nature. NPBC and SABC both slightly showed better
adsorption percentages from 87.6 to 90% and 95 to 97%, respectively, for Pb(ll) with decreasing T. Whereas, SABC
showed better Cd(ll) adsorption (75.5%) in comparison with the NPBC (66.4%) (Fig S2e, f). The decrease in adsorption
may be due to vulnerable electrostatic bonds between the metal ions and the biochar at higher temperatures [54].
Higher temperature causes the surface layer to become thinner, allowing metal ions to migrate from the biomass
surface into the solution phase and eventually desorb from the adsorbent surfaces. As a result, lowering the T is bet-
ter for non-ionic exchange adsorption, indicating that the adsorbents removed the HMs by undergoing a non-ionic
exchange with the HM ions.

3.2.4 Effects of solution pH

Pb(ll) and Cd(Il) removal percent improved with the rising solution pH from 3 to 8 (Fig. 4g, h). The pH of the HM ion
solution influences both the adsorbent and metal ion by altering the surface and degree of ionization. Beyond pH
4, the removal percent of Cd(Il) by NPBC and SABC were increased continuously to about 73.2% and 82.8% at pH 8.
For NPBC and SABC, Pb(ll) removal percent a little bit increased from 86.8 to 90.5% and 93.8 to 97.2%, respectively,
within the pH range from 3 to 8. Comparatively both the adsorbents showed higher adsorption capacity at pH 8
(Fig. S2g, h). The concentration of H + declines as the pH of the solution rises. Thus, decreasing H" competence with
Pb(ll) and Cd(ll) on the adsorbent surface increases adsorption capacity [55]. Specifically, at pH > 8 for Cd(ll) and
pH = 6 for Pb(ll), the -OH groups will initiate to develop complexes or precipitates, generating Cd(OH)*/Cd(OH), and
Pb(OH)*/Pb(OH), in the solution, respectively. This will increase the adsorption of Cd(ll) and Pb(ll) [56, 57]. In addition,
oxygen-containing groups on the adsorbent’s surface dissociate more readily at high pH values. Consequently, the
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adsorbent’s surface is saturated with negative charge, which promotes electrostatic attraction between them and
enhances adsorption of positively charged metal ions onto their surface [58].

3.2.5 Effects of adsorbent doses

The removal efficiency of Pb(ll) enhanced from 51.9 to 91.8% and 54 to 98.3% for NPBC and SABC, respectively, when
the dose is augmented from 5t0 40 g L (Fig. 4i, j). Besides, Cd(ll) removal efficiency increased from 66.1 to 86.7% with
increasing doses of SABC. However, maximum adsorption of Cd(ll) (80.1%) ions was observed by NPBC at doses of
40 g L™". It suggests that the active spots of adsorbent’s surfaces are insufficient to adsorb all of the metal ions in the
solution at low dosages. The removal efficiency intensely rises with increasing adsorbent due to the presence of more
unoccupied active sites on the surface of NPBC and SABC [59]. Beyond 10gL™" and 20 g L™' for SABC removal percent of
Pb(ll) and Cd(ll) was correspondingly attained worthy value (>80%) representing the saturation of the active sites [16,
45]. Additionally, there is a drop in the metal ion adsorption capacity as the adsorbent dosage increases (Fig. S2i, j). This
could be because a larger adsorbent dose results in more vigorous sites for adsorption, which lowers the adsorption
capacity per unit mass. The adsorbed metal ions on the surface of the adsorbent and the remaining heavy metal ions in
bulk solutions continue to be in balance.

3.3 Kinetics and isotherm models

Fig. S3 (supplementary information) depicts the effects of different reaction times (0 to 360 min) on adsorption of
Pb(Il) and Cd(ll) by NPBC and SABC. The calculation of adsorption kinetic models (PFO, PSO, Elovich kinetic, and

Table 2 Kinetic model and Model

X Parameter Heavy metals
isotherm parameters for Pb(ll)
and Cd(Il) adsorption onto Pb(ll) cd(in
the nitrogen-purged biochar
(NPBC) and steam-activated NPBC SABC NPBC SABC
biochar (SABC) Pseudo-first order kinetic model gelmgg™) 4814 4.833 0.202 0.236
ki (min™") 0.093 0.101 0.056 0.057
X2 4.99E-03 2.67E-03 6.02E-05 2.85E-05
Adj. R? 0.998 0.999 0.989 0.996
Pseudo-second order kinetic model  g.(mgg™") 4.989 4983 0.215 0.251
ky(@mg™" min™) 0.042 0.051 0.445 0.382
X2 1.23E-02  1.40E-02 2.44E-04 1.84E-04
R? 0.996 0.995 0.954 0.974
Elovich kinetic model a(mgg™ min™") 6865.83  86,582.96 0.572 0.602
B(gmg™ 3.151 3.697 42,042 3541
XZ 5.66E-02  5.26E-02 5.40E-04 4.95E-04
R? 0.980 0.982 0.898 0.930
Langmuir isotherm Gmax (Mg g™") 452.13 1117.00 314.91 470.43
K, (L mg_1) 0.003 7.76E-05 2.10E-05 1.60E-04
X2 0.14 0.453 221E-04 241E-04
R? 0.996 0.989 0.996 0.997
Freundlich isotherm Ki(mgg™) (mg™)"™ 0.202 0.094 0.061 0.067
n 1.219 1.019 0.965 0.949
X2 0.37 0.539 2.29E-04 1.83E-04
R? 0.990 0.987 0.996 0.997
Redlich—Peterson isotherm Kip (L g 0.094 14.38 0.208 0.286
a(Lmg™)® 7.59E-12  151.80 2.150 2.795
B 4.583 0.019 1.08E-17 7.08E-16
X2 0.016 0.539 2.66E-04 2.87E-04
R 1.000 0.987 0.995 0.996
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intra-particle diffusion model) is presented in Table S2 (supplementary information). Among the four kinetic models,
PFO, PSO, and Elovich kinetic models were well fitted (higher R? and low X2 value) to Pb(ll) and Cd(ll) adsorption
on NPBC and SABC (Table 2). The PFO kinetic model was best fitted (R? 0.99; low y? value), which indicated the
predominance of HM physisorption on both NPBC and SABC which is the rate limiting mechanism involving inter-
molecular van der Waals forces [60]. With increased adsorbate-adsorbent contact time, the kinetic trend of Cd(ll)
and Pb(ll) adsorption on SABC and NPBC dropped and reached a plateau (Fig. S3). This may be due to proportionally
decreased adsorption amount with decreased the ability of both the adsorbents to adsorb, which was consistent
with earlier research [61, 62]. The amount of Cd(ll) and Pb(ll) adsorption increased by prolonging the reaction time
(Fig. S3). Electrons are transferred, exchanged, and co-occurring throughout the adsorption procedure [25, 29]. A
number of variables, such as the size of the hydrated ions, hydration energy, electronegativity, and the metal ions
activity, contributed to the greater amount of Pb(ll) adsorption in comparison with Cd(ll) [63]. Additionally, due to
Pb(Il)’'s mobility in the aqueous solution, its activity is also increased [64].

Using different initial concentrations of Pb(Il) and Cd(ll) from 5 to 200 mg L"and 1to 10 mg L', respectively, the
Langmuir, Freundlich, Redlich-Peterson, and Temkin adsorption isotherm equation models were utilized to determine
the interaction between the metals and the adsorbent (NPBC and SABC) (Table S3, supplementary information). The
adsorptions of Pb(ll) and Cd(ll) molecules over a surface of the adsorbents have uniform energy sites that are equally
available for interaction according to the Langmuir model [65]. Adsorption occurred in a multiple-layer on an irregular
surface in the case of the Freundlich isotherm [65]. Graphs of HM adsorbed (q,) versus equilibrium HM concentration
(C,) were plotted to show the adsorption isotherm model and demonstrated in Fig. S4 (supplementary information).
The intercept of the linear plots is used to compute the values of q,,,,,, which indicated a maximum adsorption of the
adsorbents. SABC had 1.5 and 0.5 times higher q,,,, values for Pb(ll) and Cd(ll) (1117 and 470.43 mg g‘1, respectively)
as compared to the NPBC (452.13 and 314.91 mg g‘1, respectively). The R? values of SABC obtained for the Pb(ll)
and Cd(Il) were 0.989 and 0.997, whereas R? values for NPBC for both Pb(Il) and Cd(ll) were 0.996 for the Langmuir
isotherm (Table 2). Thus, the utmost fit isotherm for removal of Pb(ll) by NPBC and SABC was Redlich-Peterson and
Langmuir models, respectively. In the Freundlich isotherm model, the values of n are equal to or more than 1, indicat-
ing favourability of linear adsorption on heterogeneous surfaces [66]. While, R? values are the same in Langmuir as
well as Freundlich isotherm models for Cd(ll) adsorption by NPBC and SABC. So, the best fit isotherm model for the
removal of Cd(Il) by NPBC and SABC were both Freundlich and Langmuir models. Therefore, the adsorption mecha-
nism for Cd(1l) and Pb(ll) by BCs showed a merger of physical adsorption and chemisorption [67]. Moreover, lower R?
values indicated Pb(ll) and Cd(ll) adsorption did not follow the Temkin isotherm model. Table 3 lists previous studies
conducted by different researchers on the removal of Pb(ll) and Cd(ll) using alternative and affordable adsorbents.

Table 3 Comparing maximum

adsorption capacity (q,,) of Adsorbents 'cl':icr):éa(f‘rt\in— i —qmax (mg9 ) Feferences
adsorbents of present work utes) Pb(ll)  Cd(lN)
with other literatures for Pb(ll)
and Cd(ll) removal Acid activated wheat straw biochar 90 6.0 - 746 [16]
H;PO,-modified chicken feather biochar 120 5.0 554  7.84[74]
Activated carbon prepared from Eucalyptus sp. 120 8.0 9.26 6.17 [75]
Thiol-modified rice straw biochar 120 5.0 614 451 [76]
NaOH modified coffee husk biochar 60 7.0 1395 1163 [18]
Surface modified magnetic biochar 120 5.5 61.3 53.8 [77]
Poplar saw dust biochar 600 5.0 62.7 49.3 [78]
15%Mg modified corncob biochar 360 6.0 526.2 179.0 [79]
Mg-coated coconut shell biochar 840 5.0 5323 205.1 [80]
Banana stem-leaf biochar 200 4.0forPb(ll) 3022 32.0 [60]
8.0 for Cd(ll)
Amino-modified cornstalk biochar 180 7.0 - 3756 [46]
Mn-modified rice straw biochar 360 5.0 2144 165.7 [70]
Nitrogen-purged wheat straw biochar (NPBC) 60 5.0 452.1 3149 Presentstudy
Steam activated wheat straw biochar (SABC) 60 5.0 1117.0 4704 Present study
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Table 4 Estimated

. Adsorbents Thermodynamic Heavy metals
thermodynamic parameter§ parameters
for Pb(ll) and Cd(ll) adsorption Pb(I) Cd(ln)
onto the nitrogen-purged
biochar (NPBC) and steam- Temperature (K) 298 308 318 298 308 318
activated biochar (SABC) NPBC AG (KJ mol™) -876 ~784  -766 -172 079  -038
AH (KJ mol™) -25.12 -21.54
AS (J mol™' K™) 55.3 66.8
R? 0.87 0.95
SABC AG (KJ mol™) —8.62 -8.35 -7.35 -2.530 -1.81 -0.92
AH (KJ mol™) -25.12 -26.46
AS (Jmol™' K™) 55.30 80.20
R? 0.870 0.990

3.4 Thermodynamics of Pb(ll) and Cd(ll) adsorption

The nature and dimensions of thermodynamic parameters show a mechanism pertaining to the creation of an adsorbed
layer and demonstrate the viability of the adsorption process [61]. Table 4 presents the findings for the thermal properties
acquired for NPBC and SABC. The AG values of both adsorbents were negative, indicating that the adsorption process
of Pb(Il) and Cd(ll) is both spontaneous and thermodynamically promising. The AG value enhanced with an increase
in temperature from 298 to 318 K, which indicated that the adsorption is more favourable at lower temperatures [68].
Moreover, adsorbate may desorb from the adsorbent’s surface at higher T due to the kinetic energy of the adsorbate
suppressing the forces of adsorption [69]. In other words, a higher driving force for adsorption is indicated by a higher
negative AG value, which leads to an increased adsorption capacity. Pb(ll) adsorption on both the adsorbents is com-
paratively more favourable than the Cd(ll). The AS values showed the modification in entropy throughout an adsorption
process and those were 55.3 and 66.8 J mol~" K~ for adsorption of Pb(ll) and Cd(ll) on NPBC, whereas AS values were 63.60
and 80.20 J mol~' K™ for adsorption of Pb(ll) and Cd(Il) on SABC. The positive AS values represent the adsorbent’s affinity
for the adsorbate and the increase in AS values indicated randomness of ions with raised T and resulted in decreased
adsorption of ions. The solid-liquid interface exhibits structural alterations, as suggested by the positive AS values found
for both the materials [55]. The negative values of AH illustrated exothermic adsorption of Cd(Il) and Pb(ll) ions on NPBC
and SABC (Table 4). An exothermic reaction implicates a reduction in surface energy, which appears as heat and occurs
during adsorption with non-ionic exchange [70]. The adsorption is preferred at lower T through the physisorption method
[71]. When the change in AH is less than 21 kJ mol™, it means that during the adsorption process, physical adsorption

Fig. 5 Pb(ll) and Cd(ll) adsorp-
tion capacities of NPBC and 100
SABC after three consecutive
adsorption—-desorption cycles.
Vertical error bars denote
standard deviation which rep-
resents the variation relative
to corresponding mean point
where n=3

# 1st cycle = 2nd cycle @ 3rd cycle

% of Adsorption efficiency
~ [*:]
o [V,]

%]
(9]
1

40 -
Pb(ll) loaded NPBC Pb(ll) loaded SABC Cd(ll) loaded NPBC Cd(ll) loaded SABC
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is more resilient than chemisorption. There is still much to learn about the phenomena underlying these processes.
Nevertheless, the literature claims that exothermic processes allow metallic ions to get onto the adsorbent’s surface

and adsorb ions in the liquid phase.

3.5 Desorption and reusability performances

After three adsorption-desorption intervals, the adsorption efficiency of both NPBC and SABC was lower than their initial
maximum adsorption efficiency, according to their reusability results (Fig. 5). There were fewer active adsorption sites
readily accessible on the surface of the adsorbent due to decreased removal of bound metal ions throughout the desorp-
tion process [72]. In the first cycle, the adsorption efficiency by SABC was approximately 98.3% for Pb(ll) and 76.7% for
Cd(ll). After three subsequent adsorption—-desorption cycles, SABC retained adsorption efficiency up to 70.1 and 52.3%
for Pb(ll) and Cd(ll), respectively. Similarly, a substantial change of Pb(ll) (88.8 to 53.4%) and Cd(ll) (68.1 to 47.2%) in the
adsorption ability of NPBC was observed after three sequential adsorption-desorption periods, which demonstrates that,
in comparison to NPBC, SABC have much more possibility of renewal and later use as adsorbent materials. The reusability
of these adsorbents for Pb(ll) and Cd(ll), are sustainable as the adsorbent is recycled efficiently and there is no chances
of producing any kind of post-regenerative chemicals. Moreover, wheat straw biochar is made from agricultural biomass
which is sustainable in nature. Although, adsorption-desorption investigations using larger concentrations of desorbing

agents may lead to efficient adsorbent renewal and more effective metal recovery.

3.6 Mechanism of Pb(ll) and Cd(ll) adsorption for NPBC and SABC

Overall, Pb(ll) and Cd(ll) adsorption mechanisms on NPBC and SABC may include physical adsorption in the structural
pores of the biochars, as well as chemical adsorption mechanisms like electrostatic attraction, co-precipitation, complexa-
tion, ion exchange, etc. (Fig. 6). Van der Waals force and specific surface area are the main factors in physical adsorption,
and it requires the emergence of chemical bonds with the diffusion of metal ions in the sorbent’s pores. In addition,
Pb(ll) and Cd(ll) are extracted from aqueous solutions via concurrent precipitation, ion exchange, complexation, and
electrostatic interaction. Electrostatic attraction between the negatively charged biochar and positively charged Pb(ll)

Fig.6 Proposed mechanism
of Pb(ll) and Cd(ll) adsorption
on SABC
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and Cd(ll) ions limits the mobilization of these potentially toxic HM [73]. As pH rises, the N-containing functional groups
in NPBC, viz,, pyridinic-N and amino group gradually deprotonate, improving the material’s ability to adsorb Pb(ll) and
Cd(ll) ions. The oxygen-containing functional groups in the SABC, such as -COOH, R-COO-R, -CHO, and C4H;OH, allow it
to bind with Pb(Il) and Cd(ll). This oxygen content may cause the BC’s surface to be more oxidized, which would improve
the metal complexation. Additionally, precipitation is one of the major mechanisms that forms mineral precipitates
into the solution or on the surface of both BC. In general, industrial contamination is the main source of Pb(Il) and Cd(ll)
contamination in the natural municipal wastewater. Buzier et al. [81], Gourlay-Francé et al. [82] Hargreaves et al. [83] has
reported that adsorption and coagulation is the best mechanism to remove Pb and Cd from the natural wastewaters.

4 Conclusions

Pb(ll) and Cd(ll) adsorption behaviors on novel biochars synthesized under two distinct activator moduli were the focus
of this investigation. Results from XRD, SEM, and EGME showed that SABC had higher specific surface area, more porous
and amorphous structure than NPBC. The batch adsorption studies found that the ideal pH was 8, the temperature was
298 K, and the NPBC and SABC doses were 20 g L"and 10 g L~ for Pb(ll), respectively. For Cd(ll), the corresponding
NPBC and SABC doses were 30 g L 'and 20 g L~". For Pb(ll) and Cd(Il), SABC demonstrated a greater adsorption capacity
of 1117 and 470 mg g™, respectively, than NPBC, which had an adsorption capacity of 452 and 314 mg g~". In addition,
compared to NPBC, SABC exhibits superior repurposing and further use potential (3 times reusability) as adsorbent
materials. This study explores the use of biochars as a non-toxic, scalable, and effective adsorbent for removing Pb(ll)
and Cd(Il) from wastewater.
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