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Abstract
Biochar materials are good examples of sustainable adsorbents with appreciable recent interests and applications in water 
treatment. The disadvantage of using unmodified pristine biochars in water treatment is mainly related to the inhomogeneous 
distribution of various surface functional groups. Therefore, the current study is designed to functionalize and homogenize 
the surface of a selected nanobiochar with a cation exchanger using hydrothermal and solvothermal microwave irradiation. 
The adsorption behavior of immobilized Amberlite cation exchanger onto Cynara scolymus nanobiochar (ACE@CSNB) was 
compared versus the pristine Cynara scolymus nanobiochar (CSNB). ACE@CSNB was categorized as a typical mesoporous 
material (mean pore size = 2.238 nm) and the FT-IR spectra confirmed surface modification via two characteristic peaks at 
1140–1250  cm−1 and 1030–1070  cm−1 for R-SO3

− with S = O. The TPD–MS analysis of CSNB and ACE@CSNB referred 
to the presence of carboxyl, lactonic, and acid anhydride groups as well as phenolic moieties. The adsorption behavior of 
methylene blue dye and lead ions by ACE@CSNB was found much higher than those concluded by CSNB providing maxi-
mum adsorptive capacity values owing to the played clear role by Amberlite cation exchanger. Moreover, ACE@CSNB 
was efficiently regenerated and confirmed MB and  Pb(II) removal with 92.26% and 1000 µmol  g−1, respectively Finally, 
the removal efficiency values from three water matrices by ACE@CSNB biochar were characterized as 91.74–98.19% and 
96.27–99.14% for  Pb(II) and MB, respectively to refer to the validity and applicability of the investigated ACE@CSNB bio-
char for treatment of these two pollutants from real water samples with excellent efficiency.

Keywords Pristine and modified nanobiochars · Amberlite cation exchanger IR-120 (Na) · Adsorption behavior · 
Methylene blue and lead pollutants

1 Introduction

Application in water remediation of biochars as example of 
sustainable materials has been a hot topic in recent years 
owing to their excellent sustainability and low-cost for mass 
production [1]. Biochars are characterized as stable carbo-
naceous materials prepared from a wide low-cost biomass 
feedstocks and biomass of different origins as activated 
sludge, algae, animal manures agriculture residues, and for-
est residues [2]. Derived biochar from these materials are 
extremely rich in carbon content with unique characteris-
tics as large area, porosity, stability and various functional 
groups including C–H, –C–O–H, R-COOH, C = O, C–C, 
C = C, C–O–C, –C–O– and –C6H5 [3]. Biochar materials 
are generally produced by different pyrolysis procedures in 
the presence or absence of oxygen atmosphere to favor bio-
mass decomposition in specific environments [4]. Several 
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conditional factors and experimental parameters are well 
documented to affect the properties of biochar as tempera-
ture, pre-treatment method, biomass feedstocks, residence 
time and others [5]. Therefore, pristine biochars are regarded 
as good sustainable materials with great attention and inter-
est to employ in a variety of suitable applications including 
water treatment which are mainly focused on removal of 
organic and inorganic pollutants [6–8]. Examples of such 
applications are devoted to the ultrafast and efficient removal 
of Sm(III) and Cd(II) cations by the use of derived biochar 
from leaves of Cynara scolymus [9]. The adsorption capa-
bility of derived biochar material from banana pseudostem 
towards methylene blue dye was also reported [10]. A study 
was illustrated to investigate the impacts of carbonization 
temperature of derived wheat straw biochar on  Pb(II) removal 
and related mechanism [11]. Maple leaf-derived biochar 
was recently prepared and applied in adsorptive removal 
of tetracycline from aqueous solution as an example of 
organic pharmaceutical pollutants [12]. A series of sustain-
able banana peel biochars were synthesized using pyrolytic 
method at temperature 450–750 °C and additionally applied 
for sorption of acetaminophen and ciprofloxacin drugs under 
different optimized parameters [13]. Other pristine biochars 
were also investigated and reported for adsorptive removal 
of organic and inorganic pollutants from wastewater [14–17]

The low removal capability of biochar materials under 
specific aqueous conditions for some selected contaminants 
represents one of the major disadvantages with respect to 
application for removal of diversiform contaminants. There-
fore, this problematic issue was found to limit the utilization 
of pristine biochars compared to the removal ability of modi-
fied ones, especially in high ionic strength wastewater [18]. 
A number of modified biochar adsorbents, nanosorbents, 
and biosorbents have been recently designed and effectively 
implemented in wastewater purification of organic, inor-
ganic and biological contaminants [19–24]. For example, a 
method was developed to enhance removal of Congo red by 
three pyrolalized biochar from agro-waste (Acacia auriculi-
formis) at 500 °C and modified with  CaCl2,  AlCl3 and  FeCl3 
as metal salts [25]. Sorption of ciprofloxacin (CIP) and tet-
racycline (TC) in single- and binary-solute systems was 
studied by a sponge-like structure of cobalt and gadolinium 
modified biochar (MBC) and the reported maximum capaci-
ties were established as 44.44 and 119.05 mg/g for CIP and 
TC, respectively [26]. Oxidation with 5% of  HNO3/H2SO4 
mixture was performed to enhance the long-term oxidative 
aging of the produced corncob biochar material to improve 
the adsorptive removal of some nanoplastics as polystyrenes 
(PSNPs) [27]. Modified biochar materials with lauric acid 
and iron oxide-were used for oil recovery from water [28] 
and other modified biochars in various applications were 
recently reported [29–34].

MB is a cationic dye which is widely used as a dyestuff 
in various textile and industrial activities. The MB dis-
charged residual amounts from these activities are regarded 
as potential toxins with carcinogenic impact [35]. On the 
other hand, lead is a highly toxic and non-biodegradable 
heavy metal with high bioaccumulation in aquatic systems to 
generate hazardous effects and health problems [36]. There-
fore, polluted wastewater effluents with MB and lead ions 
must be subjected to prior treatments before disposal into 
water resources. This may be accomplished by using vari-
ous chemical, physical and biological approaches via ultra-
filtration, reverse osmosis membrane separation, oxidation, 
biodegradation, and adsorption [37]. Therefore, the current 
study is planned and designed to investigate and compare the 
adsorption efficiency and performance of pristine derived 
nanobiochar from Cynara scolymus leaves (CSNB) ver-
sus its modified material with Amberlite cation exchanger 
(ACE@CSNB). The modified nanobiosorbent was generated 
via homogenized surface modification of the biochar mate-
rial with ACE via successive grinding and microwave hydro/
solvo/thermo/microwave irradiation approach based on the 
combination of ACE with CSNB (1:5 mass ratio) in a mix-
ture of distilled water–ethanol-microwave heating (3 min). 
The surface of ACE@CSNB nanobiosorbent is designed to 
be homogenously covered with (-SO3Na) groups to enable 
adsorptive exchange of cationic pollutants as  Pb(II) ions & 
MB dye from aqueous solution in the presence of optimized 
experimental parameters.

2  Experimental

2.1  Instrumentations

The employed instruments in this work for measurement of 
the related spectra of ACE and ACE@CSNB nanobiosorb-
ent are listed and detailed in Table 1. In addition, the zero 
charge point  (pHpzc) of ACE@CSNB nanobiosorbent was 
experimentally measured by mixing ACE@CSNB with 
either 0.1 mol  L−1 HCl or 0.1 mol  L−1 NaOH and 50 mL of 
NaCl (0.01 mol  L−1) to maintain a range of pH 2–10. These 
solutions were then automatically shaken for 4 h and left at 
room temperature for 24 h. To determine the  pHpzc of ACE@
CSNB nanobiosorbent, a plot between  pHinitial values against 
ΔpH  (pHfinal −  pHinitial) was established [38].

2.2  Chemicals and materials

All utilized chemicals in this study were of AR grade and 
employed without more purification or treatment. The 
employed cation exchanger is  Amberlite resin IR-120 
(Na) with particle size 0.30–1.18 mm (14–52 mesh) and 
in a standard grade purchased from BDH limited, Poole 
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England. The Cynara scolymus were purchased from a 
nearby marketplace. Methylene blue (MB) dye con-
tent, ≥ 82%, was received from Sigma-Aldrich Chemi-
cal Company, USA. Pb(CHCOO)2·3H2O (purity = 99%) 
and disodium ethylenediaminetetraacetate dihydrate 
(EDTA) (assay > 99.0%) were purchased from El-Nasr 
Pharmaceutical Chemicals, Egypt. Hydrochloric acid 
(37%) and sodium hydroxide (98%) were provided from 
(SD fine Chem. Limited, India). Calcium sulfate  (CaSO4 
with purity = 97%) and magnesium sulfate heptahydrate 
 (MgSO4.7H2O with purity = 98%) were purchased from 
Adwic company, Egypt. Sodium hydroxide scales (NaOH 
with purity 96%) and ammonia solution (assay 25%) 
were purchased from EL-Nasr Pharmaceutical Chemi-
cals, Egypt. NaCl (purity 99.0%), KCl (purity 99.5%), 
and  NH4Cl (purity 99.0%) were obtained from Riedel-de-
Haen, Germany.

2.3  Synthesis methodology

2.3.1  Synthesis of pristine nanobiochar

Synthesis of pristine nanobiochar (CSNB) was prepared 
from Cynara scolymus leaves as previously reported and 
according to the following procedure [9]. The collected 
leaves of Cynara scolymus feedstocks were first treated 
several times with distilled water to remove impurities, 
divided into small pieces and then desiccated at 70 °C. The 
material was heated by a slow heating at 350 °C for 1 h 
and left to attain to the room temperature. The produced 
CSNB was washed several times with distilled water and 
left to dry at 70 °C for 24 h. The CSNB material was col-
lected as a homogeneous powder based on gentle milling 
and sieving.

Table 1  Specifications of characterization and instrumental techniques

Characterization Instrument Conditions

FT-IR BRUKER VERTEX 70 Fourier Transform infrared 
spectrophotometer

In the range 400–4500  cm−1

SEM Scanning electron microscopic JSM-6360LA, JEOL Ltd A carbon tap was used as a substrate for SEM measure-
ments using an ion sputtering coating device (JEOL-
JFC-1100E)

EDX Energy Dispersive X-ray, JSM-lT200, JEOL Ltd A carbon tap was used as a substrate for EDX measure-
ments. Acceleration voltage 20.00 kV, WD 10.00 mm, 
Live time 30.00, high vacuum mode

TEM Transmission electron microscopy, model JEOL JEM-
2100F, Japan

Acquiring the images at 80 to 200 kV

TGA CI Electronics microbalance (MK2-MC5) TGA was acquired under He atmosphere using tempera-
ture range 25–900 °C at 10 °C/min ramp

TPD–MS Micromeritics TPD-2900 apparatus connected to a 
Pfeiffer Vacuum-300 mass spectrometer

A 0.10 g biochar sample was maintained in a stream of 
2%  O2: 98% He at 50 °C for 30 min, with a flow rate of 
50  cm3/min, and heated from 50 to 950 °C at 10 °C /
min

XPS X-ray photoelectron spectroscopy, Thermo Fisher 
Scientific, USA

Red copper metal was used as a substrate in the XPS 
analysis. The XPS was collected on K-ALPHA (Themo 
Fisher Scientific, USA) with monochromatic X-ray Al 
K-alpha radiation − 10 to 1350 eV spot size 400 micro 
at pressure 10–9 mbar with full spectrum pass energy 
200 eV and at narrow spectrum 50 eV

XRD The X-ray diffraction by XRD Shimadzu lab X6100, 
Japan

The XRD generator worked at 40 kV, 30 mA, and λ = 1 Å 
utilizing target Cu-Kα with secondary monochromatic

2-Theta was started at 10° and ended at 80°
The diffraction data was recorded with step of 0.02° and 

a time of 0.6 s at room temperature
UV/ViS spectrophotometer Ultraviolet/visible spectrophotometer by V-530 JASCO UV/ViS spectrophotometer in between the range of 

wavelength from 190 to 1100 nm was used in the 
absorption measurement

pH-meter Adwa pH-meter Standard buffers 4.01, 7.00, and 10.00 were utilized in 
the calibration of Adwa pH-meter which used in the 
measurements of solutions pH
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2.3.2  Hydro/solvo/thermo/microwave surface modification 
of ACE on CSNB (CE@CSNB)

Surface modification of Amberlite resin cation exchanger 
(ACE: IR-120-Na) onto derived Cynara scolymus nanobio-
char (CSNB) was accomplished by the combined hydro/
solvo/thermo/microwave process using distilled water–eth-
anol-microwave heating and irradiation. In this procedure, 
1.0 g (ACE) was mixed with 5.0 g (CSNB) in a 1:5 mass 
ratio and this solid mixture was added to 20 mL DW and 
3 mL EtOH. The mixture was heavily grinded in a mortar 
and followed by microwave irradiation heating for 3 min. 
The produced ACE@CSNB nanobiosorbent was left to cool 
at room temperature, mixed with 5 mL DW, heavily grinded, 
irradiated in a microwave for additional 2 min and left to 
cool. The last steps of mixing, grinding, microwave irradia-
tion and cooling were repeated three more times to ensure 
complete homogenous microwave surface modification of 
ACE onto CSNB for the formation of the aimed nanobi-
osorbent (CE@CSNB) as illustrated in Scheme 1.

2.4  Adsorption behavior of modified ACE@CSNB 
nanobiosorbent versus pristine CSNB for Pb(II) & 
MB pollutants

The adsorption performance of ACE@CSNB nanobiosorbent 
versus pristine CSNB towards  Pb(II) ions & MB dye pollutants 
as cationic water contaminants was principally investigated 
and optimized in the presence of various operational factors. 
The following experimental protocol was adapted and followed 
based on using the batch equilibrium method. Stock solutions 
of 1000 mg  L−1 MB and 0.1 mol  L−1  Pb(II) were diluted to 

the required concentrations using DW. As a general method, a 
given amount of the examined nanobiosorbent (ACE@CSNB 
or CSNB) was mixed with either 20 mL MB solution (15 mg 
 L−1) or  Pb(II) ions (15 mmol  L−1) and mechanically shaken for 
a certain period of time. At the end of each batch experiment, 
the investigated nanobiosorbent (ACE@CSNB or CSNB) was 
isolated by filtration and the residual concentrations of  Pb(II) 
ions & MB dye pollutants were detected by complexometric 
titration and UV–Vis spectrophotometric determination at 
λmax = 664 nm, respectively. The average removal (%R) and 
equilibrium adsorption capacity (qe) were then calculated for 
MB dye &  Pb(II) ions pollutants after three times of repeated 
experiments according to Eqs. (1) and (2), respectively.

wherein Co and Ce values represent the starting and final 
equilibrium concentration for MB (mg  L−1) and  Pb(II) (mmol 
 L−1), W is the mass of employed biochar and V is the solution 
volume (L). A number of controlling experimental param-
eters were testified and optimized including solution biochar 
dosage, reaction time, initial contaminant concentration, tem-
perature, pH, and medium ionic strength as outlined below.

2.4.1  Role of biochar mass on removal of Pb(II) & MB 
pollutants by pristine and modified biochars

The first investigated factor was related to the impact of 
biochar mass. In this step, 20 mL of MB (15 mg  L−1) was 
mixed with the selected mass of biochar (5–60 mg), shaken 

(1)Removal(%R) =
[(

Co − Ce

)

∕Co

)]

× 100

(2)qe = Vx
(

Co − Ce

)

∕W

Scheme 1  Schematic diagram 
for surface coating of ACE on 
CSNB (CE@CSNB)

Cynara scolymus leaves 

(i) Washing with DW             
(ii) Pyrolysis in a muffle furnace at 

350oC for 1 h             
(iii) Cooling to room temperature 

(iv) Washing with DW and drying at 
70oC for 24 h   

CSNB

(i) Mixing ACE and CSNB (1:5 mass ratio)      
(ii) Add 20 mL DW and 3 mL EtOH

(iii) Grinding and MW heating for 3 min      
(iv) Repeating  Grinding and MW 

heating three more times

ACE@CSNB nanobiosorbent 
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for 30 min, filtered and the remaining concentration of 
MB in the filtrate was spectrophotometrically detected at 
λmax = 664 nm. The average percentage removal values (%R) 
were finally computed according to Eq. (1). A 10 mL of 
 Pb(II) ion (15 mmol  L−1) was mixed with the selected mass 
of biochar (5–60 mg) and added in a 50-mL flask. This was 
shaken (30 min), filtered, and washed (20 mL DW). The 
residual concentration of  Pb(II) in the filtrate was determined 
against 0.01 mol  L−1 EDTA using hexamine and xylenol 
orange indicator. The equilibrium capacity values (qe) were 
finally computed according to Eq. (2).

2.4.2  Role of reaction time on removal of Pb(II) & MB 
pollutants by pristine and modified biochars

MB solution (20 mL, 15 mg  L−1) was added to the selected 
mass of biochar (20 mg) and shaken by an automatic shaker 
for the selected time (5–60 min). These mixtures were fil-
tered, and the remaining concentrations of MB were spectro-
photometrically determined at λmax = 664 nm to calculate the 
average percentage removal values (%R) of MB as computed 
according to Eq. (1). A 10 mL of  Pb(II) ions (15 mmol  L−1) 
were mixed with the selected mass of biochar (20 mg) in 
50-mL measuring flasks. These were automatically shaken 
for the selected time (5–60 min), filtered and washed with 
20 mL DW. The residual concentration of  Pb(II) in the filtrate 
was then determined against 0.01 mol  L−1 EDTA to identify 
the equilibrium adsorption capacity)qe) according to Eq. (2).

2.4.3  Role of initial contaminant concentration 
on removal of Pb(II) & MB by pristine and modified 
biochars

The role of initial concentration of investigated MB pol-
lutant was studied by using various dye concentrations in 
the range 2–15 mg  L−1. In this study, 20 mL MB solutions 
were mixed with the selected mass of biochar (20 mg) and 
shaken (30 min). The mixtures were filtered, and MB were 
determined at λmax = 664 nm to calculate (%R) of MB from 
Eq. (1). Ten milliliter solution of  Pb(II) ion (5–50 mmol  L−1) 
were mixed with the selected mass of biochar (20 mg) in 
50-mL measuring flasks and shaken by automatic shaker 
for the selected time (30 min). These mixtures were filtered, 
washed with 20 mL DW and determined by EDTA (0.01 mol 
 L−1) to characterize the qe values from Eq. (2).

2.4.4  Role of reaction temperature on removal of Pb(II) 
& MB pollutants by pristine and modified 
biochars

The role of reaction temperature on  Pb(II) ions & MB dye 
removal was investigated at temperature range (25–60 °C). In 
this step, 20 mL MB solutions (15 mg  L−1) were mixed with 

the selected mass of biochar (20 mg) and shaken under a ther-
mostat automatic shaker at the defined reaction temperature 
for the selected time (30 min). The mixtures were filtered, 
and the remaining concentrations of MB were spectrophoto-
metrically determined at λmax = 664 nm. Solutions of  Pb(II) 
ions (10 mL, 15 mmol  L−1) were mixed with the selected 
mass of biochar (20 mg) and automatically shaken for 30 min 
under the specified temperature, filtered, washed with 20 mL 
DW, and the residual  Pb(II) was determined as above.

2.4.5  Role of solution pH on removal of Pb(II) & MB 
by pristine and modified biochars

The role of solution pH on MB (%R) and lead ions (qe) was 
investigated at pH range (pH 2–10) and (pH 2–6), respec-
tively, by using 20 mL of MB solutions (15 mg  L−1) and 
10 mL of  Pb(II) ions (15 mmol  L−1). These were mixed with 
the selected mass of biochar (20 mg) and shaken at room 
temperature for the selected time period (30 min). The reac-
tion mixtures were filtered and the remaining concentration 
of MB in the filtrate was spectrophotometrically determined 
at λmax = 664 nm to figure out (%R) values from Eq. (1) and 
the residual  Pb(II) was then determined by 0.01 mol  L−1 
EDTA to identify the  qe values from Eq. (2).

2.4.6  Role of medium ionic strength on removal of Pb(II) 
& MB by pristine and modified biochars

The influence of ionic strength on the adsorption behavior 
and removal values of MB (%R) and lead ions (qe) by CSNB 
and ACE@CSNB was carried out by the addition of dif-
ferent masses of sodium chloride electrolyte (10–100 mg). 
The applied mass of NaCl was added to 20 mg of biochar 
material and mixed with 20 mL of MB solutions (15 mg 
 L−1) or 10 mL of  Pb(II) ions (15 mmol  L−1). These solu-
tions were shaken at room temperature for the selected time 
period (30 min), filtered, and the remaining concentration 
of MB was determined at λmax = 664 nm to figure out (%R) 
values using Eq. (1) and the residual  Pb(II) was determined 
by 0.01 mol  L−1 EDTA to identify (qe) values using Eq. (2).

2.4.7  Recyclability and reusability of ACE@CSNB 
nanobiosorbent

Recyclability and reusability of ACE@CSNB nanobi-
osorbent after its initial utilization in removal of  Pb(II) & 
MB pollutants were additionally performed according to the 
following procedure. The loaded pollutants on the surface 
of ACE@CSNB were subjected to treatment with 50 mL 
(0.1 mol  L−1 HCl) for 1 h. The regenerated solid materials 
were treated with DW to the neutral pH condition and finally 
dried at 60 °C. The regenerated ACE@CSNB nanobiosorb-
ent was applied to further remove  Pb(II) & MB pollutants. 
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The above procedure was repeated to reach to five recycled 
nanobiosorbents and the qe and %R values of  Pb(II) & MB 
dye were determined, respectively.

2.5  Real water sample treatment from Pb(II) & MB 
by ACE@CSNB

The application process of ACE@CSNB nanobiosorbent in 
removal of both  Pb(II) ions & MB dye pollutants from water 
samples (industrial waste, sea and tap water matrices) were 
investigated by the batch approach via spiking the examined 
water samples (100 mL) with 10 and 15 mg  L−1 pollutant. 
These samples were then mixed with 50 mg ACE@CSNB 
and shaken for 60 min. The percentage removal values (%R) 
of  Pb(II) ions & MB dye pollutants from various water sam-
ples were characterized and fulfilled as mentioned above.

3  Results and discussion

3.1  Characterization of pristine CSNB and ACE@
CSNB nanobiosorbent

The pristine nanobiochar (CSNB) was prepared via a simple 
heating method by heating clean and dry leaves of Cynara 
scolymus feedstocks at 350 °C for 1 h and followed by wash-
ing with distilled water and drying at 70 °C. The surface 
of produced CSNB material was further homogenized with 
Amberlite cation exchanger IR-120 (Na) (ACE) to gener-
ate the modified ACE@CSNB nanobiosorbent with surface 
modified R-SO3

– as the reactive functional group for effec-
tive binding with cationic pollutants as MB dye and  Pb(II). 
The synthetic methodology was based on the combination 
of hydro-solvo-thermo process by using distilled water–eth-
anol-microwave heating and irradiation. The schematic dia-
gram for preparation of ACE@CSNB nanobiosorbent is 
illustrated in Scheme 1. The generated CSNB and ACE@
CSNB nanobiosorbents were characterized by a number of 
techniques as FT-IR, SEM, TEM, EDX, XPS, TGA, TPD-
MS and surface area as discussed in the following sections.

3.1.1  FT‑IR characterization of pristine CSNB and modified 
ACE@CSNB

Physicochemical characterization of CSNB and ACE@
CSNB by FT-IR analysis was aimed in this study to recog-
nize and refer to the major active functional groups loaded 
on the biochar surface. The FT-IR of pristine biochar 
(CSNB) is shown in Fig. 1 a and denotes to the appearance 
of a number of functional groups including a broad band 
at 3200–3430  cm−1 for the vibration of O–H groups. Sev-
eral other peaks were characterized and evident at 2930 and 
2955  cm−1 (aliphatic/aromatic C–H stretching), 1625  cm−1 

(C = O stretching vibration), 1590  cm−1 (C = C vibrations), 
1115–1200  cm−1 (pyrone group), and 750  cm−1 (C–H out 
of-plane deformation in benzene ring) [9]. The same charac-
teristic peaks could be also detected in the FT-IR of ACE@
CSNB nanobiosorbent due to the close aliphatic and aro-
matic nature in the modified biochar as illustrated in Fig. 1 
b. However, the characteristic sulfonate peak (R-SO3

–) is 
characterized by stretching modes at 1140–1250  cm−1 and 
1030–1070  cm−1 for R-SO3

− with S = O [39] to confirm the 
successful surface modification by pristine biochar (CSNB) 
with Amberlite cation exchanger IR-120 (Na) (ACE) for the 
formation of the aimed ACE@CSNB nanobiosorbent.

3.1.2  SEM/EDX characterization of pristine CSNB 
and modified ACE@CSNB

The surface morphology of the as-generated pristine CSNB 
and modified ACE@CSNB nanobiosorbents was acquired 
by the SEM technique. The SEM images of CSNB and 
ACE@CSNB are represented in Fig. 2 a and b, respectively 
at the same comparable magnification order (35,000 ×). It 
is clear that the pristine CSNB are homogenously distrib-
uted in spherical nanoparticles with the nanoscale range 
(18.74–21.85 nm). On the other hand, the SEM-image of 
ACE@CSNB nanobiosorbent is also providing good evi-
dence for the similarity and homogeneity of nanoparticle 
distribution in the range (18.74–23.70 nm) to confirm some-
what partial increase in the produced nanoparticles upon 
loading of ACE on the surface of CSNB. In addition, this 
behavior led to close attachment of the particles compared to 
those in the SEM-image of pristine CSNB. Figure 1S (Sup-
plementary material) is also provided to give more evidence 
for the surface coverage and modification of pristine CSNB 
biochar with ACE at a magnification order (15,000 ×).

The EDX diagrams of CSNB and ACE@CSNB biochar 
materials are shown in Fig. 2 c and d and refer to the pres-
ence of carbon (81.85%) and oxygen (17.32%) as the two 
dominant elements in CSNB biochar. The elemental com-
position was also contributed by other elements as calcium, 
sodium, potassium as previously described [9]. Similarly, the 
modified ACE@CSNB biochar was also characterized with 
high contents of both carbon (81.98%) and oxygen (17.00%) 
along with sodium (0.48%) and sulfur (0.54%) due to the 
contribution of sodium sulfonate group (−  SO3

−  Na+).

3.1.3  XPS of pristine CSNB and modified ACE@CSNB

The X-ray photo-electron spectroscopy (XPS) analy-
sis was acquired for pristine CSNB and modified ACE@
CSNB before and after removal of  Pb(II) ions as shown in 
Fig. 2e(i–iii) and f(i–iii), respectively. As depicted in Fig. 2 
e(i), the XPS of pristine CSNB refers mainly to the existence 
of two sharp peaks corresponding to the carbon and oxygen 
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elements, respectively. The first assigned peak in pristine 
CSNB is associated with binding energies at ~ 286 eV for 
C1s-π* transition due to COH, phenolic C, C = O, ketonic 
C; R-(C = O) or substituted aromatic C, ~ 287 eV for C1s-
3p-σ* due to C-H, aliphatic C of  CH3,  CH2 and CH bonds 
and ~ 289 eV for C1s-π* due COOH, carboxylic C; COO, 
C = O carbonyl C and C-O, moieties to confirm the presence 
of these carbon functional groups. The second peak in Fig. 2 
e(i) is directly related to the oxygenated functional groups 
(O1s) at compatible binding energies of C = O (~ 531 eV) 
and C-O (~ 534 eV) and O–H (532 eV) [40]. Similarly, and 
as represented in Fig. 2 f(i), the modified ACE@CSNB was 
also identified to exhibit two identical peaks at 286–289 eV 
(C1s-π* and C1s-3p-σ*) and 531–535 eV (O1s) which are 
correlated to binding energies of carbon moiety and oxy-
genated functional groups. On the other hand, Fig. 2 e(ii) 
and f(ii) are directly representing the XPS spectra of pris-
tine CSNB and modified ACE@CSNB after adsorption of 
 Pb(II) ions. It is evident that more characteristic peaks were 

produced due to surface adsorption of  Pb(II) on both biochar 
materials. It was detected that the binding energies of these 
peaks showed different ratio of distribution in O = C-O and 
C-O with slight shifts due to adsorption of  Pb2+ ions on 
the surface of pristine CSNB and modified ACE@CSNB 
[41]. Figure 2 e(iii) and f(iii) were acquired from the two 
general Fig. 2 e(i) and f(i), respectively which are character-
ized by two adjacent and identical peaks at 132.5–137.8 eV 
and 138.1–144.2 eV to confirm the presence of different 
functionalized lead groups as Pb-OH, Pb–O-C = O, Pb–O-C, 
and Pb–O based on the main dominant binding forms with 
OH, COO, CO, and O functional groups, respectively [42].

3.1.4  TGA of pristine CSNB and modified ACE@CSNB

Thermal gravimetric analysis (TGA) of CSNB was studied 
under He atmosphere and compared with modified ACE@
CSNB under temperature range from 25 to 900 °C using 
10 °C/min ramp and their related thermograms are illustrated 

Fig. 1  FT-IR characterization of 
a pristine CSNB and b ACE@
CSNB nanobiosorbent
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in Fig. 2 g and h, respectively. The TGA thermogram of 
CSNB is characterized by five decomposition stages at 
20–100, 100–340, 340–540, 540–740, and 740–900 °C which 
are related to the release of moisture and other decomposed 
organic moieties with percentage losses values correspond-
ing to 6.2, 6.1, 17.5, 5.3, and 15.2%, respectively. The sum 
of total decomposed material is only 50.3% up to heating 
temperature at 900 °C to reveal that 47.7% of this pristine 
CSNB material is highly thermally stable. Similarly, the 
thermogram of modified ACE@CSNB was identified with 
five decomposition stages, but at different temperatures and 
percentage losses. As listed in Fig. 2 h, these five steps were 
produced at 20–60 °C (loss = 6.0%), 60–220 °C (loss = 4.0%), 
220–460 °C (loss = 18.2%), 460–700 °C (loss = 11.5%), and 
700–900 °C (loss = 16.4%). Therefore, the total percent-
age loss from the modified ACE@CSNB was found 56.1%, 
while 43.9% as the residual amount. Such configured results 

confirm the successful loading of ACE on the surface of 
CSBC. However, the loaded organic material on CSNB was 
identified to contribute by a decrease in thermal stability 
via 5.8%.

3.1.5  TPD–MS of pristine CSNB and modified ACE@CSNB

Coupling of temperature programmed desorption technique 
with mass spectrometer (TPD–MS) provides a valuable 
and complementary data for TGA based on the detection 
of some evolved gasses according to their m/z values which 
help in characterization of the different functional groups 
in pristine CSNB and modified ACE@CSNB [43]. There-
fore, the incorporated surface functionalization onto pris-
tine CSNB and modified ACE@CSNB were investigated by 
TPD-MS experiments under evacuated condition for 30 min 
at room temperature to yield important and valuable data as 

Fig. 2  SEM/EDX/XPS/TGA/
TPD-MS of pristine CSNB and 
ACE@CSNB nanobiosorbent

(a) SEM image of pris�ne CSNB (b) SEM image of modified ACE@CSNB 

(c) EDX diagram of pris�ne CSNB (d) EDX diagram modified ACE@CSNB 

e (i) XPS of pris�ne CSNB f (i) XPS of modified ACE@CSNB  
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e (ii). XPS of pris�ne CSNB a�er Pb adsorp�on f (ii). XPS of ACE@CSNB a�er Pb adsorp�on

e (iii). XPS of adsorbed Pb on pris�ne CSNB f (iii).XPS of adsorbed Pb on ACE@CSNB  

g TGA thermogram of pris�ne CSNB h TGA thermogram of modified ACE@CSNB

i  TPD-MS of pris�ne CSNB j TPD-MS of ACE@CSNB  

Fig. 2  (continued)
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represented in Fig. 2 i and j, respectively. The temperature 
was started at 50 °C and increased to a maximum value at 
750 °C using a 10 °C  min−1 heating rate. The TPD–MS dia-
gram of pristine CSNB is characterized by the presence of 
four different peaks with the maximum intense related one 
to  CO2, which is followed by CO,  NH3 and finally, the low-
est peak is assigned to  H2O with detected m/z values at 44, 
28, 17, and 18 amu, respectively. The observed  CO2 may be 
produced as a result of the thermal decomposition of vari-
ous functional groups as carboxyl, lactonic, and acid anhy-
dride groups, while CO is generally produced from some 
oxygenated carbon groups as carbonyl, phenolic, pyrone 
and quinine moiety as previously reported [44]. It is evi-
dent from the TPD–MS diagram of pristine CSNB that the 
thermal decomposition and evolution of  CO2 and CO gases 
were initiated and ended at two different heating tempera-
ture ranges and their peak maxima were detected at 360 and 
610 °C, respectively. This trend could be interpreted by the 
facile evolution of  CO2 and CO from different amounts of 
carboxyl and phenol–carbonyl groups, respectively. The  NH3 
peak was produced mainly at 420 °C as a result of thermal 
decomposition of some nitrogenated contents in the pris-
tine biochar as previously reported [45], while the loss of 
 H2O was mainly detected at 85 °C to confirm the presence 
of adsorbed or bonded water molecules. On the other hand, 
Fig. 2 j illustrates the presence of three TPD-MS peaks in 
modified ACE@CSNB and these are related to the evolution 
of  CO2,  NH3 and CO gases at temperatures 320, 415, and 
510 °C, respectively to refer to the successful immobiliza-
tion and loading of ACE on the surface of pristine CSNB. 
It is evident also that the related peak to CO became more 
intense and sharp due to the increase in phenolic moiety, 
while the two related peaks to  CO2 and  NH3 were weakened, 
if compared to their intensity in Fig. 2 i of the pristine CSNB. 
Moreover, the characteristic peak of  H2O was disappeared 
from the TPD-MS diagram of modified ACE@CSNB.

3.1.6  BET‑surface properties of pristine CSNB and modified 
ACE@CSNB

The collected BET data including the mean pore size, sur-
face area, and total pore volume of CSNB and ACE@CSNB 
biochar materials were measured and characterized by using 
the standard BET method. The pristine CSNB exhibited a 
surface area value corresponding to 129.8  m2  g−1, while 
the modified ACE@CSNB biochar provided 50.1  m2  g−1 
to refer and confirm to the successful production of this 
material according to the particle size decrease via surface 
modification and loading of ACE on the surface of CSNB. 
In addition, the characterized pore volumes were identified 
as 1.206 ×  10−3  cm3  g−1 (CSNB) and 2.801 ×  10−2  cm3  g−1 
(ACE@CSNB) to refer to higher pore volume in the modi-
fied biochar. Moreover, the mean pore size of CSNB was 

detected as 3.717 ×  10−2 nm, while the modified ACE@
CSNB biochar exhibited high pore size corresponding to 
2.238 nm to categorize the modified biochar as a typical 
mesoporous material because it is in the range between 2 
and 50 nm [46]. Finally, the observed decrease in the particle 
size and surface area with the increase of total pore volume 
and mean pore size in the modified ACE@CSNB biochar 
are directly refereeing to the successful immobilization 
and functionalization of CSNB with ACE by the employed 
hydro/solvo/thermo microwave approach.

3.2  Removal optimization of Pb(II) ions & MB dye 
pollutants

Adsorption is now recognized and categorized as an effec-
tive and economic methodology for removal of miscella-
neous biological and chemical pollutants from wastewater. 
Such interest is mainly relying on several incorporated 
parameters and characteristics of the adsorbents including 
flexibility in design, simplicity in operation, cost effective-
ness, sustainability, regeneration, reuse and others [47, 48]. 
On the other hand, adsorptive removal of  Pb(II) ions & MB 
dye pollutants from water by different adsorbents as CSNB 
and ACE@CSNB biochar materials are known to be heav-
ily dependent on several important controlling factors as 
biochar dosage, contact time, initial pollutant concentra-
tion, reaction temperature, ionic strength and solution pH 
[49]. These factors were extensively studied and evaluated 
in order to identify and optimize the sorption conditions 
for possible removal of  Pb(II) ions & MB dye as important 
examples of organic and inorganic pollutants.

3.2.1  The impact and role of biochar mass

Dosage is an important parameter in sorption studies 
because it determines the removal efficiency of adsorbent 
with the interacting pollutant [50]. To perform this evalu-
ation, various amounts of CSNB and ACE@CSNB were 
applied for MB dye and  Pb(II) pollutants (5–60 mg) with the 
aim of comparing of their behaviors towards  Pb(II) ions & 
MB dye pollutants. The average values of triplicate inves-
tigation were calculated and the results (Table 2) refer to 
the concluded percentage removal efficiency (%R) of MB 
and metal capacity (qe) of  Pb(II) ions. It is evident from the 
outlined data that a gradual increasing order was observed 
in the removal efficiency (%R) from 80 to 93% by increasing 
the ACE@CSNB dosage from 5 to 20 mg using 15 mg  L−1 
of MB with an established equilibrium and saturation con-
dition at mass ≥ 20 mg. This refers to the possible incorpo-
rated homogeneity and similarity in the surface of modified 
ACE@CSNB nanobiosorbent. On the other hand, the per-
formance of CSNB towards removal of MB (15 mg  L−1) was 
completely different as listed in Table 2. The values were 
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found inconsistent by going up and down due to possible 
less homogeneity and aggregation in the surface of CSNB.

The results of the adsorptive capacity values (μmol  g−1) 
by ACE@CSNB nanobiosorbent for removal of  Pb(II) ions 
were also compared with CSNB as compiled in Table 2 
based on the average values of triplicate investigation. It 
is evident that the related values of ACE@CSNB nanobi-
osorbent were much higher than those concluded by CSNB 
to refer to the contribution of loaded sulfonate (–SO3

–) 
anion which facilitated and enhanced the direct cation 
exchange reaction and binding with  Pb(II) ions. The maxi-
mum adsorptive capacity values (μmol  g−1) were established 
as 2673 μmol  g−1 and 1181 μmol  g−1 by ACE@CSNB and 
CSNB, respectively. The explanation for this is directly 
related to the higher biochar dosage, which afford a greater 
availability of exchangeable sites for  Pb(II) ions via exposure 
of more active sites for binding with the biochar surface. 
Moreover, the adsorptive capacity values were identified 
higher at lower biochar dosage due to the increased metal to 
biochar ratio in the contact solution [51].

Therefore, the role of Amberlite cation exchanger surface 
loading on CSNB for the formation of more efficient ACE@
CSNB nanobiochar is clear with respect to increasing the 
capacity value via incorporated homogeneity and similar-
ity of surface functional groups. Finally, the optimum mass 
(20 mg) of either ACE@CSNB or CSNB was used in the 
following optimization factors for MB dye and  Pb(II) ions.

3.2.2  The impact and role of reaction time

The impact of reaction time utilizing the batch technique is 
known to play a critical role in the adsorption and removal 
process of various pollutants. Moreover, adsorption tech-
nique is a time-dependent process, and accordingly, it is 
important to characterize the pollutant removal rate for the 
sake of future design of wastewater treatment plants [52]. 
The importance of this factor comes from the need for iden-
tification and comparison of the optimum time which favors 
the highest (%R) and (qe) values for both MB and  Pb(II) pol-
lutants by the modified ACE@CSNB and pristine CSNB 

nanobiosorbents. However, the reaction contact time is char-
acterized as the period of contact between the adsorbent 
and the solution mixture. Therefore, the effect of contact 
time on the removal processes of both MB and  Pb(II) cations 
onto ACE@CSNB nanobiosorbent was studied in this work 
and compared with CSNB using 15 mg  L−1 and 15 mmol 
 L−1, respectively in the presence of various time intervals 
(5–60 min) under optimum mass condition (20 mg). The 
illustrated data in Fig. 3 a and b for MB and  Pb(II) pollutants 
as expressed by the values (%R) and  (qe) for both MB and 
 Pb(II), respectively versus contact time. The concluded aver-
age values of triplicate determination of both contaminants 
refer to the superiority of modified ACE@CSNB nano-
biosorbent compared to the pristine CSNB. The detected 
values (%R) were found 94% and 83% for MB by ACE@
CSNB and CSNB to refer to the played role and impact of 
the loaded sulfonate anion (–SO3

–) in enhancement of the 
direct reaction and binding with MB molecules. In addition, 
the stable adsorption rates were mainly attributed to the ease 
in surface binding between MB and both biochar materials. 
It is also evident from the graphed data that 20–30 min was 
sufficient as a contact time to favor reaching to the steady 
condition by both modified and pristine biochar materials to 
confirm the rapidness in binding process between the surface 
groups and pollutants [53]. The same trend was also charac-
terized as illustrated in Fig. 3 b for the superior adsorption 
of  Pb(II) onto ACE@CSNB nanobiosorbent when compared 
to the pristine CSNB. However, because the concentra-
tion of  Pb(II) was high (15 mmol  L−1), the removal capac-
ity values of  Pb(II) onto ACE@CSNB was found steady as 
1275 μmol  g−1 at the time period between 5 and 20 min, then 
increased to 1320 μmol  g−1 at 30 min and finally reached to 
the maximum value as 1336 μmol  g−1 at 40–60 min.

The outlined data of MB and  Pb(II) pollutants removal 
onto the pristine CSNB biochar and modified ACE@CSNB 
biochar were also evaluated by three different kinetic models 
(intraparticle diffusion, pseudo-first-order, and pseudo-sec-
ond-order) to identify the possible acting adsorption mecha-
nism [54]. According to the intraparticle diffusion model, 
the computed R2 values of MB dye and  Pb(II) pollutants 

Table 2  Comparison of MB dye 
and Pb(II) removal by different 
masses of CSNB and ACE@
CSNB

* %R values are the average of triplicate run with ± 0.7%
** μmol  g−1 capacity values are the average of triplicate run with ± 0.5%

Initial Concentration Biochar Percent removal (%R) ± 0.7%) of MB dye at different masses (mg)*
5 10 20 30 40 50 60

15 mg  L−1 MB dye ACE@CSNB 81 87 93 93 93 93 93
CSNB 88 90 89 89 87 85 87

Pollutant Biochar Metal capacity (μmol g−1 ± 1.0%) of Pb(II) at different 
masses (mg)**

5 10 20 30 40 50 60
15 mmol  L−1 Pb(II) ACE@CSNB 2673 1740 995 735 591 497 414

CSNB 1181 777 404 342 295 242 236
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were characterized in the range 0.958–0.967 and 0.988–990, 
respectively using both biochars to reveal that this model 
was invalid to describe the adsorptive removal of MB dye 
and  Pb(II) pollutants onto the pristine CSNB biochar and 
modified ACE@CSNB biochar. In addition, the pseudo-
first order model provided also poor correlation coefficients 
R2 = 0.935 and 0.895 for MB dye and  Pb(II) pollutants, 
respectively using pristine CSNB and R2 = 0.952 and 0.965, 
respectively by ACE@CSNB biochar to confirm invalid-
ity of this model. Finally, the pseudo-second order model 
confirmed excellent R2 = 0.997 and 0.993 for MB dye and 
 Pb(II), respectively, using CSNB and R2 = 0.999 and 0.998 for 
MB dye and  Pb(II), respectively, by ACE@CSNB biochar to 
certify that the suggested adsorption reaction mechanisms 
are mainly based on chemical binding between these two 

pollutants with both the pristine CSNB biochar and modified 
ACE@CSNB biochar [55]. Finally, to confirm the chemical 
binding between the two pollutants and modified biochar, 
the adsorbed  Pb(II) ions and MB dye onto ACE@CSNB 
were subjected to analysis by FT-IR as shown in Fig. 2S(a) 
and (b), respectively (Supplementary material). It is evident 
that several sharp characteristic peaks were produced in the 
region between 1000 and 1600  cm−1 to account for the pos-
sible adsorptive chemical binding of  Pb(II) ions to the surface 
of ACE@CSNB as represented in Fig. 2S(a). This behavior 
may be interpreted on the basis of coordinate bond forma-
tion between  Pb(II) ions and various active oxygenated donor 
atoms onto ACE@CSNB in addition to an ion-pair interac-
tion mechanism between the two reacting species as repre-
sented in Scheme 2. The same observation is also evident 

Fig. 3  Comparison of MB dye 
and Pb(II) removal at different 
contact times (min)
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in Fig. 2S(b) by providing other additional characteristic 
peaks which are responsible for the possible binding of MB 
dye molecules to the surface of ACE@CSNB via chemical 
ion-pair formation as represented in Scheme 2.

3.2.3  The impact and role of initial Pb(II) ions & MB dye 
concentration

The impact and role of pollutant concentration is rep-
resenting another important factor to demonstrate and 
compare the adsorption trends by the modified ACE@
CSNB nanobiosorbent versus pristine CSNB in the pres-
ence of different concentrations of the two investigated 
pollutants, MB dye and  Pb(II) ions [56]. This study was 
performed by using 20 mg of biochar material in 30-min 
shaking time. The selected concentrations of MB were in 
the range 2–15 mg  L−1, while those of  Pb(II) were adjusted 
at 5–50 mmol  L−1. The represented results in Fig. 4 a and 
b clarify the adsorption behaviors of MB dye and  Pb(II) 
by ACE@CSNB versus CSNB. Gradual increasing orders 
in the related values to percent MB removal (%R) and 
 Pb(II) capacity (qe) were evident by increasing the initial 
contaminant concentration from 2 to 15 mg  L−1 and 5 
to 50 mmol  L−1, respectively. The highest (%R) values 
for MB were referred as 94 and 83% upon using 15 mg 
 L−1 and the maximum capacities  (qe) of  Pb(II) were 3885 
and 3833 μmol  g−1 by using 50 mmol  L−1 of  Pb(II) onto 
ACE@CSNB and CSNB, respectively. Such increase in 
the values of (%R) and (qe) at higher pollutant concen-
tration is mainly correlated to the existence of high ratio 

of adsorbate ions versus nanobiosorbent active sites [57]. 
Moreover, the characterized removal values of MB dye 
and  Pb(II) by ACE@CSNB were found higher than those 
related to CSNB to confirm the role of loaded sulfonate 
anion (–SO3

–) in improving and facilitating the direct 
cation exchange reaction and binding with both MB and 
 Pb(II) cations.

The collected results from this factor was also evaluated 
by three isotherm models (Freundlich, Dubinin–Radush-
kevich (D-R) and Langmuir,) to figure out the best fitting 
model for adsorptive removal of MB dye and  Pb(II) onto 
the pristine CSNB and modified ACE@CSNB biochars 
[58]. The adsorption Freundlich isotherm provided mod-
erately high correlation according to R2 values 0.977–985 
and 0.980–0.991 for MB dye and  Pb(II), respectively using 
CSNB and ACE@CSNB. Based on the Dubinin–Radush-
kevich (D-R) isotherm model, the characterized R2 values 
of MB dye and  Pb(II) pollutants were found to correspond 
to 0.886–0.867 and 0.751–0.827, respectively using both 
biochars to reveal that this model was invalid to describe 
the adsorptive removal of MB dye and  Pb(II) pollutants 
onto the pristine CSNB biochar and modified ACE@
CSNB biochar. Finally, the Langmuir adsorption isotherm 
exhibited excellent correlation R2 values = 0.997–0.999 
and 0.994–0.999 for MB dye and  Pb(II), respectively, using 
CSNB and ACE@CSNB biochars to refer that the adsorp-
tion removal mechanism of MB dye and  Pb(II) on the two 
investigated biochars is related to monolayer chemical 
bond formation on homogeneous surfaces without self-
interaction between the contaminants particles [59].

Scheme 2  Bonding of MB dye 
and Pb(II) to ACE@CSNB
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3.2.4  The impact and role of reaction temperature

The impact and role of temperature factor is generally 
applied to figure out and follow-up the variation in adsorp-
tion process in the presence of different reaction tempera-
tures to represent a good measure for the nature of the 
adsorption process as either endothermic or exothermic 
[60]. This study was followed up by changing the reaction 
temperature from 25 to 55 °C using a thermostated shaker 
at 30 min in the presence of 20 mg of either ACE@CSNB 
or CSNB, while he selected concentrations of  Pb(II) ions 
& MB dye pollutants were 15 mg  L−1 and 15 mmol  L−1, 
respectively. The illustrations in Fig. 5 a and b refer to the 
adsorption behaviors of the investigated MB dye and  Pb(II) 
pollutants, respectively by ACE@CSNB versus CSNB. 

As demonstrated in Fig. 5 a for removal of MB by ACE@
CSNB, a slight detected increase in the percentage removal 
values (R%) from 95% (25–35 °C) to 97% (40–55 °C) to 
confirm less dependence on reaction temperature. However, 
ACE@CSNB was identified to react very fast with MB to 
reach the equilibrium condition at room temperature. On the 
other hand, removal of MB by pristine CSNB, was found 
to increase from 87 to 94% by increasing the reaction tem-
perature from 25 to 55 °C to refer to its different behavior 
when compared to the modified biochar, ACE@CSNB. The 
comparison of removal efficiency of  Pb(II) by ACE@CSNB 
versus CSNB as expressed in μmol  g−1 values are plotted 
in Fig. 5 b. The capacity values of  Pb(II) ions by ACE@
CSNB and CSNB were identified to increase from 528 to 
637 μmol  g−1 and from 466 to 544 μmol  g−1 by increasing 

Fig. 4  Comparison of MB dye 
and Pb(II) removal at different 
initial pollutant concentrations
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the temperature from 25 to 55 °C, respectively. This may be 
based on the ability of  Pb(II) ions to form coordinate bonds 
with the surface functional groups [61] as illustrated in 
Scheme 2. The outlined results refer that the binding reac-
tions of  Pb(II) ions & MB dye pollutants onto both pristine 
CSNB and modified ACE@CSNB are mainly correlated to 
an endothermal behavior. In addition, the superiority trends 
of the modified ACE@CSNB biochar are also evident when 
compared to removal efficiency of  Pb(II) ions & MB dye pol-
lutants by the pristine CSNB.

3.2.5  The impact and role of pH and point of zero charge

Initially, the points of zero charge  (pHpzc) of the modified 
ACE@CSNB biochar was determined and characterized 
from the graph of initial pH vs. ΔpH (Fig. 6) to figure out 
the pH value at which the surface charge is zero. As shown, 

the  pHpzc of ACE@CSNB was identified at 7.0 to refer to 
the surface neutrality at this point, while at pH < 7.0 and 
pH > 7.0, the surface of ACE@CSNB biochar turned to be 
positively and negatively charged, respectively [62]. On the 
other hand, solution pH is a crucial parameter in the removal 
process of organic and inorganic pollutants from water and 
wastewater because this factor is responsible for either pro-
tonation or deprotonation of biosorbents as the modified 
ACE@CSNB and pristine CSNB materials. It is mainly 
affecting the protonation degree of functional group on the 
biosorbent surface as well as the selected pollutant species 
in aqueous solution [63]. The effect of varying the initial pH 
values of MB solutions (15 mg  L−1) and  Pb(II) (15 mmo  L−1) 
was investigated and optimized in the range (pH 2.0–10.0) 
and (pH 2.0–6.0), respectively. This study was performed by 
using 20 mg of biochar and 30 min of shaking time to evalu-
ate and compare the adsorption capability of the modified 

Fig. 5  Comparison of MB dye 
and Pb(II) removal at different 
temperatures
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ACE@CSNB versus pristine CSNB. The figured out values 
for removal efficiency of MB (R%) and capacity of lead ions 
(μmol  g−1) are illustrated in Fig. 7 a and b, respectively to 

refer that low removal efficiency (63.5–90.6%) of the modi-
fied ACE@CSNB towards MB at pH 1–4. This trend may 
be attributed to the possible repulsion between positively 

Fig. 6  Point of zero charge 
 (pHpzc) of ACE@CSNB biochar

Fig. 7  Comparison of MB dye 
and Pb(II) removal at different 
pH conditions
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charged surface and positively charged cationic MB. How-
ever, by increasing the pH of adsorption reaction, maximum 
removal value of MB (96.3%) was established by the modi-
fied ACE@CSNB to refer to efficient negatively charged 
surface as deduced from the  pHpzc of ACE@CSNB at 7.0 
[64]. It is also evident that the lowest percent removal values 
(%R) of MB were identified at pH 1–3, while the maximum 
ones were configured at pH 7–10. Moreover, the superior 
behavior of ACE@CSNB could be characterized when com-
pared versus the pristine CSNB biochar.

The adsorptive removal behaviors of  Pb(II) ions onto 
the modified ACE@CSNB and pristine CSNB were only 
investigated and compared in the pH 2.0–6.0 to prevent any 
possible precipitation of lead hydroxide at pH ≥ 7.0 and the 
collected results are graphed in Fig. 7 b. The same trend was 
also observed for the increase in the metal capacity (μmol 
 g−1) via raising the pH value of reaction solution from pH 
2.0 to 6.0 by both biochar materials with the superiority of 
ACE@CSNB in comparison to the pristine CSNB biochar.

3.2.6  The impact and role of ionic strength

Due to the negatively charged surface and porosity of modi-
fied ACE@CSNB and pristine CSNB materials, other metal 
cations may be captured via ion pair interaction with the 
electronegative functional groups and therefore, interfere 
with the target cationic pollutants having the same charge 
as  Pb(II) & MB pollutants. In addition, the impact of solution 
ionic strength caused by the presence of  Na+ may highly 
contribute and interfere in the adsorption of  Pb(II) & MB pol-
lutants by ACE@CSNB and CSNB. Thus, it is of practical 
significance to study the effects of ionic strength by addi-
tion of different masses (10–100 mg) of sodium ion to the 
adsorption reaction. As listed in Table 3, MB removal values 
onto ACE@CSNB are almost constant and ranged from 88 
to 91% to confirm that low (10 mg) or high (100 mg) ionic 
strength of  Na+ were found to minimally contribute in the 
adsorptive removal performance of MB. On the other hand, 
the presence of  Na+ with the pristine CSNB was noticed to 

increase the percentage removal values of MB from 82% 
(at 10 mg-NaCl) to 91% high (at 100 mg-NaCl). This may 
be interpreted by the ability of  Na+ ions to exchange the 
surface hydrogen ions in the hydroxyl or carboxyl group 
to enhance good binding with the target MB via cation 
exchange mechanism [65]. This situation is already existing 
within the structure ACE@CSNB. However, the trends of 
adsorptive removal of  Pb(II) ions by the modified ACE@
CSNB and pristine CSNB materials were characterized to 
follow the order by increasing the capacity value from 668 
to 1678 μmol  g−1 and from 466 to 606 μmol  g−1 based on 
increasing the ionic strength of solution as listed in Table 3. 
The increase in  Pb(II) removal by the modified ACE@CSNB 
may be attributed to the possible replacement of hydrogen 
ions by  Na+ in the hydroxyl or carboxyl groups of CSNB 
component to enhance good binding with the target  Pb(II) 
ions via cation exchange mechanism [66]. Finally, the supe-
rior adsorptive behavior of ACE@CSNB versus pristine 
CSNB is also evident in the study of ionic strength as out-
lined in Table 3.

3.2.7  Recyclability and reusability of ACE@CSNB

Regeneration of ACE@CSNB nanobiosorbent after its ini-
tial application in removal process of  Pb(II) ions & MB dye 
pollutants is very beneficial with respect to the economic 
feasibility [67]. Recyclability and reusability of ACE@
CSNB nanobiosorbent were accomplished by treatment 
and loaded pollutant desorption from the surface of ACE@
CSNB with (50 mL of 0.1 mol  L−1 HCl). The dry recycled 
ACE@CSNB nanobiosorbent was then applied in further 
removal processes of MB dye and  Pb(II) pollutants. After 
the first step of regeneration, the %R of MB was character-
ized as 92.26% and the qe value of  Pb(II) was identified as 
1000 µmol  g−1. Moreover, the recycled ACE@CSNB after 
third recycling procedure was confirmed to remove MB with 
75.98% and  Pb(II) ions with 633.3 µmol  g−1 to confirm excel-
lent stability of ACE@CSNB nanobiosorbent for additional 
recycling and reusability.

Table 3  Comparison of MB dye 
and Pb(II) removal by CSNB 
and ACE@CSNB at different 
ionic strengths of NaCl

* %R values are the average of triplicate run with ± 1.0%
** μmol  g−1 capacity values are the average of triplicate run with ± 0.4%

Initial concentration Biochar Percent removal (%R) ± 1.0%) of MB dye at different ionic 
strength of added NaCl (mg)*

10 20 30 40 50 60 70 80 90 100
15 mg  L−1 MB dye ACE@CSNB 91 89 89 89 89 89 88 88 89 89

CSNB 82 84 86 85 86 87 87 87 90 91
Pollutant Biochar Metal capacity (μmol g−1) ± 1.0%) of Pb(II) at different ionic 

strength of added NaCl (mg)**
10 20 30 40 50 60 70 80 90 100

15 mmol  L−1 Pb(II) ACE@CSNB 668 715 730 715 730 746 1150 1305 1461 1678
CSNB 466 466 513 513 513 529 482 513 544 606



 Biomass Conversion and Biorefinery

1 3

3.2.8  Remediation of Pb(II) & MB pollutants 
from various water matrices

The potential practical application of the modified ACE@
CSNB in efficient removal of  Pb(II) & MB pollutants from 
various samples is an important final evaluation step. This 
study was accomplished by the batch equilibrium tech-
nique to ensure efficient competence for removal of these 
two cationic pollutants from different water sources. The 
selected samples include wastewater, sea water and tap water 
were spiked to produce 10 and 15 mg  L−1 of both  Pb(II) & 
MB pollutants. The selected and examined water samples 
(100 mL) were then mixed with 50 mg of ACE@CSNB 
and automatically shaken. The removal (%) of  Pb(II) & MB 
pollutants were calculated as listed in Table 4. It is evident 
that the removal efficiency values of MB from the three 
water matrices were characterized as 93.37–98.19% (10 mg 
 L−1) and 91.74–98.02% (15 mg  L−1) and those related to 
 Pb(II) ions were in the range 96.27–98.50% (10 mg  L−1) and 
99.00–99.14% (15 mg  L−1). The collected results from this 
study confirm the validity and applicability of the investi-
gated ACE@CSNB biochar for treatment of  Pb(II) ions & 
MB dye pollutants from real effluents with excellent removal 
performance.

4  Conclusion

A successful hydrothermal and solvothermal microwave 
irradiation process was used to prepare a modified ACE@
CSNB biochar in only few minutes. The as-prepared ACE@
CSNB was characterized and proved to exhibit higher total 
pore volume and mean pore size compared to the pristine 
CSNB biochar. The assembled ACE@CSNB biochar was 
found more homogenous due to surface loading of the sul-
fonate group as characterized by the FT-IR stretching bands 
at 1140–1250  cm−1 and 1030–1070  cm−1 for R-SO3

− with 
S = O. The adsorption behavior of ACE@CSNB was com-
pared versus the pristine CSNB in removal of  Pb(II) & MB 
dye pollutants. The evaluated and optimized parameters 
revealed and referred to high adsorption performance of 
 Pb(II) ions & MB dye by ACE@CSNB when compared 
with the pristine CSNB under the impact of biochar dose, 
reaction time, initial pollutant concentration, reaction 

temperature, pH and ionic strength of contact solution. In 
addition, ACE@CSNB was found highly stable to regenera-
tion and reapplication with respect to removal of MB and 
 Pb(II) providing 92.26% and 1000 µmol  g−1, respectively. 
The removal efficiency and capability of ACE@CSNB bio-
char were also confirmed via recovery of MB from the three 
real tap, sea and industrial wastewater matrices providing 
93.37–98.19% (10 mg  L−1) and 91.74–98.02% (15 mg  L−1) 
and those related recovery percentage values to  Pb(II) ions 
were 96.27–98.50% (10 mg  L−1) and 99.00–99.14% (15 mg 
 L−1). This study confirmed the validity and applicability of 
ACE@CSNB biochar in remediation of the two investigated 
cationic  Pb(II) ions & MB dye pollutants from real effluents 
with excellent removal performance. Moreover, the sustain-
ability and low-cost aspects of ACE@CSNB biochar afford 
other significant dimensions in water treatment and purifica-
tion from miscellaneous cationic pollutants.
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Table 4  Application of ACE@
CSNB in removal MB dye and 
Pb(II) pollutants from various 
water matrices*

* %R values are the average of triplicate run with ± 1.3%

Spiked concentration Percent removal (R%) of MB dye from 
water matrices

Percent removal (R%) of Pb(II) from 
water matrices

Sea water Wastewater Tap water Sea water Wastewater Tap water

10 mg  L−1 93.37 98.80 98.19 98.50 96.27 96.71
15 mg  L−1 91.74 93.18 98.02 99.04 99.00 99.14
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