
Vol.:(0123456789)1 3

Biomass Conversion and Biorefinery 
https://doi.org/10.1007/s13399-023-04057-4

ORIGINAL ARTICLE

Conversion of corn shell as biomass solid waste into carbon species 
for efficient decontamination of wastewater via heavy metals 
adsorption

Ayman F. Abou‑Hadid1 · Usama A. El‑Behairy1 · Mahmoud M. Elmalih2 · Enas Amdeha3  · Ahmed M. A. El Naggar3 · 
Mohamed H. Taha2 · Ahmed E. M. Hussein2

Received: 18 October 2022 / Revised: 27 February 2023 / Accepted: 10 March 2023 
© The Author(s) 2023

Abstract
Biomass-based solid residuals can be of serious hazardous environmental impacts if left for natural degradation. Thus, the 
proper utilization of such residuals is highly recommended. Therefore, one of solid residuals: namely, corn shell, was used 
in this study to synthesize carbon species (labeled as CS-C) as an adsorbent for efficient removal of heavy metal ions from 
aqueous solution. The structural properties and the textural characteristics of the prepared carbon species were verified. The 
present charges on the carbon surface were acquired via zeta potential analysis. The performance of CS-C, as adsorbent, was 
investigated through batch technique. Adsorption isotherm was optimally described using the Langmuir model reflecting that 
the removal process occurs at the homogenous surface of CS-C through a chemical reaction (surface complexation mecha-
nism). The equilibrium state for the sorption process was reached after 4 h of interaction. The kinetic studies revealed the 
nice fit of heavy metal removal process to Pseudo-second-order model and the thermodynamics is matched to endothermic, 
spontaneous, and feasible sorption process. The displayed results could emphasize the high potentiality of CS-C to act as a 
remarkable sorbent for efficient tackling of water contaminants.
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1 Introduction

The United Nations considered water security as one of the 
17 sustainable development goals (SDGs: 6). Wastewater 
treatment is an important aspect of water security. Aquatic 
environment contamination with heavy metals is a global 
problem [1, 2]. Radioactive nuclides and hazard elements, 
for instance cadmium and radioactive species, are charac-
terized by non-biodegradable, high persistence, and bioac-
cumulation; therefore, they dramatically affect the aquatic 

food chain [2–4]. Industrial pollution such as pigment works, 
electroplating, and metallurgical alloying, as well as the 
nuclear activities such as radioactive mining, nuclear power 
plant, and radioactive waste disposal are the main source for 
water contamination [3–7]. Wastewater treatment becomes 
a vital issue for developing countries in regards to the water 
as well as environmental securities. Conventional techniques 
such as solid–liquid extraction [8, 9], liquid–liquid extrac-
tion [10, 11], precipitation [12, 13], and sorption [14, 15] 
have been applied for heavy metals removal from aqueous 
solution. Although these technologies are frequently used, 
they have intrinsic disadvantages, e.g., high-energy require-
ments, byproduct formation, and high sludge production 
[3–8].

The adsorption of heavy metals from aqueous solutions 
was established as a superior technique to other methods 
and has received recent interest since it is a simple, effec-
tive, inexpensive, recyclable, and environmentally friendly 
procedure [16–18]. The adsorption effectiveness of several 
adsorbents for removing heavy metals from an aqueous solu-
tion has been examined [17–20]. It is general knowledge that 
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the adsorbent selection is critical to the adsorption behavior. 
Typical adsorbents like activated carbon and zeolite cannot 
keep up with the demand since they produce a lot of sludge 
during the removal process, limiting their adsorption impact 
[12–14]. As a result, developing a variety of unique, ecof-
riendly adsorbents to provide efficient heavy metals removal 
is of major importance.

Biomass materials as the substrate of adsorbent compos-
ites have garnered a lot of interest in the field of environ-
mental management, among other useful materials [21, 22]. 
Because of their accessible availability and excellent adsorp-
tion capabilities, biomass-based carbon compounds, which 
may be generated from agricultural and forest products, have 
sparked widespread concern [21–23]. The recycle of natural 
waste to meet the goal of environmental conservation has 
been the subject of extensive investigation. Biochar made 
from forestry wastes has been found to provide potential 
marketing advantages for the adsorption process due to its 
low cost, eco-friendly, and natural availability [23].

Because of their plentiful pore structure, large specific 
surface area, and other properties, carbon species are con-
sidered as an effective adsorbent. As a result, many carbon 
species have been reported to be used in wastewater treat-
ment [24, 25]. Furthermore, carbon obtained from biomass 
resources provides a novel method for maximizing the 
value of biomass waste. From the standpoint of recycling 
resources, the use of organic waste to make biochar has 
recently piqued interest. It is feasible to employ organic 
waste as a biochar precursor [26, 27]. As a result, the use of 
these materials in the remediation of environmental pollu-
tion has recently gotten a lot of attention. Treatment of these 
wastes properly results in high-value-added products.

One of the food crops with the greatest global distribution 
is corn. The typical method for getting rid of corn residues 
involves burning them off in the air, which frequently pol-
lutes the environment. The capacitive performance of corn 
shells—the outer layer of corn ears—was studied. Corn 
shells contain a lot of carbon and can be turned into porous 
carbon [28]. They are mainly constituted by lignocellulose 
and has hydroxyl and amino groups on their surface. How-
ever, the adsorb-ability is low and lacks selectivity when it 
is used as an adsorbent directly [29]. These reasons make 
the production of carbon species from agricultural waste an 
alternate form of disposal that indirectly lessens environ-
mental issues [30].

Inspired by the aforementioned aspects, this work inves-
tigates the adsorption behavior of agricultural waste-based 
carbon material with a focus on its uptake of heavy metals 
such as Cd (II) and radioactive (VI) species from aqueous 
solution. Wherein, an agricultural waste (Corn Shell; CS) 
was used for the preparation of carbonaceous material by a 
simple thermal technique. TEM, BET, FTIR, XRD, DLS, 
and zeta analysis were performed to figure out essential 

characteristics of the prepared material. The novelty of this 
study is based on first reveal of corn shell (biomass solid 
residual) as a raw source for preparing carbon using moder-
ate temperature at which construction of carbon geometry 
and rearrangement of its particles had taken place. Also, 
the presented carbon species, as adsorbent, have versatile 
functional groups which enhance their efficiency towards 
heavy metals removal.

2  Experimental

2.1  Materials

All chemicals were of the reagent grade and were used 
directly. The used chemicals were hydrochloric acid (HCl, 
(≥ 96%)), sodium hydroxide (NaOH, (≥ 98.5%)),  CdSO4, and 
 UO2(NO3)2.6H2O obtained from Fluka Chemika (Switzerland), 
which were utilized to prepare the heavy metals standard solu-
tions of 1.0 g  L−1. All solutions were prepared using deionized 
(DI) water. Multi-component solution samples of cadmium and 
hazardous species ions synthesized via the stock solutions.

2.2  Preparation of waste‑based carbon

In this study, carbon species produced from waste is offered 
as environmentally friendly adsorbent for removing radioac-
tive species and cadmium species from aqueous solutions. 
In which, a valuable material natural carbon is made as a 
valuable material for uptake usages using corn shell (CS) 
as agricultural waste that was gathered from a farm in Al-
Sharqia Governate, Egypt. The fresh waste was dried in an 
oven at 90 °C for 1 week. The dried sample was undergone 
calcination process for 6 h at 500 °C in a muffle furnace 
using 25 °C/min heating rate. The produced carbon (desig-
nated as CS-C) was obtained in a black color after cooling 
at room temperature [31].

2.3  Characterization

The prepared carbon was characterized by using various 
analytical tools. Diffractometer patterns of X-ray diffrac-
tion (XRD) were recorded (Shimadzu XD-1, Japan). Using 
a Nicolet Is-10 model infrared spectrophotometer (USA), 
KBr method was used to perform Fourier transform infrared 
(FTIR) spectroscopy. Using a NOVA 3200 apparatus (USA), 
nitrogen adsorption desorption isotherms at − 196 °C were 
used to determine the surface characteristics of the produced 
structures. Using transmission electron microscope (high-
resolution), model JEM 1230, the study’s reported struc-
tures’ morphological properties were examined (JEOL, 
Japan). Using a dynamic light scattering (DLS) device, 
the zeta potential was determined (Malvern-ZS, Ltd., UK, 
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nano series). With the aid of a dispersive Raman spectrom-
eter (BRUKER-SENTERRA, Germany) with an integrated 
microscope (Olympos), the phase of carbon was determined.

2.4  Sorption methodology

The sorption characteristics of CS-C towards heavy metals 
ions were performed in batch experiments at room tempera-
ture (25 ± 1 °C) using thermo shaker water bath (scientific 
precision SWB 27–27 L) in polypropylene tubes. The impact 
of solution pH (1–9) on the sorption process was carried out 
by adjusting the solution with 0.5 M HCl and 0.5 M NaOH. 
The equilibrium studies were performed using different metal 
ion concentrations (20–300 mg  L−1). Sorption kinetics was 
conducted at various reaction times (2–600 min). Briefly, 
definite weight of the sorbent (m, g) was shaken with definite 
volume of the multi-component solution (V, L) which con-
tains initial concentration of Co (50 mg  L−1). All experiments 
were carried out at 12 h to confirm achieving the equilibrium. 
All tests were conducted three times, and only relative error 
mean value of ≤ 4% was accepted. The sorbent was removed 
from the aqueous solution by filtration, and ICP-AES (Optima 
2100DV, Perkin-Elmer, USA) was used for measuring the 
residual concentration of heavy metals ions in the aqueous 
solution (Ce, mg  L−1). The sorption efficiency %, sorption 
capacity qe (mg  g−1), and the dimensionless distribution con-
stant ( KC ) were calculated from the following equations [32].

2.5  Modeling of sorption process

2.5.1  Sorption isotherm models

The equilibrium experiments provide important data for 
plant design and improvement operational control. Accord-
ingly, 0.1 g of CS-C was contact with 25 mL of multi-com-
ponent solution contain various metal ion concentration 
(20–300 mg  L−1) of each metal ions at pH of 4.01 for 12 h at 
temperature of 25 ± 1 °C. Langmuir, Freundlich, and Temkin 
isotherm models were applied for describing the isotherm 
of cadmium and radioactive ions uptake process by CS-C. 
Table 1S displayed the applied non-linear equations of the 
isotherm models Table S1 [33–35].

(1)R% =

(
Co − Ce

)
Co

× 100

(2)qe =
(
Co − Ce

)
×
V

m

(3)KC =

(
qe

Ce

× 1000

)

2.5.2  Sorption kinetic models

The sorption kinetics is essential for better understanding 
the sorption mechanism and to figure out the reaction rate 
controlling step. In this regard, a set of experiments were 
performed by shaking 25 mL of the multi-component solu-
tion (50 mg/L initial concentration) and 0.1 g of CS-C at 
solution pH 4.01 and temperature 25 ± 1 °C for different 
interval times (2–600 min). Largergren, pseudo-second-
order, and intraparticle diffusion (Weber and Morris) 
kinetic equations were used for analyzing the adsorption 
results. Table 1S displayed the applied non-linear equations 
of the kinetic models [33–35].

2.5.3  Appropriate the applied models

Chi-square ( x2 ) (Eq. 4) and coordination coefficient ( R2 ) 
(Eq. 5) were used for fitting the isotherm and kinetic models 
whereas the lowest ( x2 ) and the highest ( R2 ) values, meaning 
the good fitting to the experimental results [33, 34].

where x2 is Chi-square coefficient, the number of test points 
is n, the experimental equilibrium capacity is qexp (mg  g−1), 
while the predicted capacity is qpred (mg  g−1).

2.5.4  Sorption thermodynamics

The dependence of CS-C towards metal ions on the reac-
tion temperature was investigated to explore the sorption 
thermodynamic performance. Accordingly, 25 mL of the 
multi-component solution (50 mg/L initial concentration) 
was contacted with 0.1 g of CS-C at pH of 4.01 for 240 min 
at different reaction temperatures  25−50 ± 1 °C. The ther-
modynamic parameters, namely, Gibbs free energy change 
(ΔG°), standard enthalpy change (ΔH°), and standard 
entropy change (ΔS°) were evaluated using equations listed 
in Table 1S [35, 36].

(4)x2 =
�⎡

⎢⎢⎢⎣

�
qexp − q

pred

�2

qpred

⎤⎥⎥⎥⎦

(5)R2 = 1 −

∑n

1

�
qexp − q

pred

�2

∑n

1

�
qexp − qexp

�2

Table 1  Characteristics of carbon produced from corn shell

SBET,  (m2/g) Total pore volume,  (cm3/g) Average pore diameter, 
(nm)

11.30 0.034 12.32
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3  Results and discussions

3.1  Sorbent characterizations

3.1.1  XRD

The structure of the prepared carbon can be analyzed 
through the XRD pattern, Fig. 1. The spectrum showed a 
broad peak in the range 18–38° due to the amorphous car-
bon structure for the lignin-based carbon. Also, it reflects 
the stacking of the graphitic plates [37]. The peaks occur 
near 2θ = 26.6° and 28.3° correspond to the (0 0 2) plane 
of the graphite and can be attributed to the graphitic region 
in the prepared carbon. The interlayer spacing  d002 value is 
0.32 nm. The peaks at ~ 41° and 50.2° correspond to the (1 
0 0) planes, and the detected peaks at around 58.6° and 66° 
are assigned to the (0 0 4) planes; these peaks are for the 
graphitic structure and have also been observed in previous 
carbon experiments [38]. The peak at ~ 74° corresponds to 
the (1 1 0) plane in the carbon [39].

3.1.2  FTIR

The raw corn and the prepared carbon are tested using FTIR 
to ensure that all chemical groups besides carbon have been 
completely removed (Fig. 2). From Fig. 2a, it is found that 
the peaks at 3270  cm−1 and 2888  cm−1 are corresponded to 
the O–H H-bond of cellulose and C–H stretching vibration of 
cellulose and lignin, respectively. While, the absorption band 
at 1733  cm−1 is related to the C = O bond of hemicellulose-
lignin linkages. The absence of these important peaks in the 
produced carbon (Fig. 2b) confirming the conversion of raw 
corn into carbon species. Moreover, a wideband with a sound 
intensity can be found at 3600–3850  cm−1 [39]. This band 

peak is due to the O–H vibrational stretching and bending 
mode of both the OH and  H2O that present due to moisture. 
Furthermore, this band has also been referred to the presence 
of the H–bonds between the OH groups [40]. The bands at 
2900–3000  cm−1 and 1680  cm−1 are for C–H aliphatic axial 
deformation in  CH2 and  CH3 groups and C–O stretching 
vibration, respectively, in lignin, cellulose, and hemicellu-
loses [41, 42]. The peak at 1649  cm−1 is investigative to the 
amides that exist on the surface of the agro-waste-based car-
bon. The occurrence of this group might be happened through 
the thermal conversion process due to the existence of the 
primary amines that last in the agricultural-waste source [40]. 
The peaks at 1466  cm−1 and 1425  cm−1 can be attributed to 
the C–H bending vibration of  CH2 and the carboxyl groups, 
respectively [39]. The carbon fingerprint has a peak at about 
1115  cm−1. This band may also be connected to the stretching 
vibration of the C–O–C ring in both symmetric and asym-
metric forms [38]. Besides, the peak at 1053  cm−1 is observed 
in the FTIR spectrum of lignin-based carbon indicating the 
presence of C–O groups and unconjugated C = O stretch [41]. 
In addition, other vibrations present underneath 900  cm−1 may 
be due to the C–H vibration.

3.1.3  Raman spectroscopy

Raman spectroscopy has been utilized to examine the 
prepared carbon structure because it is an appropriate 
method for assessing the structure and quality of carbon 
materials, as shown in Fig. 3. Two bands in the spectrum, 
the D band and the G band, which are associated to out-of-
plane and in-plane  sp2 carbon bonds, respectively, show the 
basic characteristics of carbon materials [43]. The carbon 
hybridization  (sp2) and stretching mode in the C–C bond in 
graphitic materials are what cause the G band (1595  cm−1) 

Fig. 1  XRD spectrum of carbon 
produced from corn shell
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to exist, which explains the degree of graphitization [30, 
38, 43]. While the D band (1338  cm−1) is attributed to the 
 E2g phonon of  Csp

2 atoms and describes structural flaws 
and partially disordered structures [37]. The defects in the 
graphitized structure can be attributed to this band, which 
is also known as the “turbostratic carbon structure” [38]. 
The k-selection rule fails, resulting in the Raman intensity 
of the D band being inversely related to crystallite size. Any 

carbon sample’s surface layer’s crystallite size in this band’s 
intensity can be estimated [41]. It is common practice to 
gauge the degree of structural disorder using the ID/IG ratio 
of peak intensities. This ratio is the ratio of the integrated 
Raman-allowed band intensity to the disorder-induced 
band intensity [44]. The relationship between the two band 
intensities is frequently used in literature as a gauge of 
structural order since it provides the count of structural flaws 

Fig. 2  FTIR spectrum of (a) 
corn shell. (b) Carbon produced 
from corn shell

Fig. 3  Raman spectrum of car-
bon produced from corn shell
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and quantifies the measure of edge plane exposure [38]. A 
higher ratio of ID/IG corresponds to the carbon with more 
defects [42]. The ID/IG of the prepared carbon is equal to 
0.78. Impurities such ions or oxygen superficial groups are 
blamed for some of the lesser peaks [40].

3.1.3.1 BET The isotherm and the surface area of the pre-
pared carbon were studied by the N2 adsorption–desorption 
isotherm at − 196 °C, Fig. 4; Table 1. The Brunauer, Emmett, 
and Teller (BET) equation is applied [37]. Depending on the 
composition and carbonization conditions, the lignin-based 
adsorbent carbonized revealed various isotherms for porous 
materials such as types I, II, or IV [45]. In this study, the 
prepared carbon exhibits the type IV isotherm in the IUPAC 
classification, suggesting the existence of mesoporous on 
the carbon structure, and type H3 hysteresis that occurs 
when aggregates (loose assemblages) of plate-like particles 
forming slit-like pores.

The type H3 loop has two specific characteristics: The 
lower limit of the desorption branch is typically found at 
the cavitation-induced P/P0, and the adsorption branch 
resembles a type II isotherm. Loops of this type can also 
occur if the pore network comprises of macropores that 
are not filled with pore condensate or non-rigid aggre-
gates of plate-like particles, such as certain clays. The 
desorption branch’s abrupt step-down is the H3 loop’s 

defining characteristic [39]. The presence of pores inside 
the prepared carbon is a significant structural element that 
affects carbon characteristics. As shown from the pore 
size distribution figure, Fig. 4(b), the prepared carbon 
has mesopores with an average pore diameter of about 
12.3 nm; this porosity of the lignin-based carbon boosted 
through the carbonization process by the elimination of 
volatile material [38].

3.1.4  Zeta potential

When a particle moves under the influence of an electri-
cal field, the layer that stays attached to it has an electrical 
potential known as the zeta potential. When the suspension 
is steady and the absolute value of the zeta potential is more 
than 30 mV, the particles are evenly disseminated [44]. The 
study of the carbon’s surface charge, which favors a posi-
tively charged metal’s adsorption on heavy metals (posi-
tive surface charge), reveals that pHs in the range of (5–7) 
showed a strong negative zeta potential. Generally speaking, 
pH may be one element that, depending on the situation, can 
affect the adsorption process (Fig. 5).

3.1.4.1 TEM The microstructural characteristics of the pre-
pared carbon are influenced by the precursor bio-charac-

Fig. 4  (a) N2 adsorption–des-
orption isotherm at − 196 °C. 
(b) The pore size distribution 
curve of carbon from corn shell

Fig. 5  Zeta potential of the car-
bon produced from corn shell as 
a function of pH
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teristics wastes as well as the nature of the carbon before 
activation. The natural hierarchical structure of corn shell 
makes it a suitable carbon precursor to create porous car-
bon with improved adsorption performance. Corn shell is a 
bio-waste precursor for making carbon species and is made 
up of cellulose (43%), hemicellulose (31%), lignin (22%), 
and ash (1.9%) [40, 45]. Figure 6(a and b) show that corn 
shell-carbon consists of sphere-like nanoparticles (Nps) 
with diameters about 12 nm, which is coincident with the 
data from BET analysis. The TEM micrographs of carbon 
are shown to provide significant information concerning 
its surface morphology. The micrographs of the prepared 
carbon showed a relatively amorphous nature that could 
be observed; nevertheless, there are agglomerated parti-
cles forming clusters. In particular, Fig. 6(c, d) shows that 
the particles of the prepared carbon have a mixed nature of 
amorphous and crystalline appearance. Moreover, it shows 
how small crystals of various forms are found embedded 
among the big char particles.

3.2  Adsorption investigation

3.2.1  Effect of PH

Figure 7 obviously shows the sorption performance of CS-C 
as a function of solution pH. The test conditions were kept 
at shaking time of 12 h, initial concentration of 50 mg  L−1, 
sorbent dose of 4.0 g  L−1, and 25 ± 1 °C temperature, while 
solution pH was varied in the range of 1–9. The exhib-
ited data explore that corn sorbent has the same sorption 

behavior towards both metal ions at solution pH in the range 
of 1–4, whereas the sorption efficiency increases to ~ 70% 
for cadmium(II) and ~ 92% for radioactive substances. How-
ever, the uptake performance is changed as the pH increase 
from 4 to 9 whereas (VI) sorption efficiency dramatically 
decreases to ~ 36% while the sorption efficiency of Cd(II) 
slightly increased to ~ 81% till solution pH of 7 then nega-
tively impacted as the pH increases to 9. Since that the aque-
ous chemistry of the adsorbate and the chemistry of the sorb-
ent surface, it is important to study the speciation of metal 
ions (50 mg  L−1) at  HNO3 (0.1 M) as a function of pH using 

Fig. 6  TEM of the prepared 
carbon from corn shell

(c) (d)

(b)(a)

Fig. 7  Metal ions uptake percent dependence on solution pH (4.0  g 
sorbent/L; initial concentration 50  mg L.−1; 12  h; temperature 
25 ± 1 °C)
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Medusa/hydra software Fig. (1S-I-II) [13]. The speciation 
of both metal ions declares that both metal ions show cati-
onic species (mainly  UO2

2+ and  Cd2+) at pH 1–4. Cadmium 
cationic species still the main species for further solution 
pH increase up to 8 then the insoluble species becomes the 
predominate species for pH higher than 8. The insoluble 
radioactive (VI) species becomes the main species as the 
solution pH increase over 4, while radioactive (VI) anionic 
species becomes predominate at pH higher than 10.

The sorption performance of corn carbon could be clari-
fied in accordance to the zeta potential of the sorbent (Fig. 5) 
and the adsorbate species as a function of pH (Figs. 1S I–II). 
Specifically, the increase of pH value could be joined by 
obvious increase in the zeta potential value; however, the 
adsorbent conserved its negative charge. The increase of 
zeta potential value is referring to the high dispersion of 
the adsorbent into the media, thus increased activity could 
be noticed at higher pH values. On the other hand, the pres-
ence of negative charge on the adsorbent (at all pH values) 
is reflecting the sorbent high tendency towards the capture 
of positive cations. Additionally, the zero charge point of the 
adsorbent was found to be at pH value of 1 (Fig. 5). There-
fore, noticeable decrease in the removal of positive cations 
could be generally observed at low pH values. The decrease 
of activity can be also explained by the high competition 
between hydrogen ions and the metals cations at the very 
strong acidic media (pH value around 1).

As the solution pH increases, the positive charge (hydrogen 
ions) decreases which freed many active surface sites and in 
turn enhances the sorption efficiency. Further increase in pH 
negatively impacts the sorption efficiency, whereas the cationic 
species disappears, and the insoluble radioactive (VI) species 
 (UO2(OH)2.H2O: at pH > 4) and cadmium(II) (Cd(OH)2: at 
pH > 8) become the predominate (Fig. 2S-I). This performance 
was supported by previous study using biochars derived from 
corn straw silage [46], magnetic corn straw biochar composites 
[3], and oyster shell biochars [47] for cadmium removal from 
aqueous solutions, whereas Cd(II) sorption was pH-dependent. 
In addition, Aslani and Amik [17], Alahabadi et al. [48], and Li 
et al. [49] reported the same performance for (VI) radioactive 
species at various solution pH.

3.2.2  Adsorption isotherm

The sorption isotherm of metal ions using CS-C is repre-
sented by the illustration of the relation between sorption 
capacity (qe) against metal ion residual concentration (Ce) 
(Fig. 8). The experimental conditions were shaking time of 
12 h, sorbent dose of 4.0 g  L−1, solution pH 4.01, 25 ± 1 °C 
temperature, and initial concentration range of 20–300 mg 
 L−1. The obvious data show that the sorption performance of 
both metals consists of two parts: The first part shows rapid 
increase of the sorption capacity which could be attributed to 

the availability of active function groups on the corn carbon 
surface for binding to metal ions [49, 50]. The second part 
is characterized by slightly increase in the sorption capac-
ity (plateau) owned to that almost the function groups on 
the sorbent surface became saturated [49, 50]. The obtained 
experimental results are analyzed using three isotherm mod-
els: Langmuir, Freundlich, and Temkin models. Table 2 
declares the variables of the isotherm models.

The displayed data obvious that cadmium and radioactive 
species (VI) ions sorption process is obeyed to Langmuir 
model, whereas it exhibits the lowest ( x2 ) values (0.08 and 
0.05) and the highest ( R2 ) values (0.99) for both cadmium 
(II) and radioactive (VI) ions respectively. This indicates that 
the removal is a monolayer process, and corn carbon has a 

Fig. 8  Isotherm illustrates for metal ions sorption process (tempera-
ture 25 ± 1 °C; shaking time 12 h; sorbent dose 4.0 g L.−1; pH 4.01)

Table 2  The evaluated variables of Langmuir, Freundlich, and Tem-
kin isotherm models

Cd(II) Radioactive 
species (VI)

Langmuir model
   qm (mg  g−1) 23.0 28.6
  kL (L  mg−1) 0.21 1.16
  X2 0.08 0.05
  R2 0.99 0.99

Freundlich model
  1/nF 0.1 0.1
  kF (mg  g−1) (mg  L−1) 11.0 18.3
  X2 2.72 5.63
  R2 0.77 0.82

Temkin model
  bT (J  mol−1) 659.3 896.6
   AT (L  g−1) 5.7 571.5
  X2 1.83 3.90
  R2 0.81 0.86
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homogenous surface which is consistent with the TEM analy-
sis (Fig. 6). The isotherm profile of corn carbon towards Cd(II) 
is consistent with the isotherm profile of magnetic biochar 
modified with molybdenum disulfide  (MoS2@MBC) [14], 
titanium-modified ultrasonic biochar [51], and corn straw 
magnetic biochar composite [15]. Moreover, Aslani and Amik 
[17], Alahabadi et al. [48], Li et al. [49] reported the same 
isotherm performance for radioactive ions (VI) uptake using 
active carbon/PAN composite, wastes-activated carbon, and 
rice husk magnetic biochar composites respectively is endo-
thermic, spontaneous, and feasible sorption process which 
is consistent with the obtained data in this work. Freundlich 
constant (1/nF) is 0.1 < 1/nF < 0.5 for carbon and radioactive 
species ions that indicates that the uptake process is favorable 
[18]. The calculated sorption capacity qm for cadmium (II) 
and radioactive ions (VI) (23.0 and 28.6 mg  g−1) is close to 
the experimental sorption capacity (Cd(II): 22.4 mg  g−1, and 
radioactive species (VI): 28.5 mg  g−1).

It is worth noted that CS-C possesses higher affinity for 
radioactive ions (VI) than cadmium (II). There are several 
parameters affecting the tendency of sorbents towards the 
metal ions such as hydration energy, metal ion electronega-
tivity, and hydration ion radii [5]. The increase in hydration 
energy enhances the sorbent affinity; however, the increase 
in ion electronegativity and hydration ion radii decreases the 
sorbent affinity towards metal ions radii [52]. The affinity 
of the applied corn biochar could be elucidated in regards 
to the variation of hydration energy of both metal ions. The 
hydration energy of radioactive ions (VI) (− 3958 kJ.  mol−1) 
is higher than that of cadmium(II) (− 1807 kJ.  mol−1) [34], 

which reflects higher sorbent tendency for radioactive (VI) 
species than cadmium(II). This matches with the obtained 
data. In regards to the Pearson Hard and Soft Acids and 
Bases (HSAB) theory, Cd(II) is considered as soft acid while 
radioactive ions (VI) is classified as hard acid [5]. Ions of 
radioactive metal (VI) processes higher Lewis acid strength 
(0.86) than cadmium (0.32) [34]. According to Fig. 2, the 
main active function groups on the corn bio-char are amine, 
carbonyl, and hydroxyl groups which are classified as strong 
bases. This means that the applied carbon will have higher 
affinity to radioactive (VI) ions (hard acid) than cadmium(II) 
ions (soft acid), which is consistent with the experimen-
tal results. This indicates that the affinity of corn sorbents 
towards cadmium(II) and radioactive (VI) ions could be 
explained based on HSBA theory.

The sorption performance of corn carbon for metal ions 
was displayed in Table 3 in comparison with other sorbents. 
The explored data declares that sorption capacity of corn 
carbon is moderate in regards to the displayed sorbents.

3.2.3  Sorption kinetic

The sorption kinetic of heavy metals sorption from multi-com-
ponent solution using CS-C has been performed. In this regard, 
a set of experiments were conducted at deferent shaking time 
of 2–600 min, while other variables were kept at sorbent dose 
of 4.0 g  L−1, solution pH 4.01, 25 ± 1 °C temperature, and ini-
tial concentration of 50 mg  L−1. The variation of the sorption 
capacities (qe) VIS time (kinetic curve) was displayed in Fig. 9. 
The explored results are obvious that the kinetics profile of both 

Table 3  The sorption capacity 
of corn carbon for Cd(II) 
and radioactive species (VI) 
in comparison with other 
carbonaceous materials

The bold is for present work
PW, present work

Co, mg  L−1 Temp, K pH Time, h Qe, mg  g−1 Ref

Cadmium (II)
  2–50 298 6.0 24 37.2 MnO2-modified biochar (MBC) [18]
  10–150 298 6.0 6 16.4 Corn straw magnetic biochar at 600 ℃ [14]
  10–100 293 6.0 48 41.1 Biochar modified with shrimp bran [50]
  5–1000 298 5.5 24 14.5 Oyster shell biochar [47]
  20–200 298 6.8 24 39.8 Acrylonitrile-modified biochar [53]
  0–20 298 4.5 24 15.5 KOH-modified biochar [19]
  0–120 298 10 24 8.1 Modified rice straw [54]
  20–300 298 4.0 12 21.3 Corn carbon PW

Radioactive ions (VI)
  20–300 298 5.5 1 27.2 Eucalyptus wood biochar [55]
  5–100 293 4.0 6 19.4 Fungus Pleurotus ostreatus [56]
  10–80 298 10 7 53.2 Modified rice husk biochar [6]
  10–110 298 6.0 1 62.7 Pine needles biochar by HTC [57]
  2–60 318 4.0 24 52.6 Rice husk magnetic biochar composites [49]
  2–100 298 3.0 1.5 92.0 Biochar fibers [25]
  20–300 298 4.0 12 28.6 Corn carbon PW
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metal ions are the same, whereas the sorption capacity rapidly 
increases with the increment of time increases until the equilib-
rium state (240 min). This could be attributed to the availability 
of active function groups on the CS-C surface [35, 36]. The 
sorption capacity at equilibrium is about 17.3 and 22.3 mg  g−1 
for Cd(II) and radioactive (VI) ions respectively. Prolonging the 
equilibrium state exhibits a slow rate of reaction and almost a 
constant sorption capacity. This could be explained based on 
the surface-active function groups saturation [35, 36]. Lager-
gren and pseudo-second-order kinetic models were used to 
explore the sorption kinetics of Cd(II) and radioactive (VI) ions. 
The nonlinear fit plots for Lagergren and pseudo-second-order 
kinetic models were displayed in Figs. 2S and 3S respectively. 
The kinetic parameters as well as the Chi-square and coordina-
tion coefficients were displayed in Table 4.

The displayed results are obvious that the pseudo-sec-
ond-order model possesses the lowest Chi-square coefficient 
(0.06) and coordination coefficient (1.00) for cadmium(II) 
and radioactive (VI) ions respectively. In addition, the cal-
culated sorption capacity values (19.3 and 24.9 mg  g−1) 
for Cd(II) and radioactive (VI) respectively are close to 
the experimental sorption capacity values at equilibrium. 
This means that the pseudo-second-order kinetic model 
describes well the uptake of cadmium and radioactive ions 
using CS-C. This reflects that the uptake is a chemisorption 
process, and there is an electron sharing between the cad-
mium and radioactive ions and surface active sites on the 
CS_C material [48, 49]. Luo et al., and Tao et al., reported 
that the uptake of cadmium(II) using biochar prepared from 
corncob and corn straw silage respectively was obeyed to 
the pseudo-second-order kinetic model [46, 53]. The cap-
ture of radioactive (VI) using active carbon/PAN compos-
ite [17], wood wastes activated carbon [48], and rice husk 
magnetic biochar composites [49] has been also obeyed to 
pseudo-second-order kinetic model.

It is notably that, the values of the half equilibrium 
time and the initial sorption rate for cadmium(II) (40.9 h; 
0.06 mol  g−1  h−1) are close to the values of radioactive (VI) 
(38.3 h; 0.06 mol  g−1  h−1) which confirms the same kinetic 
performance of both metal ions.

Morris-Weber model could be applied to explore the 
heavy metals sorption mechanism. In regards to this model, 
the uptake process is controlled with one solo mechanism 
(i.e., the intraparticle diffusion (IPD)) in case the Morris-
Weber plot exhibits a linear relationship passing through 
the origin; however, it controlled with a multiple mechanism 
in case the plot consists of several segments (each segment 
represents a mechanism) [35, 36]. Figure 10 (Morris-Weber 
model plot) obviously shows that metal ions sorption process 
is characterized by multi-linear relationship which indicates 
that the sorption mechanism is controlled by several mecha-
nisms, i.e., chemical reaction at the beginning of the sorption 
process until reaching equilibrium then IPD becomes the 
controlling mechanism [35, 36]. Morris-Weber model vari-
ables (Table 5) explore the following: the sorption process 
has high rate of reaction and low boundary layer effect which 
means rapid sorption rate of reaction until the equilibrium 
(first stage). This behavior is attributed to the availability of 
active sites [15, 16]. While after equilibrium, the sorption 
process is characterized by low rate of reaction and high 
boundary layer effect, which indicates slow sorption rate of 
reaction (second stage). This performance attributed to the 
fullness of the active function groups on the CS-C surface 
and the IPD mechanism take place [1–5, 16]. Cadmium(II) 
and radioactive ions (VI) sorption from aqueous solution 
using molybdenum disulfide-modified magnetic biochar 
(MoS2@MBC) [14] and hydroxyapatite-biochar nanocom-
posite [48] respectively are also characterized with multiple 
mechanisms sorption reaction.

Fig. 9  Kinetic curve for sorption process (4.0 g sorbent/L; initial con-
centration 50 mg L.−1; temperature 25 ± 1 °C; pH 4.01)

Table 4  The evaluated kinetic parameters, pseudo-first-order, pseudo-
second-order models

Sorbents Cd(II) Radioactive 
species (VI)

Pseudo-first-order model
  q1 (mg  g−1) 17.8 23.0
  k1 ×  103  (min−1) 20.30 20.26
  X2 0.56 0.87
  R2 0.99 0.99

Pseudo-second-order model
  q2 (mg  g−1) 19.3 24.9
  k2 ×  103  (min−1) 1.27 1.04
  h (mol  g−1  h−1) 0.5 0.6
  t1/2 (h) 40.9 38.6
  X2 0.06 0.06
  R2 1.00 1.00
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3.2.4  Sorption thermodynamics

The influence of reaction temperature on heavy metals 
adsorption from aqueous solution using CORN bio-char has 
been carried out and displayed in Fig. 11. The experimen-
tal conditions were shaking time of 12 h, sorbent dose of 
4.0 g  L−1, solution pH 4.01, and initial concentration range 
of 50 mg  L−1. The displayed data shows that the sorption 
efficiency is slightly enhanced with the increase in reaction 
temperature. Van’t Hoff plot has been illustrated by the vari-
ation of log kc versus (1/T) and shown in Fig.4S. Table 6 
exhibited the values of the thermodynamic parameters (i.e., 
ΔH°, ΔG°, and ΔS°) The anticipated data declare the endo-
thermic nature of the sorption process whereas ΔH° has 
positive values (cadmium(II): 26.8 and radioactive ions (VI): 
30.36 kJ  mol−1) [32, 33]. Gibbs free energy (ΔG°) of both 
metal ions exhibits negative values for all reaction tempera-
tures which indicate that the sorption process is spontane-
ous and feasible reaction. In addition, the decrease of (ΔG°) 

within the temperature increase reveals that the sorption 
process is more favorable at high temperature [53, 54]. The 
randomness increment at the solid–liquid interface could be 
explored from the positive values of ΔS° for uptake process 
[53, 54]. The same thermodynamic performance (i.e., endo-
thermic, spontaneous, and feasible sorption process) was 
described for cadmium ions sorption from aqueous solution 
using corn straw magnetic biochar composite [15], mag-
netic biochar modified with molybdenum disulfide (MoS2@
MBC) [14], and titanium-modified ultrasonic biochar [51]. 
In addition, Aslani and Amik [17], Alahabadi et al. [48], and 
Li et al. [49] mentioned the same thermodynamic attitude 
(endothermic, feasible, and spontaneous) for radioactive 
ions (VI) uptake using active carbon/PAN composite, wood 
wastes-activated carbon, and rice husk magnetic biochar 
composites respectively.

3.2.5  Sorption mechanism

The sorption performance of biochar for metal ions is differ-
ent and mainly depends on various parameters such as the 
chemistry of the metal ion in solution and the properties of 
the biochar such as porous structure, specific surface area, 
and the surface function groups [14–16]. The adsorption of 
metal ions using biochar involves several mechanisms includ-
ing physical adsorption, precipitation, ion exchange, compl-
exation, and electrostatic interaction [58–60]. Several studies 
mentioned that metal ions sorption using biochar was mainly 
dominated with the precipitation of metal ions with minerals 
contained in the biochar [60]. However, Chang et al., and Tan 
et al., reported that cation exchange mechanism effectively 
contributes the sorption of metal ions from aqueous solution 
[59]. The surface complexation between cadmium and radio-
active ions with the oxygen-containing functional groups of 
the biochar is considered to be a crucial sorption mechanism 

Fig. 10  Morris-Weber model illustrates for sorption process (4.0  g 
sorbent/L; initial concentration 50  mg L.–1; temperature 25 ± 1  °C; 
pH 4.01)

Table 5  The evaluated parameters of Morris-Weber model kinetic 
model

Cd(II) Radioactive 
species (VI)

Weber and Morris model Stage I
ki (mg/g  min1/2) 1.19 1.53
C 0.43 0.79
R2 0.95 0.95
Stage II
ki (mg/g  min1/2) 0.07 0.11
C 16.1 20.4
R2 0.98 0.97

Fig. 11  The removal efficiency of cadmium and radioactive ions 
against reaction temperature (initial concentration 50 mg L.−1; shak-
ing time 12 h; 4.0 g sorbent/L; pH 4.01)
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[4]. Cation-π interactions mechanism is involved for metal 
ions sorption using biochars with highly cyclic aromatic 
structure whereas the biochar can be used as π-donor [59, 
60]. The electrostatic attraction mechanism is expected for 
metal ions sorption using biochar with pHpzc < solution pH 
whereas the biochar surface becomes negatively charged and 
thus, attracted to the positive cation species [4]. The large sur-
face area and proper micropore structure of biochar enhance 
the contribution of physical adsorption mechanism for the 
removal of metal ions from aqueous solution [59–-60].

In the present study, the sorption isotherm is obvious 
that the uptake process is fitting well the Langmuir model 
(Table 3) which indicates the monolayer sorption through 
chemical reaction (e.g., ion exchange or surface complexa-
tion reaction) between surface function groups and metal 
ions [14]. The speciation of cadmium(II) and radioactive 
(VI) ions over solution pH clears that both metal ions are 
mainly present as divalent cations  Cd2+ and  UO2 2+ over 
solution pH range 1–4 (Fig. 1S-I-II). In addition, zeta poten-
tial values of the applied sorbent indicates that the sorbent 
has negatively charged surface within the pH range indicat-
ing that the electrostatic attraction mechanisms effectively 
contribute on the sorption process; however, the removal of 
cadmium(II) and radioactive (VI) ions from aqueous solu-
tion is predominantly via surface complexation mechanism 
[60]. Sorption kinetics which is fitted well with pseudo-
second-order model (Table 4) indicates that heavy metals 
sorption using CS-C achieved via the inner sphere surface 
complex mechanism [46, 59].

This observation is confirmed by FTIR analysis for 
CS-C sorbent (Fig. 2) which is obvious that the surface of 
the applied sorbent has plentiful oxygen-containing func-
tion groups such as –OH, –COOH, -R-OH, which suggests 
the complex formation between these (O-) containing 
function groups and metal ions. This means that the inner 
sphere surface complexation reaction could be the crucial 
sorption mechanism [14]. The same sorption mechanism 
has been reported in previous study for cadmium(II) and 
radioactive (VI) sorption from aqueous solution using 
Canna indica-derived biochar [58], rice straw biochars 
[59], oyster shell waste [60], activated carbon from wood 
wastes [48], and active carbon/PAN composite [17].

The surface area as well as the porous structure of the 
applied CS-C suggests that the physical sorption mecha-
nism could contribute in the sorption process [57–60]. 
Kinetic analysis using Morris-Weber model (Fig. 5) reflects 
that metal ions uptake from aqueous solution using CS-C is 
controlled with multiple mechanism, which suggested that 
at the beginning of the reaction, the inner surface complexa-
tion becomes the predominate sorption mechanism (chemi-
cal reaction), whereas there are enough surface function 
groups. However, after equilibrium, the intraparticle dif-
fusion of the metal ions over the sorbent pores becomes 
the main controlling mechanism (physical reaction) for 
the sorption process, whereas most of the surface function 
groups are saturated [60]. The proposed sorption mecha-
nisms could be displayed in Fig. 12.

Table 6  The evaluated thermodynamic parameters

ΔG (kJ/ mol) ΔH ΔS

25 °C 30 °C 40 °C 50 °C (kJ/mol) (J/mol K)

Cadmium (II)  − 17.48 ± 0.02  − 17.97 ± 0.01  − 19.57 ± 0.02  − 21.12 ± 0.03 26.83 ± 0.02 148.7 ± 0.2
Radioactive ions (VI)  − 21.66 ± 0.03  − 22.21 ± 0.02  − 24.06 ± 0.02  − 25.93 ± 0.04 30.36 ± 0.01 174.5 ± 0.1

Fig. 12  The proposed sorp-
tion mechanisms for sorption 
process



Biomass Conversion and Biorefinery 

1 3

4  Conclusion

In the present study, corn-shell (solid waste)-based carbon 
(CS-C) was successfully synthesized. The prepared carbon 
species were characterized using TEM, BET surface area, 
Raman, FTIR, XRD, and zeta analyses. After acquiring all 
the structural, textural, and surface charge characteristics of 
CS-C, it was forwarded to the process of adsorbing heavy 
metals from a contaminated aqueous solution through batch 
technique. The adsorption capacities could be observed at 
an equilibrium time of 4 h. Isotherm and kinetic modeling 
of the sorption process clarified that the sorption results 
obeyed both Langmuir and pseudo-second-order models. 
The interaction of CS-C sorbent with heavy metal ions was 
endothermic, spontaneous, and feasible reaction.
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