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immobilization of metals is binding with –NH2 groups. 
Results from this study indicated that modification of bio-
char by chitosan/clay nanocomposite enhances its potential 
capacity for immobilization of heavy metals, rendering the 
bionanocomposite into an efficient heavy metal sorbent in 
mine-impacted acidic waters and soils.

Keywords  Heavy metals · Nanobiocomposite · Biochar · 
Soil · Immobilization · SPLP

Introduction

Mineral and metallurgical processes are major sources of 
soil pollution worldwide. These industrial activities use 
large volumes of water and produce huge amounts of dif-
ferent types of wastes. Mine tailings, for instance, form an 
important source of heavy metals with high concentrations 
of Cu, Pb, Zn, Cd, Cr and As [1]. Often, these tailings are 
rich in sulfide minerals which are readily oxidized when 
exposed to water and air to produce sulfuric acid. Under 
such (very) acid conditions, heavy metals become mobile 
and are easily leached out of the tailing deposits. Therefore, 
both tailings and their leaching water are known to lead to 
soil contamination [2] and necessitate measures to mitigate 
or prevent heavy metals contamination. For this purpose, 
various physicochemical mechanisms are known to render 
metals immobile and biologically unavailable [3]. There 
are several techniques have been developed for remediating 
mine tailings such as landfilling, thermal treatment, electro 
reclamation and soil capping. However, all are costly and 
environmentally unfavorable since at the end, they end in 
toxic solid/liquid residues which will require an engineered 
safe disposal, as well [4].

Abstract  An organic–inorganic composite of chitosan, 
nanoclay, and biochar (named as MTCB) was chosen to 
develop a bionanocomposite to simultaneously immobilize 
Cu, Pb, and Zn metal ions within the contaminated soil and 
water environments. The composite material was structurally 
and chemically characterized with the XRD, TEM, SEM, 
BET, and FT-IR techniques. XRD and TEM results revealed 
that a mixed exfoliated/intercalated morphology was formed 
upon addition of small amounts of nanoclay (5% by weight). 
Batch adsorption experiments showed that the adsorption 
capacity of MTCB for Cu2+, Pb2+, and Zn2+ were much 
higher than that of the pristine biochar sample (121.5, 336, 
and 134.6 mg g−1 for Cu2+, Pb2+, and Zn2+, respectively). 
The adsorption isotherm for Cu2+ and Zn2+ fitted satisfac-
torily to a Freundlich model while the isotherm of Pb2+ was 
best represented by a Temkin model. That the adsorption 
capacity increased with increasing temperature is indicative 
of the endothermic nature of the adsorption process. Accord-
ing to the FTIR analysis, the main mechanism involved in 
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It has been shown that biochars are efficient soil 
amendments to improve soil quality and they are now 
being commercialized in many countries. The main inter-
esting property of this carbonic material is its high stabil-
ity and resistance against degradation in soil systems [5]. 
Because of this feature, biochar maintains the nutrient 
and water retention capacities in soil, which is of agricul-
tural importance. Additionally, contaminants as toxins, 
and organic pollutants such as PAHs are immobilized for 
large time periods [5]. Also regarding the immobilization 
of heavy metals in soil, use of biochar has been a promi-
nent subject of research [1, 6].

Acid copper mine tailings are commonly found in 
the Sarcheshmeh Copper Complex, where soil is con-
taminated with several metals such as Cu, Zn, and Pb. 
Although biochars have been proposed as a candidate 
sorbent for these metals, the sorption capacities of most 
biochars for many heavy metals are smaller than that of 
some commercial adsorbents [7]. Accordingly, the aim of 
the present research was to enhance the sorption capac-
ity of biochar through designing a novel biochar-based 
composite.

Chitosan, one of the most widely used and naturally 
abundant biopolymers, contains acetamido and amino 
groups [8]. The presence of these functional groups gives 
chitosan a cationic polyelectrolyte character and enables 
it to chelate metal ions [9, 10]. Since it is a hydrophilic 
biopolymer, it is potentially biocompatible, environmen-
tally friendly, and suitable to be used in sustainable mate-
rials (e.g. adsorbents, coating materials, membranes) [8, 
9]. Nanoclays including modified and unmodified mont-
morillonite clays (commercially referred to as the Cloisite 
series) are widely used as nanofillers or additive materials 
to improve various physical properties of polymers, such 
as reinforcement. Montmorillonite clay (MT) is a phyl-
losilicate formed of Al–O octahedral platelets sandwiched 
between two Si–O tetrahedral sheets. The remarkably 
large adsorption capacity of this material for metals is 
mainly due to the specific layered structure and existence 
of exchangeable hydrated cations [11]. Chitosan based 
nanocomposites containing MT have been used for dye 
removal [9, 12–15] and sorption of heavy metals [16–19] 
from effluents. However, their effect on contaminated 
soils has not yet been evaluated. Therefore, a second aim 
of this investigation is to assess the performance of this 
nanocomposite structure within the soil environment, it 
is employed onto a sustainable charred matrix material to 
form a bionanocomposite. The behavior of chitosan/clay 
modified biochar in immobilization of heavy metals has 
been investigated afterwards.

Materials and Methods

Chemicals

All chemical reagents were of the highest purity that is com-
mercially available. Lead (II) nitrate, copper (II) nitrate, 
zinc (II) nitrate, sodium chloride, potassium nitrate, acetic 
acid, nitric acid, sulfuric acid, and sodium hydroxide were 
purchased from Merck (Merck Millipore, Germany). Chi-
tosan was from Sigma-Aldrich. The source clay, sodium MT 
(Cloisite Na+), was purchased from Southern Clay Prod-
ucts, Gonzales, TX. The cation exchange capacity (CEC) 
of Cloisite Na+ is 92.6 × 10−5 molc g−1 as reported by sup-
pliers (molc stands for mol-charge, formerly called equiva-
lent). Distilled, deionized water (DDW) was used for all 
procedures.

Soil Sample

The simulated soil was prepared by mixing 50% sand, 35% 
silt, and 15% kaolinite according to the mean texture of the 
polluted soils in vicinity of Sarcheshmeh Copper Mine Com-
plex, Kerman, Iran. The contaminated area is about 400 km2 
of the area and mainly involves the top 15 centimeters of 
soil. The main contamination concerns the metals Cu, Pb, 
and Zn. The soil is classified as silty sand (SM) according 
to ASTM D422 and the Unified Soil Classification System 
(USCS).

Preparation of Chitosan/Clay/Biochar 
Nanobiocomposites

Residual bark chips were collected from Mazandaran 
Wood and Paper plant site to be used as feedstock and 
were air-dried overnight. The bark sample was pyro-
lysed at 600 °C at 10 °C min−1 and 2 h residence time 
under 3  L  min−1 nitrogen flow in a chamber furnace 
(Nabertherm, Germany). The pyrolysis conditions were 
chosen according to the thermal analysis over the biomass 
which was performed in advance. The resulting chars were 
allowed to cool to room temperature, rinsed several times 
with DDW, dried at 80 °C in oven, and sieved to <2 mm. A 
chitosan aqueous solution was prepared by dissolving 5 g 
of chitosan powder in 250 ml acetic acid solution (2% v/v). 
A nanoclay suspension with 5% clay content was prepared 
by dispersing appropriate amounts of clay in 10 ml of 2% 
acetic acid and stirring for 24 h. Afterwards, the chitosan 
solution was gradually added to the pretreated clay suspen-
sion. The final mixture was vigorously stirred for another 
24 h at 60 °C. Finally, 5 g of biochar was added to the 
mixture and stirred for 30 min to provide a homogeneous 
suspension. The biochar/chitosan/clay suspension was then 
added drop wise into a 1000 ml NaOH (1.2%) solution and 
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kept in the solution for 12 h. Afterwards, the composite 
material (MTCB) was filtered, washed several times with 
DDW, and oven dried at 70 °C.

Characterization

Prior to pyrolysis, to find the proper temperature for char-
ring the biomass, a thermogravimetric analysis (TGA) was 
performed under nitrogen flow from room temperature to 
700 °C at a rate of 10 °C min−1 over the bark sample 
using a Mettler Toledo TGA1 device. The biomass was 
then pyrolyzed and the obtained biochar from this stage 
was used as a base matrix for developing the composite 
material. Total C, H, N, S, and O content in the base char 
was determined by a CHN Elemental analyzer (Costech 
ECS 4010). Moreover, the total P content was measured 
by the acid digestion procedure according to Kuo [20]. The 
basal spacing of the clay was determined with a Philips 
X’Pert MPD X-ray diffractometer with a Co-Kα radiation 
source and scans were carried out for diffraction angels 
below 10°. The dispersion of chitosan among the clay 
platelets was also monitored optically using a transmission 
electron microscope (Zeiss EM 900) under an accelerat-
ing voltage of 80 kV. Ultra-Thin films (<100 nm) for this 
purpose were prepared by cutting from the epoxy block 
with the embedded nanocomposite sample at room tem-
perature using a Leica Reichert OMU3 ultramicrotome. 
The Brunauer, Emmett, and Teller (BET) specific surface 
area and porosity were determined using a Belsorp mini 
II device. Surface morphology and elemental composition 
and distribution were observed over gold-coated samples 
using a Tescan MIRA3 LM FE-SEM equipped with a 
SAMx SDD energy dispersive detector. The FT-IR spec-
troscopy of the samples was conducted at room tempera-
ture with KBr pellets on a Bruker vertex70 FT-IR device.

The point of zero charge (pHPZC) of the MTCB was 
determined using the solid addition method [20, 21]. 20 ml 
of 0.01 M KNO3 was transferred to a series of 50 ml flasks. 
The initial pH values (pH0) of the series were adjusted in a 
2–12 range by adding either 0.01 N HNO3 or NaOH. The 
final total volume of the solution in each flask was then 
exactly set to 25 ml by adding the proper amount of KNO3 
solution of the same ionic strength. After the pH0 of the 
solutions were accurately recorded, 0.1 g of MTCB was 
added to each flask which was immediately recapped. The 
suspensions were then intermittently shaken for 48 h to 
reach the equilibrium. Finally, the pHzpc was determined 
by plotting δpH (the difference between the initial pH0 
and final pHf) against the pH0, and designating the point 
of intersection in the resulting curve. The procedure was 
repeated for 0.1 M KNO3.

Metal Adsorption Experiments in Aqueous Solution

Single‑Element Batch Adsorption Experiments

Individual stock solutions for Cu2+, Pb2+, and Zn2+ were 
prepared by dissolving proper amounts of their nitrate salts 
into 0.01 M NaCl as background electrolyte. Adsorption 
tests were conducted by agitating 0.25 g of MTCB sample in 
25 ml of single-element metal-containing solutions at 0.5, 1, 
2, 3, 4, 5, 10, 20, 30, 40, 50, and 51 mM concentrations, for 
24 h at different temperatures of 25, 40, and 60 °C until equi-
librium was established. The pH of the system was adjusted 
at 5 by adding proper amount of diluted HNO3. At the end 
of each test, the suspension was filtered and the filtrate was 
acidified to pH <2 for AAS analysis (Varian AA240, Aus-
tralia). The residue was rinsed with DDW, dried and stored. 
Each test was duplicated and averaged. The amount of each 
metal uptake at equilibrium qe (mg g−1) was calculated by: 

where C0 and Ce (mg L−1) are initial (t = 0) and equilibrium 
metal concentrations, respectively, V is the volume of the 
solution (L) and W is the used mass of dry MTCB (g).

A similar procedure was performed for batch kinetic 
experiments, repeating a 24 h adsorption test in case of 
4 mM concentration of each metal. Samples were withdrawn 
by removing 10 mL aliquots out of the initial 500 ml solution 
at predetermined time intervals within the 24 h. The amount 
of adsorbed metal at time t, qt (mg g−1), was calculated by: 

 where Ct (mg L−1) is metal concentration at time t.
To evaluate and compare the adsorption capacities of 

Cu2+, Zn2+, and Pb2+ onto MTCB, the most common adsorp-
tion isotherm models namely Langmuir, Freundlich, Tem-
kin, and Dubinin–Radushkevich (D–R) were used to analyze 
the experimental data (Table 1). In the Langmuir isotherm 
model is is assumed that adsorption occurs on homogeneous 
surface in monolayer coverage and no interaction between 

qe =
(

C0 − Ce

)

V
/

W

qt =
(

C0 − Ct

)

V
/

W

Table 1   Isotherm functions and their parameters [23]

Isotherm Isotherm function Parameters

Langmuir qe =
QmaxKLCe

1+KLCe

Qmax (mg g−1)
KL (L mg−1)

Freundlich
qe = KFC

1∕n
e

KF (L mg−1)1/n

n
Temkin qe =

RT

bT
ln
(

KTCe

)

Qmax =
RT

bT

Qmax (mg g−1)
KT (L g−1)

D–R qe = Qmax exp
(

−D�2
)

� = RT ln

(

1 +
1

Ce

)

Qmax (mg g−1)
D (mol2 kJ−2)
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sorbed molecules. Also, a uniform energy of adsorption 
onto the surface and no transmigration of adsorbate in the 
surface plane are among the Langmuir model’s assump-
tions. In the Freundlich model, multilayer adsorption on the 
heterogeneous solid surface of the adsorbent is assumed, 
where stronger binding sites are occupied first and the bind-
ing strength declines with increasing adsorbed quantity [22]. 
In the Temkin model, the decline of the heat of adsorption 
is not logarithmic [23] but linear as the adsorption proceeds 
towards the saturation point and the distribution of binding 
energy at all sites is uniform. In other words, it considers 
the effects of some indirect adsorbate/adsorbate interactions 
on the isotherm and suggests a linear decrease for heat of 
adsorption of all the molecules in the layer with coverage 
consequently [24]. The Dubinin–Radushkevich model is 
especially suitable for describing the adsorption onto porous 
materials.

In Table 1, qe is the amount of the metal uptake per unit 
mass of MTCB (mg g−1), Ce is the equilibrium concen-
tration of metal (mg L−1), Qmax is the maximum loading 
capacity, KL is a constant related to the affinity, KF and n 
are indicators of adsorption capacity and intensity in Fre-
undlich isotherm, respectively. In the Temkin model, KT is 
the isotherm constant and bT is a constant related to heat of 
adsorption. Finally, in the D–R model, D is the constant of 
the adsorption energy (mol2 kJ−2), which is related to the 
average energy of adsorption per unit mole of the adsorbate, 
energy needed for the transfer from infinite distance to the 
surface of the adsorbent, and ε is the Polanyi potential. T is 
absolute solution temperature (K) and R is the universal gas 
constant (equal to 8.314 J mol−1 K−1).

Application of D–R isotherm helps determine the chemi-
cal or physical nature of the adsorption process. The value of 
mean adsorption energy, E (kJ mol−1), can be obtained from 
D–R parameter D using the following equation 

The value of E ranges from 1 to 8 kJ mol−1 in case of 
physical adsorption to 8–16 kJ mol−1 for chemical adsorp-
tion [25].

Isotherm parameters are determined through non-linear 
regression, setting the average relative error (ARE) to zero 
if using the Solver add-in function of Microsoft Excel. The 
ARE has been calculated between experimental and calcu-
lated values and is given in 

 where qe calc and qe exp are calculated and experimental 
equilibrium capacity, respectively, and n is the number of 
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experiments. Obviously, lower ARE represents the best fit 
model.

The rate-controlling steps during the adsorption of 
each metal were further identified by kinetic studies. In 
this regard, second order, pseudo-second order, Elovich 
and intra-particle diffusion kinetic models were applied 
(Table 2). The best-fit kinetic model was obtained by non-
linear regression method with the lowest ARE value.

Multi‑Element Batch Adsorption Experiment

A suspension of 10 g L−1 MTCB in background electrolyte 
(0.01 M NaCl) was prepared and equilibrated for 24 h. 
After pH measurement (Metrohm 827 pH lab, Switzer-
land), Cu2+, Zn2+, and Pb2+ (as their nitrate salts) were 
added simultaneously, so that the final concentration 
of each metal in the reactor reached 4 mM. The reactor 
was agitated for another 24 h and after pH measurement, 
the suspension was filtered and the filtrate was acidified 
to pH <2 for AAS analysis. The experiment was dupli-
cated and averaged. All the tests were performed at room 
temperature.

Immobilization of Cu2+, Pb2+, and Zn2+ in Soil

Synthetic rain water (SRW) was prepared by adding a 
diluted sulfuric/nitric acid mixture (60/40 w/w) to DDW 
until pH 4.2 according to EPA method 1312. The synthetic 
precipitation leaching procedure (SPLP) was performed as 
10 g of the soil sample amended with 10% MTCB (wchar/
wsoil) was equilibrated in SRW (20 g L−1) for 24 h in an 
end-over-end shaker. After pH measurement, Cu2+, Zn2+, 
and Pb2+ (again as their nitrate salts) were added simul-
taneously for the final concentration of 4 mM for each 
metal. The reactor was agitated for another 24 h, the pH 
was measured, the suspension was centrifuged, the super-
natant was filtered, and the filtrate was acidified to pH <2 
for AAS analysis.

Table 2   Kinetic models and their parameters

Kinetic model Equation Parameters Ref.

Second order qt = qe
/(

1 + qek2t
)

qe (mg g−1)
k2 (g mg−1 h−1)

[23]

Pseudo-second 
order

qt = k2Pq
2
e
t
/(

1 + qek2Pt
)

qe (mg g−1)
k2P (h−1)

Elovich qt =
1

�
ln(��t) β (mg−1)

α (mg g−1 h−1)
Intra-particle 

diffusion qt = kidt
1∕2 + I

kid (mg g−1 h−0.5) [38]
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Results and Discussion

Determination of the Proper Pyrolysis Conditions

The biomass was initially subjected to the thermal analy-
sis. Result of TGA over the bark chips is shown in Fig. 1. 
According to the results, the initial mass loss was approxi-
mately 10% and mainly due to moisture evaporation. Devol-
atilization and biomass thermal decomposition were respon-
sible for most of the loss of mass (approximately 70%). The 
same mass loss steps may be deducted based on the obvi-
ous peak values in DTA curve. It should be noted that the 
characteristic thermal decomposition of hemicellulose, cel-
lulose and lignin, as the main constituent of the biomass, 
are reported to be at 200–350, 320–400, and 250–550 °C, 
respectively [26]. Accordingly, the pyrolysis conditions were 
selected as 600 °C at 10 °C min−1 and 2 h residence time, 
which made the char more recalcitrant, by degrading the 
main biopolymers and increasing the number of aromatic 
compounds.

Characterization of the Base Biochar

The obtained char was analyzed for its C, H, N, S, O, and 
P content (Table 3). The O/C and H/C ratios are <0.2 and 
<0.4, respectively, which indicates that the obtained biochar 
has high carbon sequestration potential [27].

FE-SEM micrographs reveal the nanoporous texture 
for the biochar (Fig. 2a). This was also confirmed by the 
value of the mean pore diameter obtained by BET analysis 

(Table 4), since the high value of the total surface area also 
indicates a highly porous matrix for the pristine biochar. 
The nitrogen adsorption–desorption isotherm (Fig. 2b) 
shows a dramatic rise in N2 adsorption at relative pressures 
less than 0.1, which is due to the presence of micropores 
(pores with diameters up to 2 nm) [28]. At higher rela-
tive pressures, the adsorption of the gas into mesopores 
(pores with diameters within 2–50 nm) of biochar occurs 
where along with the formation of multimolecular lay-
ers, condensation of the gaseous molecules takes place in 
what is called capillary condensation [28]. The shape of 
adsorption isotherms can provide qualitative information 
on the adsorption process and the extent of the surface area 
available to the adsorbate. The experimental isotherm fol-
lows a combination of type I and IV with a mixed micro/
mesoporous structure, according to the IUPAC classifica-
tion [29]. Various data could be calculated using different 
analysis methods such as BJH and t-plot (Table 4). These 
data confirm that the microporosity in the biochar is high 
enough to be used as a base matrix in the nanocompos-
ite adsorbent. The BJH pore distribution is also given in 
Fig. 2b.

Characterization of the Final Hybrid

A chitosan/clay/biochar nanobiohybrid (MTCB) was 
designed and developed and resulted in a composite with 
the simultaneous advantage of the chelating behavior of 
chitosan, the lamellar adsorptive properties of clay (MT), 
and the nanoporosity of the base biochar.

XRD is a useful method for investigating the mode of 
MT and chitosan engagement (e.g. tactoids, intercalation, 
or exfoliation) [8]. Figure 3a illustrates a comparison 
between X-ray diffraction patterns of MT and MTCB. The 
XRD pattern of MT shows a reflection at 2θ = 8.88° for the 
basal 001 lattice spacing of silicate layer, whereas there is 
no characteristic reflection in the pattern related to MTCB. 
This possibly confirms the formation of a partial exfoli-
ated MT dispersion in the chitosan matrix [30]. In fact, the 
poly-cationic nature of chitosan enables its easy adsorption 
onto the negatively charged layers of MT. in this process, 
the intrusion of chitosan into clay interlayer spaces forces 
the platelets apart, increasing the d-value. This process 
may continue until the platelets are completely separated 
and distributed within the chitosan matrix [31]. However, 
definitive conclusions on the basis of XRD alone about 
the structure may not suffice [8] and TEM techniques are 

Fig. 1   Thermogravimetric and derivative thermogravimetric mass 
loss curves

Table 3   Elemental composition 
of the pristine biochar

Element C H N S O P

Mass percent 77.74 1.92 0.66 0.55 11.15 0.134
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also necessary for characterizing the morphology of the 
MTCB. TEM images show the perfect dispersion of MT in 
the chitosan matrix so that mixed intercalated and exfoli-
ated structures were obtained (Fig. 3b).

FE-SEM micrographs also show three different phases 
indicating the heterogeneous structure of the MTCB 
(Fig.  4a, b) comprising the flaky amorphous nature of 
chitosan [17], the porous structure of the biochar, and the 
curly and delaminated sheets of nanoclay [32] with much 
smaller sizes scattered within the chitosan. The amount of 

Fig. 2   FE-SEM micrographs (a), and adsorption–desorption diagram and BJH pore volume distribution (b) (adsorbate: N2, adsorption tempera-
ture: 77 K) of the pristine biochar sample

Table 4   Parameter values obtained from the nitrogen adsorption iso-
therm

a Calculated from t-plot
b Calculated from BJH

Total sur-
face area/
(m2 g−1)

Mean pore 
diameter /
nm

Total pore 
volume/
(cm3 g−1)

Micropore 
volumea/
(cm3 g−1)

Mesopore 
volumeb/
(cm3 g−1)

272.49 1.9842 0.1352 0.1262 5.0116 × 10−2
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Fig. 3   a Comparison of XRD patterns related to the original Cloisite-Na+ (MT) and the clay/chitosan/biochar nanobiocomposite (MTCB), and 
b TEM micrograph showing the intercalated (i) and exfoliated (e) silicate layers appearing as sharp lines on a grey background from the matrix

Fig. 4   FE-SEM micrographs (a 
and b) and EDS analysis (c) of 
MTCB (outstanding peak of Au 
is related to the sputtered gold 
layer during preparation step)
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Si, Al, and Na may represent the dispersed Na-clay particles 
within the matrix (Fig. 4c). The strong interaction between 
the matrix and silicate layers in MTCB are due to the hydro-
gen bonds formed between amino and hydroxyl functional 
groups in each chitosan unit and the silicate hydroxylated 
edge groups [8].

Active functional groups present on the MTCB surface 
are evaluated by studying the FT-IR spectrum. Figure 5 
shows the spectra of pure chitosan (PC) and MTCB for 
comparison. In the FT-IR spectrum of PC, the bands near 
3300 cm−1 are attributed to stretching vibrations of the O–H 
and N–H groups, whereas those near 2900 cm−1 correspond 
to aliphatic C–H stretching vibrations. Additionally, the band 
at 1648 cm−1 corresponds to the protonated amine group 
in chitosan, while the one at 1561 cm−1 corresponds to the 
–NH2 band. The bands near 1400 cm−1 can be attributed to 
deformation vibrations of aliphatic C–H groups. The spec-
trum of MTCB sample shows the combination of charac-
teristic bands due to chitosan and clay. The shifting of the 
N–H deformation band from 1561 cm−1 in pure chitosan 
to 1660 cm−1 in MTCB indicated the interaction of the 
negatively charged MT surfaces with the protonated amine 
groups (–NH3

+) of chitosan. The bands corresponding to the 
C–H deformation modes of chitosan were also shifted as a 
result of the chitosan-clay layers interactions.

The point of zero charge was determined by the solid 
addition method. Figure 6 represents the plot of δpH versus 
initial pH value for the MTCB at two different KNO3 con-
centrations of 0.01 and 0.1 M. The intersection point of both 
curves with the horizontal axis obviously coincide at pH 6.8. 
This indicates that pHPZC for MTCB is at pH 6.8.

Single‑Element Batch Adsorption Experiments

Figure 7 shows the results of single-element batch adsorp-
tion tests done for the 12 different initial concentrations. 
The loading capacity increased as higher initial concen-
tration was used in experiments and finally leveled off at 
50  mM concentration. This implies that the maximum 
sorption capacity of the nanocomposite at 25 °C for copper, 
lead and zinc is 121.5, 336, and 134.6 mg g−1, respectively. 
According to Fig. 7, a higher temperature favored metal ions 
adsorption onto MTCB suggesting that the adsorption onto 
MTCB was an endothermic process enabling the metal ions 
to overcome the diffuse double layer and adsorb onto the 
composite’s interior structure provided the sufficient energy 
at elevated temperatures. Earlier research [31, 32] suggested 
the same. Table 5 lists the details of isotherms fitting data. 
According to the ARE values, sorption of copper and zinc 
onto MTCB is in agreement with the Freundlich, isotherm 
while lead sorption isotherm is better described by the Tem-
kin model.

The kinetic data obtained from single-element batch reac-
tor tests are also shown in Fig. 8a. Non-linear regression of 
the kinetics of copper, zinc, and lead sorption onto MTCB 
composite are best described by the pseudo-second order 
model (Table 6). Such a kinetic model agrees well with the 
occurrence of both chemical reaction and physical diffusion 
process [33, 34].

Fig. 5   FT-IR spectra of PC and MTCB (pre and post sorption sam-
ples)

Fig. 6   Point of zero charge (pHPZC) of MTCB
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Fig. 7   Individual variations of a copper, b zinc, and c lead sorption capacity against initial metal concentration for different temperatures (25, 
40, and 60 °C)

Table 5   Constants and ARE of langmuir, freundlich, temkin and D–R models for Cu2+, Zn2+, and Pb2+ adsorption onto MTCB (adsorbent dose 
10 g L−1)

Heavy metal Isotherm model

Langmuir Freundlich Temkin D–R

Parameters ARE Parameters ARE Parameters ARE Parameters ARE

Cu2+ Qmax = 115.48 mg g−1

KL = 0.0240 L mg−1
5.11 KF = 58.38 (L mg−1)1/n

n = 10.39
3.78 KT = 31.23 L g−1

Qmax = 10.99 mg g− 1
4 Qmax = 121.87 mg g−1

D = 0.001 mol2 kJ−2
5.83

Zn2+ Qmax = 136.33 mg g−1

KL = 0.0391 L mg−1
0.3288 KF = 112.39 (L mg−1)1/n

n = 42.11
0.2704 KT = 1.04 × 1015 L g−1

Qmax = 3.19 mg g−1
0.2774 Qmax = 135.02 mg g−1

D = 0.002 mol2 kJ−2
0.40

Pb2+ Qmax = 334.5 mg/g
KL = 0.1933 L mg−1

1.18 KF = 321.90 (L mg−1)1/n

n = 217.42
0.7667 KT = 9.42 × 1089 L g−1

Qmax = 1.55 mg g−1
0.1408 Qmax = 336.05 mg g−1

D = 0.0012 mol2 kJ−2
1.54
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It is also possible to evaluate the sorption kinetics from a 
mechanistic point of view [35, 36]. The overall adsorption 
process is controlled either by one or more steps (e.g. film 
diffusion, pore diffusion, etc.) and at a high stirring rate, the 
diffusive mass transfer with one apparent diffusion coeffi-
cient may fit the experimental sorption kinetic data. For an 
exact surface adsorption, rate variations should be propor-
tional to the first power of concentration; however, when 
pore diffusion limits adsorption, the relationship between 
initial solute concentration and the rate of adsorption may 
become nonlinear [37]. The possibility of intra-particle dif-
fusion can be explored by applying the intra-particle dif-
fusion model (Table 2) to the kinetic data [38]. Values of I 
is attributed to the thickness of the boundary layer and its 
effect is larger in case of greater intercepts. By applying this 
model, the data are related by two straight lines (Fig. 9). The 
deviation of the straight line is the result of the difference 
in the rate of mass transfer in the initial and final stages of 

Fig. 8   Variations of residual concentration in a single-element and b multi-element metal solutions (conditions: initial concentration: 4 mM, 
adsorbent dose 10 g L−1, Temperature: 25 °C)

Table 6   Constants and ARE 
of Elovich, second order, and 
pseudo-second order kinetic 
models (initial concentration: 
4 mM, adsorbent dose 10 g L−1)

Heavy metal Kinetic model

Elovich Second order Pseudo-second order

Parameters ARE Parameters ARE Parameters ARE

Cu2+ α = 435.76 mg g−1 h−1

β = 0.3110 g mg−1
3.17 qe = 16.92 mg g−1

k2 = −0.001 g mg−1 h−1
10.95 qe = 26.09 mg g−1

k2P = 0.0560 h−1
5.25

Zn2+ α = 565.70 mg g−1 h−1

β = 0.3173 g mg−1
4.40 qe = 16.86 mg g−1

k2 = −0.001 g mg−1 h−1
8.53 qe = 27.34 mg g−1

k2P = 0.0313 h−1
8.73

Pb2+ α = 177.02 mg g−1 h−1

β = 0.066 g mg−1
19.34 qe = 42.74 mg g−1

k2 = −0.0006 g mg−1 h−1
10.03 qe = 90.62 mg g−1

k2P = 0.0053 h−1
7.28

Fig. 9   Weber and Morris intra-particle diffusion plot for sorption 
of copper, zinc and lead by MTCB (pH0 = 5, T = 25  °C, adsorbent 
dose = 10 g L−1, C0 = 4 mM)
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sorption process; the first line depicts the diffusion in the 
macropores while the second represents the micropore dif-
fusion. Obviously, Pb2+ has larger value of Kid (the slope of 
first line) for diffusion into the porosity which can explain 
the higher affinity of MTCB for Pb-sorption in comparison 
with sorption of Cu2+ and Zn2+.

The Sorption Mechanisms

Since the pHpzc of MTCB is 6.8, in acidic media, the surface 
charge of MTCB is positive and this is not in favour of physi-
cal adsorption. According to the D–R model and by calcu-
lating the mean energy of adsorption (E), Cu2+, Zn2+, and 
Pb2+ sorption result in values that are usually attributed to 
chemisorption (20.64, 16, and 20.43 Kj mol−1, respectively).

To be more precise, the FT-IR spectra were obtained for 
metal-loaded MTCB. The post-sorption FT-IR spectrum 
shows that the wavenumber and intensity of some peaks are 
shifted to lower values in comparison with the pre-sorption 
MTCB sample. This suggests that certain functional groups 
related to the wavenumbers involved play a role in immobi-
lization of metals onto the composite material. In all three 
loaded samples, the –NH2 group is involved in the binding 
of metals, mitigating and shifting the N–H band in MTCB 
(Fig. 5). Hence, also FT-IR spectra confirm the chemisorp-
tion mechanism in case of each metal.

Multi‑Element Batch Adsorption Experiments

The simultaneous immobilization of Cu2+, Zn2+, and Pb2+ 
onto MTCB was investigated for the initial concentration of 
4 mM for each metal (Fig. 8b). Table 7 represents a compari-
son for the co-sorption capacity (of Cu, Pb, and Zn) between 
the base char and MTCB. Obviously, as for equal moles of 
adsorbents, both base char and MTCB show higher affinity 
for lead ions. This is also confirmed in the metal distribu-
tion pattern obtained in post-sorption specimens using EDS 
mapping (Fig. 10) where the denser map of Fig. 10c indi-
cates the larger amount of immobilized Pb2+ over the MTCB 
specimen.

Immobilization of Cu2+, Pb2+, and Zn2+ in Soil

A synthetic precipitation leaching procedure was per-
formed for a multi-metal system in a soil amended with 
10% w/w MTCB. The results of SPLP test reveal that the 
proposed novel nanobiocomposite is efficient in immobi-
lizing the metals within the soil environment as it reduces 
the metal leaching from the soil by 100, 100, and 52.29% 
for Cu2+, Zn2+, and Pb2+, respectively. This supports the 
confidence, that this novel material is applicable for use 
as an efficient soil amendment for mine impacted soils.

Table 8 draws a comparison between the novel MTCB 
nanobiocomposite and other previously proposed sorb-
ents for Cu2+, Zn2+, and Pb2+ immobilization showing the 
higher loading capacity of MTCB.

Conclusions

In the present study, a novel nanobiocomposite (MTCB) 
was synthesized and its sorptive behavior towards three 
specific heavy metals was evaluated both in single and 
multi-component systems. The main findings are as 
follows:

•	 The composite material possesses a mixed organic–
inorganic nature: the base biochar has high surface area 
and its mesoporous structure gives it a unique char-
acteristic as a porous matrix; while the polymer–clay 
coating imports some active functional groups that are 
able to efficiently immobilize the heavy metals.

•	 FT-IR analysis indicates some shifting for active site 
vibrations of chitosan and montmorillonite nanoclay as 
a result of exfoliation phenomenon and the interaction 
of the negatively charged clay surfaces with the active 
groups of chitosan.

•	 Single-element experiments show that the sorption 
isotherm conforms to the Freundlich model in case of 
Cu2+ and Zn2+; while for Pb2+ it is best represented by 
Temkin model. The mechanism involved in immobili-
zation of heavy metals is determined as binding with 
active NH2 groups.

•	 Moreover, the application of MTCB as a soil amend-
ment was assessed by conducting SPLP tests and the 
results showed that it can reduce the amount of metal 
in the leachate through immobilization when added by 
10% w/w to the soil.

Table 7   Comparison of the simultaneous adsorption capacity 
between the pristine biochar and MTCB (initial metal concentration: 
4 mM, adsorbent dose: 10 g L−1)

Adsorbent Sorption capacity (mg g−1)

Cu2+ Pb2+ Zn2+

Pristine biochar 24.183 63.36 16.38
MTCB nanocomposite 25.42 76.68 24.96
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Fig. 10   FE-SEM micrograph showing a surface morphology and EDS elemental mapping analysis for b Cu2+, c Pb2+, and d Zn2+ distribution 
over the MTCB specimen

Table 8   Comparison of metal sorption capacity between MTCB and 
some other sorbents

Adsorbent Sorption capacity (mg g−1) Ref.

Cu2+ Pb2+ Zn2+

MTCB nanocomposite 121.5 336 134.6 Current study
Corn straw biochar 12.52 – 11.0 [34]
Hardwood biochar 6.59 – 4.54
Chitosan-immobilized 

on bentonite
12.6 15 – [39]

Chitosan 59 55.5 – [40]
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