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Abstract: In order to conserve the energy used for remediation of harmful metals from aqueous
media, an adsorption process was performed. It is efficient and low-cost method with zero carbon
emissions as compared to other methods. A hematite-based novel nanomaterial loaded onto biochar
was utilized for the remediation of toxic cadmium metal ions from aqueous media. Saccharum
munja has been employed as low-cost feedstock to prepare the biochar. Three adsorbents i.e., raw
Saccharum munja (SM), Saccharum munja biochar (SMBC) and hematite-loaded Saccharum munja bichar
(HLSMBC) were used in batch adsorption tests to study uptake of metal ions by optimizing the
experimental parameters. Experimental data and calculated results revealed maximum sorption
efficiency of Cd(II) removal was given by HLSMBC (72 ppm) and SMBC (67.73 ppm) as compared
with SM (48.7 ppm). Among adsorption isotherms applied on work best fit for Cd(II) adsorption
on SM was found for a Freundlich isotherm with high values of correlation coefficient R2 ≥ 0.9
for all sorbents and constant 1/n values between 0–1. Equilibrium results were evaluated using
five different types of errors functions. Thermodynamic studies suggested feasible, spontaneous
and endothermic nature of adsorption process, while, the ∆H parameter < 80 kJ/mol indicated
physiosorption and positive ∆S values promoted randomness of ions with increase in adsorption
process. Data fitted into type I of pseudo second order kinetics having R2 ≥ 0.98 and rate constants
K2 (0–1). Desorption process was also performed for storage, conservation and reuse of sorbent and
sorbate materials.

Keywords: biochar; hematite nanomaterial; adsorption; energy conservation; entropy change; Sac-
charum munja; thermodynamics; isotherms; error analysis; kinetics; desorption

1. Introduction

Biochar (BC) iss a carbon rich solid formed when heating animal manure, leaves, seed
or woody biomass in presence of a limited supply or absence of air in a closed container or
muffle furnace at low temperature, i.e., 700 ◦C. Cellulosic biochar contains elements like
oxygen (O), hydrogen (H), carbon (C), sulphur (S), and nitrogen (N) in different proportions
in addition to ash. It has a charged ion exchange surface; different functional groups such
as carboxyl, hydroxyl, phenolic hydroxyl, and carbonyl groups are present on surface,
which make the surface porous [1]. Biomass also consists of lignocellulosic material, which
contains 50% cellulose, 25% hemicellulose and 25% lignin, which are linked together to
secure flexibility and structural strength. In addition, water, minor amounts of inorganic
ash and extractives are also part of biomass composition. To produce biochar, different
processes combustion, gasification and pyrolysis occur in sequence, below the traditional
earthen kiln layers, but pyrolysis and combustion methods are separated physically by a
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metal barrier in modern biochar retorts [2]. Under limited supply or absence of oxygen
conditions, thermal conversion of feedstock is called pyrolysis. Fast, intermediate and slow
pyrolysis are the three types of pyrolysis, depending upon certain process parameters such
as residence time, temperature, flow rate of sweeping gas and heating rate [3].

Many practical applications of biochar are dependent on its properties. Pyrolysis
produces a microporous carbon skeleton due to thermal decomposition, and gives biochar
with a high surface area (500–2000 m2g−1), excellent adsorptive properties and low density.
Biomass or its biochar may be modified through physical, chemical or biological methods
to improve its properties. These methods include modification with steam, metal oxides,
complex organic compounds, clays, acids, base, carbonaceous materials, salts and biofilms.
These modification methods increase the surface absorption properties of biomass or
biochar, increases its surface area, and embed another material on its surface with beneficial
surface adsorption properties. Modified biochar can remove different toxic pollutants from
aqueous solutions. Nanotechnology generates new materials with exclusive properties
and has attracted great attention due to its wide range of applications [4]. Biochar based
nanostructures are produced to change the properties of the biochar surface by loading
biochar with metal oxides, clay minerals, carbon-based materials, such as graphene or
carbon nanotubes, organic compounds or through impregnation of microorganisms. Here
the biochar provides high surface area to support the materials being deposited. Nanos-
tructures involve the formation of entirely new functional groups on biochar or feedstock
surfaces, thus, distinguished themselves from chemical activation methods [5]. Biochar
properties and functionality are influenced by its preparation conditions and methods of
modification. Biochar-based nanocomposites are favorable to remove contaminants from
wastewater [6].

Toxic heavy metals such as Pb2+, Cu2+, Cd2+, Cr3+ and Zn2+ are of specific concern
due to their great toxicity, persistency in Nature and bioaccumulation tendency. The main
source of cadmium is cigarette smoke and it is harmful as a drinking water pollutant. The
permissible level of cadmium is set at 0.003 mgL−1 [7]. Toxic metals are removed from
industrial effluents by using different popular technologies for reduction of their toxicity.
Traditional methods including precipitation, reverse osmosis, ion exchange, coagulation,
complexation, solvent extraction, froth flotation, deposition, cementation, membrane
filtration and activated carbon adsorption are commonly used for the removal of toxic heavy
metals from inorganic industrial effluents, but all these methods have some disadvantages
such as high sludge production, complex mechanisms, and being expensive in operation [8].

Adsorption is considered as one of the most feasible methods employed for the re-
moval of organic and inorganic pollutants such as cadmium, lead, arsenic, chromium,
carbamazepine, furfural, and trichloroethylene. Adsorption is important when immobi-
lization or rapid removal of pollutants at moderate or low concentrations is required. In
adsorption, different adsorbents can be used and they are selected on the basis of their
availability and applications. In recent years, the focus is to search such sorbents which
have low price, high surface area with high adsorption capacity, easy handling, abundance,
good resistance, and ease in regeneration [9]. A material with all these characteristics is
difficult to find, but materials which possesses most of these properties are used. Low cost
is an important parameter among all other factors and depends on local availability of
the material used as adsorbent. Normally, low cost adsorbents are characterized as those
which are abundant in Nature or obtained as byproducts from different industrial wastes.

Saccharum munja is a grass which is found along river banks and is commonly known
as munja. The green plant is distributed from north and North West India to Pakistan. Other
common names are kana, moonja and sarkanda. It belongs to the family Gramineae and is a
large tufted grass. It is not used much as a fodder plant for cattle and other animals [10], and
is used in making ropes, baskets and variety of handicrafts. Other common uses include
chemical extraction, paper making and carbon production. The plant has medicinal value,
and is used to treat many diseases. The flowers and stem of the plant are found to have
nutrients such as potassium, sodium, calcium, iron, chlorides, magnesium, bicarbonates,
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sulphates and phosphates, which are responsible for its medicinal importance. There is little
knowledge through research, to evaluate the effects of Saccharum munja. Its extracts have
many benefits and advantages in the fields of nanotechnology, medicine and biology [11].

Use of different iron oxide nanostructures was reported for wastewater treatment.
The work focused on advancement in adsorption process by using nano adsorbents [12].
Biochars modified with chitosan were used to produce low cost sorbents for the removal
of Pb2+, Cu2+, and Cd2+ions from solutions [13]. Peanut hull biochar was prepared in
temperature range of about 450 to 650 ◦C, and magnetized with FeCl3 for the removal of
Cr(VI) from water. Increase in pyrolysis temperature showed more sorption [14]. Activated
biochar modified by chemical methods had been used for removal of copper and zinc from
aqueous media with high removal efficiency [15].

The aim of the present study was to prepare biochar nanostructured materials by
loading the biochar surface of Saccharum munja biomass with hematite characterized by
various structures and morphologies. Use of nanomaterial for remediation of cadmium
from aqueous media. Also, to determine sorption equilibrium data, order of reaction
through kinetic studies and application of sorption isotherm models for linear and non-
linear studies. Furthermore, thermodynamic parameters e.g., free energy change, enthalpy
change and entropy change to observe nature of sorption process. Aim was to find
reusable properties of the biochar sorbent material to support the possibility of its use on
commercial scale.

2. Material and Methods
2.1. Collection and Pretreatment of Biomass Feedstock

Biomass feedstock of Saccharum munja was collected from Khushab district (Punjab,
Pakistan). This biomass is considered as waste material in Pakistan and has no useful
applications in any industry. These properties make this raw material a low cost and easily
available material for adsorption. As initial cost of adsorbent is almost negligible and
it requires less chemicals and energy in terms of treatment so we can call it a green and
sustainable method for metal removal as compared with other costly techniques of metal
remediation like, ion exchange, reverse osmosis and precipitation methods [16,17]. The
collected biomass was washed thoroughly with deionized water to remove surface dust
and impurities. Wet feedstock was left to be air dried in the sun for three days. After that
feedstock was dried in electric oven (Geepas, Model No. GO4458, Guangzhou, China) at
80 ◦C for 24 h, ground to desired mesh size and stored in an air tight bag until used.

2.2. Preparation of Biochar

The powdered biomass obtained from Saccharum munja was placed in lidded crucibles
and pyrolyzed to form biochar through slow pyrolysis process in a heated furnace at 450 ◦C
for 1 h in the presence of a limited supply of oxygen. After that the crucibles were left at
room temperature and allowed to cool. The biochar produced were labelled as Saccharum
munja biochar (SMBC).

2.3. Synthesis of Hematite Nanoparticles and Loading on Biochar

Hematite nanoparticles were synthesized and loaded on the biochar by chemical
reaction following steps of suspension, mixing, agitation, precipitation, filtration and
heating. Iron chloride (FeCl3) solution was freshly prepared (1.35 g of iron chloride in
500 mL of distilled water). Biochar was suspended in distilled water, mixed with iron
chloride solution and stirred continuously for thorough mixing. After that pH was adjusted
to 10–11 by slow addition of 0.1 M NaOH solution. The suspension was agitated on orbital
shaker for 1 h and kept for 12 h at room temperature, filtered, washed with distilled water
and ethanol during filtration and afterwards, dried in oven at 100 ◦C for 1 day. This
nanomaterial loaded biochar was labelled as hematite-loaded Saccharum munja biochar
(HLSMBC).
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2.4. Characterization of Sorbent

Raw sorbent i.e., SM, biochar i.e., SMBC and nanomaterial loaded biochar i.e., HLSMBC
were characterized to examine structural composition, functional groups and surface mor-
phology of solids. The techniques used were scanning electron microscopy (SEM) and
Fourier transform infrared spectroscopy (FTIR).

2.5. Batch Adsorption Experiments

Batch equilibrium adsorption test were performed using 250 mL Erlenmeyer conical
flasks. Batch mode was selected due to its simplicity and ease of operation. For Cd(II)
study 15, 30, 45, 60, 75 and 90 ppm solutions were prepared from stock solution and 100 mL
of each was taken in conical flask with the addition of 1 g of raw SM sorbent in each
flask. These flasks were agitated on orbital shaker for 60 min at speed of 150 rpm at room
temperature. After agitation each flask of metal solution was filtered with Whatman filter
paper, to separate SM sorbent residue and filtrate. Filtrate was then analyzed with atomic
absorption spectrophotometer for concentration of remaining cadmium ions. In the same
way sorption study was performed with its biochar (SMBC) and nanomaterial HLSMBC
(hematite loaded on Saccharum munja biochar) for the removal of Cd(II).

2.6. Adsorption for Isothermal Studies

Isothermal models are used commonly to analyze adsorption data, depending on
sorbent, sorbate and type of interactions among them. Adsorption process indicates
distribution of sorbate specie among liquid solution and solid sorbent [18].

2.7. Error Function Analysis

For analysis of adsorption experimental data linear isotherm equations are most com-
monly used due to their simplicity. These equations demonstrate adsorption of adsorbate
on the surface of adsorbent and give results of adsorption model, but it has been observed
that during linear analysis of adsorption isotherms a large change in error function occurs,
causing deviation of results, so non-linear analysis becomes unavoidable when using data
in isotherm models [19].

2.8. Kinetic Models

Linear and non-linear forms of kinetic models were studied at changing time (min)
parameter. Batch adsorption study was carried out to observe adsorption of metals on
adsorbents at room temperature, for 100 mL of 100 ppm solution, with change in time 10,
20, 30, 40, 50, 60, and 70 min. The solutions were agitated on orbital shaker at 150 rpm
speed and then filtered with Whatman filter paper and filtrate was examined by atomic
absorption spectrophotometry. The adsorption data was then utilized to check its fit to
pseudo first order and pseudo second order kinetic models.

2.9. Thermodynamic Studies

Adsorption thermodynamics was studied at different temperatures 20 (293 K), 30 (303 K),
40 (313 K) and 50 ◦C (328 K) for the adsorption of the three metals cadmium, lead and
chromium onto SM, SMBC, and HLSMBC, through batch adsorption experiments. For this
purpose 30–120 ppm adsorbate solutions were used with 1 g of adsorbent, at increasing
temperature range. At the end of experiment the solutions were filtered to separate
adsorbents from solutions. The adsorption values were obtained and these were applied
on thermodynamic plots to find out Gibbs free energy change ∆G, enthalpy change ∆H
and entropy change ∆S. These parameters describe nature of adsorption process, and
adsorbate-adsorbent interactions.

2.10. Desorption Study

For desorption experiments nitric acid (0.5 M) was used and sorption was performed
by using 60 ppm metal solution, with 1 g of adsorbent, 150 rpm agitation speed and
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filtered. Then adsorbent was washed with deionized water again and again and then
treated with HNO3 that adsorbent was again used for adsorption of 60 ppm metal solution.
The experiment was repeated five times in the same way for desorption of metal and reuse
of adsorbent and metal solution. Percentage desorption of metal ion was than calculated
by following equation:

% desorption = amount of metal desorbed/amount of metal adsorbed × 100 (1)

3. Results and Discussion
3.1. Formation of Biochar and Hematite Loaded Biochar

Raw Saccharum munja was pyrolysed to biochar and that biochar was used to check its
removal efficiency for Cd(II) by following the steps of batch sorption experiments. Further,
adsorption experiments were performed with nanomaterial prepared by loading hematite
on biochar surface. For this purpose, hematite was loaded on Saccharum munja biochar.
The nanostructure was used for uptake of Cd(II) metal from aqueous solutions.

3.2. Characterization of Sorbents

For identification of surface functional groups, their location and surface structural
properties like pore size, shape and roughness; characterization of biosorbents is an impor-
tant factor.

3.2.1. SEM Analysis

SEM is used to characterize the nanomaterial and different biosorbents types to
determine surface pores, size and shape of nanomaterials. The surface of the sample
is scanned at high resolution to provide image with defined sites as shown in Figure 1.
Nanomaterials are identified and characterized in terms of the physical properties studied
by SEM. These properties include size of these particles and their shape. Furthermore
the size distribution and morphology also help to identify nanomaterials. SEM results
reveals coating of agrowaste with nanoparticle as obtained in high resolution image of
HLSMBC [20]. SEM analysis was performed on all forms of sorbents i.e., raw, biochar
and hematite-loaded biochar. Surface morphology and characteristics were studied in
this analysis. The SEM micrograph demonstrated pore structure, rough and irregular
surface and wide pore area for metal interaction and sorption. The pores in the biochar
and hematite-loaded biochar images appear as a channel or tubules having honeycomb-
like sites for metal-surface interactions, showing the real characteristics of the biomass
material. As a result of these well-defined holes uptake of metals and adsorption on the
surface occurs.

3.2.2. FTIR Analysis

The structural features and surface functional groups of nanomaterials were observed
through FTIR analysis and compared with raw sorbents and their biochar. In FTIR spectra,
percent transmittance and wavenumber are compared to exhibit location of groups. FTIR
spectra are an important tool for the functional group analysis of raw, treated and nanopar-
ticles loaded adsorbent material. FTIR spectra of these adsorbent after adsorption of metal
ions was also taken to confirm the removal of metal ions from aqueous media and to study
functional groups responsible for the attachment of these metal ions. FTIR spectra revealed
a viable change of spectra while comparing raw sorbents and their biochar and hematite
nanomaterial forms as shown in Figure 2.
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Results of FTIR spectra with wavenumber value are summarized in Table 1. In
raw munja spectra in the range of 3074.53–3410.15 cm−1 –OH stretching vibrations were
observed, and in spectra of SMBC –OH stretching peaks coincides to give two broad bands
at 3282.84 and 3425.58 cm−1, showing prominent –OH functional groups in munja biochar
due to pyrolysis effects. The peaks observed at 1363.67–1440.83 cm−1 for raw munja and its
biochar 1357.89–1456.26 cm−1 represent nitro group (O–N=O) stretching vibrations, which
also confirms the presence of nitrogen in the biochar structure. In the case of hematite-
loaded munja biochar –OH peaks were also visible in the 3273.20–3464.15 cm−1 peak
range. In comparing other peaks of HLSMBC, the nitro peak was observed at 1361.74 cm−1,
showing a prominent stretching vibration. Cadmium-adsorbed munja biochar and clearly
shows reduction in peak heights after the removal of cadmium. Nitro peaks are observed
at 1365.60 cm−1, 1355.96–1442.75 cm−1 and 1367.53–1444.68 cm−1.The peaks in the range
of 3275.13–3495.01 cm−1 are weak and reveal occupied –OH groups. Very small three
peaks were observed at 3302.13–3423.65 cm−1 for lead removal. The reduction in peak
height and number of peaks clearly indicated adsorption of metal on biochar surface and
occupation of surface functional groups. A curve near to a horizontal line was observed
for chromium removal in the range of 3288.63–3487.30 cm−1 for –OH groups, showing
good chromium adsorption and utilization of almost all functional groups on the biochar
surface. The munja biochar peak at 1724.36 cm−1 shows the presence of carboxyl groups or
aldehyde or keto groups. Peaks at 1728.22, 1718.58 and 1724.36 cm−1 for carboxylic group
stretch, or the presence of aldehyde or keto groups which participate in metal adsorption
on negatively charged sites and show a slight shift of vibration frequency for cadmium
and lead adsorption as compared to the IR of munja. To study the aromaticity in Saccharum
munja the peaks at 1485.19–1581.63 cm−1 confirms the presence of aromatic groups in raw
munja and for its biochar an aromatic peak appears at 1456.26 cm−1. In the three spectra
peaks showing aromaticity occurs at 1452.40–1502.55 cm−1, 1477.47 cm−1, 1467.83 cm−1.
Peaks shifts and reduction in size also show the involvement of aromatic groups in metal
adsorption on the biochar surface. Peaks for the C–N vibrations of amines appear in the
range of 1020–1250 cm−1 and occur in all forms of IR spectra at different positions. Peaks
in the range of 590–720 cm−1 indicate alcoholic groups with –OH bending vibrations. C–Cl
stretching is observed in the 600–800 cm−1 range. C=O bonds are strong and peaks appear
between 1650–1850 cm−1.

3.3. Adsorption Studies

Adsorption studies were performed by the batch adsorption method for the uptake
of cadmium by the three forms of adsorbent. The experimental data was than evaluated
further to check adsorption process for metal removal from aqueous media. The results for
Cd(II) metal uptake at different metal concentrations are shown in Figure 3. The amount
of metal adsorbed per unit mass of adsorbent increased with the increase in initial metal
concentration at equilibrium. The maximum adsorption at high concentration was due
to the presence of negative charges on the surface of adsorbent, but in the case of raw
SM the sorption is decreased at higher concentrations, showing random metal removal
efficiency. This may be due to the fact that raw SM possesses more water contents, which
inhibits metal uptake at higher concentrations. The surface area is reduced when a volatile
molecule (water) is present on sorbent surface. While SMBC and HLSMBC are pyrolysed
forms in which moisture contents are reduced due to heating conditions. As all volatile
matter is evaporated and surface area is increased with an increase in pore size which
increases adsorption [22]. Adsorption of Cd(II) from aqueous media was performed using
these waste materials as adsorbent. This process reduces the cost of the method as well
as helps conserve the energy utilized by other water treatment techniques like reverse
osmosis, ion exchange and chemical precipitation. All these treatment methods need high
cost in term of chemicals and electrical energy also utilized to run the process [23]. The
current method is cost effective and green in terms of less chemical use and no use of
electric supply for the process.
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Table 1. FTIR spectral peaks obtained for Saccharum munja in different forms before and after metal adsorption [21].

Functional
Groups

Group
Frequency

(cm−1)
SM SMBC

Cd Adsorbed
SMBC HLSMBC

Cd Adsorbed
HLSMBC

Free –OH 3700–3900 3730.33–3830.63 3741.90 medium 3743.83–3807.48 3730.33–3857.63 3749.26 medium

–OH
Carboxyl/alcohol 3000–3700 3074.5–3410.15 3282.8–3425.58 3275.13–3495.01 3273.20–3464.15 3280.26–3350.89

N-H
stretching/CH2

stretching
2800–3000 2889.37 2870.08–2939.52 2802.57–2953.02 2883.58–2953.02 weak 2904.37 sharp

C–H stretch 2500–3000 2889.37 2619.33–2939.52 2507.46–2953.02 2694.56–2953.02 weak 2722.42 weak

C–N 1020–1250 1247.94 1234.44 1234.44 weak 1228.66 weak -

C=O stretching 1650–1850 1732.08 1724.36 1728.22 1718.58 sharp 1710.50

O–N=O 1300–1500 1363.6–1440.83 1357.8–1456.26 1365.60 1361.74 1367.53–1433.11

Aromaticity 1400–1600 1440.83–1581.63 1456.26 weak 1452.40–1502.55 1442.75–1494.83 1433.11 weak

–OH bending 590–720 628.79 - 597.93–640.37 609.51–711.73 -

C–Cl 600–800 628.79–682.80 - - 609.51–819.75 -

Fe–O 500–600 516.92–561.29 - - 511.14–582.50 528.14

Metal-carbonyl
interactions 1800–2100 1897.95–1915.31 1874.81 weak 1859.38–1892.17 2071.55–2090.84 weak 1872.52 medium

Note: Hyphen shows no data was obtained for this adsorbent for given functional groups.
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Figure 3. Adsorption at different concentrations by three forms of adsorbent (raw SM, SMB & HLSMB).

3.4. Modeling of Adsorption Isotherms

The isotherms in our study are linear and non-linear forms of Freundlich, Lang-
muir, Dubinin, Elovich and Temkin. Maximum adsorption capacity values obtained from
adsorption isotherms give information about sorbents’ removal efficiency.

3.4.1. Freundlich Isotherm

The Freundlich isotherm assumes that distribution of heat of adsorption is non-
uniform on heterogeneous surfaces. Kf describes adsorbents adsorption capacity in mg/g
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and n is adsorption intensity which represents energy of adsorption of heterogeneous
surfaces, depending on environmental factors [24]. Adsorption data was applied on linear
and non-linear forms to obtain results of maximum adsorption and presence of adsorption
active sites on sorbents surfaces. Figure 4 shows plot of Freundlich adsorption isotherm
for removal of Cd(II) by employing different adsorbents. When adsorption experimental
data was applied on Freundlich isotherm for removal of Cd(II), by all forms of sorbents
(SM, SMBC, and HLSMBC) than values of R2 obtained are shown in Table 2. High values
of R2 near 1 correspond to more sorption of metals in case of all forms of sorbents. All
sorbents showed that a Freundlich isotherm is followed in the removal of cadmium. Values
of the Freundlich constants Kf and n obtained from slope and intercept are also given
in Table 2. A Freundlich constant Kf in adsorption system is used as indicator to check
adsorption feasibility. If results of Kf are found in range of 1–20 then adsorption is called
feasible. In this study for SM and HLSMBC we found Kf in desired range, so these systems
favour adsorption phenomenon more than SMBC adsorbent. Similarly the n value in the
Freundlich adsorption isotherm represents adsorption intensity and its value higher than 1
is an indicator of the fitness of adsoption model. It is found in the required range (greater
than 1) for SM and HLSMBC. High values of these constants show high adsorption of
metals on the adsorbent surface. Experimental data obtained for adsorption of cadmium
on all adsorbents was used in the Freundlich isotherm and the plots indicated a maximum
R2 value = 0.9879 for HLSMBC.
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Figure 4. Freundlich isotherm for removal of cadmium by: (a) SM, (b) SMBC and (c) HLSMBC.

Table 2. Parameters of the Freundlich isotherm for adsorption of metal ions onto SM, SMBC and
HLSMBC.

Sorbents Sorbates
Linear Fit to Freundlich Model Non-Linear Fit to

Freundlich Model

Kf n R2 Kf n

Raw SM
Cd(II)

6.331404 1.880406 0.9053 0.2 0.258
SMBC 0.627191 0.675539 0.9807 1.67 0.123

HLSMBC 8.997047 1.571092 0.9879 0.76 0.099

3.4.2. Langmuir Isotherm

The Langmuir model facilitates monolayer sorption of sorbates on the sorbent surface.
This model explains the presence of a homogenous surface and certain forces among
surface particles for the attraction of adsorbate atoms or molecules [25]. The Langmuir
constant Q0 is the maximum monolayer adsorption capacity it gives the metal uptake per
unit mass of the adsorbent (mg/g) and b is the adsorption intensity which is related to
the adsorption capacity by depending upon surface area of adsorbent and its pore size
and volume. This promotes that adsorption increases with an increase in pore size and
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surface area of adsorbents. A high value of Q0 is evidence of the good adsorption capacity
shown by HLSMBC. R2 value of correlation coefficient obtained from isotherm is listed in
Table 3. For most of the results the value of R2 favors adsorption but in comparison with
the Freundlich isotherm the R2 value of the Freundlich isotherm supports heterogeneous
adsorption better than the monolayer adsorption of the Langmuir isotherm. The Langmuir
constant Q0 values are related with the Freundlich constant values of Kf, indicating an
increase in the value of Q0 with an increase in adsorption. For removal of cadmium a
maximum R2 value of 0.9627 was achieved for the adsorption of raw SM but the other
sorbents also showed favorable sorption as shown in Figure 5. SM, SMBC and HLSMBC
followed a Langmuir isotherm as indicated by their value of correlation constant and Q0
and b constants.

Table 3. Parameters of the Langmuir isotherm for adsorption of metal ions onto: SM, SMBC and
HLSMBC.

Sorbents Sorbates
Linear Fit to Langmuir Model Non-Linear Fit to

Langmuir Model

Q0 b R2 Q0 b

Raw SM

Cd(II)

55.55 0.07416 0.9627 66.76 0.063

SMBC −52.35 −0.02529 0.9192 53.54 0.078

HLSMBC 111.11 0.05806 0.8296 52.34 0.0306Sustainability 2021, 13, 2191 11 of 21 
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Figure 5. Langmuir isotherm for removal of cadmium by: (a) SM, (b) SMBC and (c) HLSMBC.

3.4.3. Elovich Isotherm

The Elovich model was first used to study the adsorption of gases on solid surfaces but
now it is also applied for solutions and solids. This model supports multilayer adsorption
of adsorbate on adsorbent surface as shown in Figure 6. For our cadmium study a linear
Elovich form was used to obtain a better fit of the experimental data. The R2 values
range from 0.3116–0.9385 and the values of constants Qm and Ke are given in Table 4.
The maximum adsorption capacity value is 103.09 for HLSMBC showing the maximum
adsorption and Ke, i.e., the adsorption constant values are very low, predicting that Elovich
model is not very suitable to explain the adsorption mechanism.

3.4.4. Dubinin–Radushkevich Isotherm

The Dubinin–Radushkevich isotherm was applied to the adsorption experimental
data to observe the best model fit as given in Figure 7. This isotherm involves filling of
pores through adsorption processes on heterogeneous surfaces, depending on temperature
changes. The model mechanism involves physical adsorption through forces acting on
multilayer adsorbent surfaces. For the removal of metal ions it also involves physical and
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chemical adsorption. This model was applied to study Cd(II), removal from aqueous media
by the use of the different adsorbents. R2 values for Cd(II) adsorption obtained from the
plot ranges from 0.7062–0.929, indicating highest value of R2 for adsorption on SM. The
R2 value less than 1 shows better fit to the model, so a value greater than 0.8 shows the
best result and less than 0.5 shows a weaker fit to the model. The Dubinin–Radushkevich
constant Kads has negative values, which causes less favorable adsorption condition for
the linear form of the Dubinin isotherm on multilayer heterogeneous surfaces. Values of
qs were calculated to evaluate the adsorption capacity in the range of 37.75–266.08 and
followed the order: SMBC > HLSMBC > SM. These values indicate favorable adsorption
of all adsorbents for cadmium removal. Results of Dubinin–Radushkevich isotherm are
elaborated in Table 5.
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Figure 6. Elovich isotherm plot for removal of cadmium by: (a) SM, (b) SMBC and (c) HLSMBC.

Table 4. Parameters of Elovich isotherm for adsorption of metal ions onto SM, SMBC and HLSMBC.

Sorbents Sorbates
Linear Fit to Elovich Model Non-Linear Fit to

Elovich Model

Ke Qm R2 Ke Qm

Raw SM

Cd(II)

−0.0459 31.446 0.7229 1.32 610.98

SMBC 0.0166 86.95 0.9385 0.005 990.8

HLSMBC 0.0591 103.09 0.3116 0.0022 756
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Table 5. Parameters of the Dubinin–Radushkevich isotherm for adsorption of metal ions onto SM,
SMBC and HLSMBC.

Sorbents Sorbates
Linear Fit to Dubinin Model Non-Linear Fit to

Dubinin Model

Kads qs R2 Kads qs

Raw SM

Cd(II)

−4.0861 37.75 0.929 −0.45 34.2

SMBC −11.881 53.79 0.8283 −0.12 99.45

HLSMBC −0.932 46.69 0.7062 −0.99 78.6

3.4.5. Temkin Isotherm

The Temkin isotherm considers that the adsorption heat of ions and molecules in-
creases with an increase in surface coverage. It also assumes that the adsorption heat is
linear as indicated from its plot. The Langmuir constants kt and B are calculated from
the slope and intercept of the linear plot between the adsorbed concentration and the
equilibrium concentration [26]. Linear and non-linear forms of the Temkin isotherm are
given in the equation. R2 = 0.7551 < 0.8647 < 0.989 for HLSMBC < SMBC < SM, indicating
better fit for SM with a high value near 1, so the best fit is for SM for the Temkin isotherm as
represented in Figure 8. The Temkin constants are shown in Table 6, where Kt is a measure
of adsorption rate and a constant representing extent of adsorption. Kt values are 0.18 <
0.48 < 0.86 for SMBC < SM < HLSMBC i.e., between 0–1, indicating a favorable adsorption.
B values are a low descriptor of adsorption and are in the range 40.90 > 20.33 > 15.87 for
SMBC > HLSMBC > SM. For the non-linear form of the Temkin isotherm constant values
are also given in Table 6 and are in the range Kt = 0.76 < 0.995 < 0.998 for HLSMBC < SMBC
< SM. The adsorption capacity has small values for the non-linear form as compared to the
linear form, and weak descriptors of adsorption i.e., B = 21.44 < 23.54 < 26.43 for SMBC <
SM < HLSMBC.
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Table 6. Parameters of the Dubinin–Radushkevich isotherm for adsorption of metal ions onto SM,
SMBC and HLSMBC.

Sorbents Sorbates
Linear Fit to Temkin Model Non-Linear Fit to

Temkin Model

Kt B R2 Kt B

Raw SM

Cd(II)

0.48 15.87 0.989 0.96 23.54

SMBC 0.18 40.90 0.8647 0.995 21.44

HLSMBC 0.86 20.33 0.7551 0.76 26.43
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3.5. Comparison Among Isotherms

For the adsorption of cadmium onto different sorbents, the experimental results were
applied on different isotherms and a comparison among correlation coefficients given as follows:

SM, R2 = Temkin > Langmuir > Dubinin–Radushkevich > Freundlich > Elovich
SMBC, R2 = Freundlich > Elovich > Langmuir > Temkin > Dubinin–Radushkevich
HLSMBC, R2 = Freundlich > Langmuir > Temkin > Dubinin–Radushkevich > Elovich

3.6. Error Function Analysis

Linear and non-linear isotherm analysis also gives data of the error functions. Linear
error analysis has gained much more importance than non-linear error analysis, owing to
the direct comparison from adsorption data for the adsorption of metals on adsorbents.
Non-linear error function data is calculated from the model equations and can be minimized
among experimental and predicted values as compared to linear error functions. It is mainly
related to computer software applications and algorithms. For cadmium modeling error
functions were calculated for the linear and non-linear form of adsorbents. Isotherm data
was used to calculate errors using Excel spreadheets. For this purpose five error functions
were calculated including residual sum of square error (RSS), the sum of absolute error
(EABS), chi-square error (Chi-Sq.), average percentage error (APE) and average relative
error (ARE).

3.6.1. Error Analysis for SM

For SM adsorbent error values were compared for the linear and non-linear forms of
the isotherms, indicating the lowest RSS for Langmuir isotherm and EABS, APE and ARE
for Elovich isotherm, chi square was smallest for the Temkin isotherm in the case of the
linear approach. For the non-linear form the Freundlich isotherm revealed the highest chi
square and APE value and the Langmuir isotherm showed the lowest APE and RSS values,
which supports the model data. Error analysis for adsorption of Cd(II) is summarized in
Table 7 for all forms of isotherms.

Table 7. Isotherm error analysis data for adsorption of Cd(II) onto SM.

Error Function RSS EABS Chi Square
(X2) APE ARE

Linear form

Freundlich 0.0196 15.08 2.5 3.99 0.401

Langmuir −0.255 −0.255 0.255 0.316 −0.316

Elovich 21.3 −4.61 18.4 −306 −110.4

Dubinin–Radushkevich 11.94 −3.45 −8.18 2.97 −8.18

Temkin 0.0038 1.49 × 10−5 −0.01 −0.06 0.06

Non-Linear form

Freundlich 1.02 × 10−7 0.0007 0.00039 457,551 8.471

Langmuir −0.0028 3.39 −3.39 −5.99 6360

Elovich 0.0037 9.24 × 10−6 −6 0.0037 0.0013

Dubinin–Radushkevich 1.37 × 10−5 0.0037 −3.7 × 10−7 −0.008 −0.003

Temkin 2.95 × 10−5 0.0054 −8.65 −0.09 51.9

3.6.2. Error Analysis for SMBC

A comparison of error function data of the different isotherms for the linear and
non-linear approaches as given in Table 8, suggests high error values for the linear form of
the Elovich isotherm which does not support model validation. Lowest values of EABS,
RSS, APE and ARE for seen for the Langmuir, Freundlich, Dubinin–Radushkevich and
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Temkin isotherms, making them suitable for fitting the adsorption data. For non-linear
error functions the lowest values of errors were given by the Temkin and Elovich models,
suggesting that non-linear forms are suitable and supporting the model validation for
Cd(II) adsorption onto SMBC.

Table 8. Isotherm error analysis data for adsorption of Cd(II) onto SMBC.

Error Function RSS EABS Chi Square
(X2) APE ARE

Linear form

Freundlich 0.009 2.47 1.544 4.18 0.0249

Langmuir 0.0014 0.0014 −0.0014 0.018 −0.018

Elovich 26 5.12 −5.87 97.98 35.2

Dubinin–
Radushkevich 45.7 −6.74 7.25 −43.6 −15.7

Temkin 7.34 × 10−6 0.0027 −0.21 −0.045 1.265

Non-Linear
form

Freundlich 1.5 × 10−5 −0.0089 0.043 46,894 −4.994

Langmuir −0.0014 2.78 −2.78 −5.99 −5.991

Elovich −4.37 × 10−6 1.91 × 10−11 −6 5.14 × 10−6 1.85 × 10−6

Dubinin–
Radushkevich 1.83 × 10−5 0.0042 −5.7 × 10−7 −0.01 −0.0036

Temkin 1.89 × 10−5 0.0043 −6.24 −0.072 37.45

3.6.3. Error Analysis for HLSMBC

In Table 9 error analysis data for adsorption of cadmium by HLSMBC is given. Linear
and non-linear error data was analyzed with lowest RSS error data being obtained for the
Langmuir model, while the lowest EABS and APE are seen for the Dubinin–Radushkevich
and chi square for the Temkin isotherm. This makes all models suitable for our adsorption
study in the case of a linear approach of errors. For non-linear forms the Langmuir and
Freundlich models showed high errors indicating less favor towards sorption.

Table 9. Isotherm error analysis data for adsorption of Cd(II) onto HLSMBC.

Error Function RSS EABS Chi Square
(X2) APE ARE

Linear form

Freundlich 0.01 20.71 2.69 3.24 0.446

Langmuir −0.122 −0.122 0.122 0.64 −0.64

Elovich 0.0005 −0.022 0.25 −4.27 −1.539

Dubinin–
Radushkevich 10.23 −3.199 2.84 −20.34 −7.32

Temkin 5.15 × 10−8 −0.00023 0.052 0.0037 −0.316

Non-Linear form

Freundlich 1.38 × 10−6 −0.0024 0.003 3704 −2.585

Langmuir 0.0012 1.54 −1.54 −5.99 5.996

Elovich −1.91 × 10−11 −4.37 × 10−6 −6 5.14 × 10−6 1.85 × 10−6

Dubinin–
Radushkevich 2.26 × 10−5 0.0047 −6.8 × 10−7 −0.011 −0.0048

Temkin 2.47 × 10−5 0.0049 −6.36 −0.08 38.2
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3.7. Kinetic Models

Pseudo-first order and pseudo-second order models are applied to investigate the
reaction rates of metal uptake with time. The plots were developed to observe the sorption
kinetics and the kinetic parameters were obtained from slope and intercept of plot, which
are given in the tables below.

3.7.1. Kinetic Models for Cd(II) Adsorption onto Raw SM

Kinetic experiments were performed by studying the adsorption of cadmium over
the range of 10–70 min for each solution of 100 ppm (Table 10). Sorption of cadmium on
raw SM was sharp during the initial time interval but later slowed down with the increase
in time due to the presence of occupied sites followed by desorption. The value of the
correlation coefficient was small (0.3455) and the value of K1, i.e., the sorption kinetic rate
was obtained from the slope of the graph as 0.0085. Four linear forms of the pseudo-second
order model were applied to study the adsorption kinetics. Correlation coefficients are
given in Table 8 and the values of the rate constants K2, R2 values ranged over 0.6357–
0.9719, with the highest value seen for type I pseudo-second order and the equilibrium rate
constants K2 had a range of 0.0032–0.0093. Equilibrium adsorption values were calculated
to be in the range of 17.04–20.93, with the highest value for a type III pseudo-second order
reaction. These models explain the rate of sorption of divalent cadmium ions based on the
concentration of SM sorbent in solution and the concentration of metal sorbate on sorbent
surface and in solution [27].

Table 10. Pseudo-first order and pseudo-second order kinetics for removal of Cd(II) by SM.

Kinetic Parameters for Removal of Cd(II) by SM

Pseudo-Second
Order Kinetics

Kinetic Parameters

R2 k (g/mg min) Qe (mg/g) h (mg/g min)

Type I 0.9719 0.0093 17.04 2.69

Type II 0.9146 0.0044 19.34 1.63

Type III 0.6357 0.0032 20.93 1.38

Type IV 0.6357 0.0056 18.43 1.91

Pseudo-First
Order Kinetics

R2 k - -

0.3455 0.0085 - -

3.7.2. Kinetic Models for Cd(II) Adsorption onto SMBC

The experimental data revealed an increase in adsorption with the increase in contact
time, indicating the availability of more sites on the SMBC surface as compared to raw
SM as appeared in Table 11. The R2 value for a pseudo-first order plot was 0.9927, higher
than that for the pseudo- second order models, i.e., 0.8381–0.9925. A little difference was
found between the correlation coefficients of PFO and PSO type I models, which suggests
that both models favor adsorption sites for cadmium uptake on the adsorbent surface. The
rate constant K1 is 0.0113 and K2 is 0.0042 < 0.0056 < 0.0069 < 0.0075 for type I < III < IV <
II PSO kinetics. Qe has a maximum value of 20.08 for type I of PSO adsorption kinetics,
suggesting that the adsorption of cadmium onto SMBC strongly follow a type I PSO model
and also follows a linear form of the PFO model.

3.7.3. Kinetic Models for Cd(II) Adsorption onto HLSMBC

The experimental results were plotted for the PFO and PSO models to check the best
fit model for high metal uptake and favorable adsorption. In Table 12, R2 with a value
0.983 indicated support for PFO kinetics but this value is lower than the R2 (0.9933) of a type
I PSO model, which suggests the PSO model supports uptake of cadmium onto HLSMBC
more than a PFO model, but both models favor adsorption of cadmium onto nanomaterial.
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Table 11. Pseudo-first order and pseudo-second order kinetics for the removal of Cd(II) by SMBC sorbent.

Kinetic Parameters for Removal of Cd(II) by SMBC

Pseudo-Second
Order Kinetics

Kinetic Parameters

R2 k (g/mg min) Qe (mg/g) h (mg/g min)

Type I 0.9925 0.0042 20.08 1.717

Type II 0.901 0.0075 18.12 2.467

Type III 0.8381 0.0056 19.14 2.061

Type IV 0.8381 0.0069 18.40 2.366

Pseudo-First
Order Kinetics

R2 K - -

0.9927 0.0113 - -

Table 12. Pseudo-first order and pseudo-second order kinetics for the removal of Cd(II) by
HLSMBC sorbent.

Kinetic Parameters for Removal of Cd(II) by HLSMBC

Pseudo-Second
Order Kinetics

Kinetic Parameters

R2 k (g/mg min) Qe (mg/g) h (mg/g min)

Type I 0.9933 0.0047 21.32 2.16

Type II 0.9052 0.0082 19.53 3.16

Type III 0.8463 0.0063 20.38 2.65

Type IV 0.8463 0.0077 19.75 3.03

Pseudo-First
Order Kinetics

R2 K - -

0.983 −0.017 - -

3.8. Thermodynamic Investigations

The adsorption of cadmium onto SM, SMBC, and HLSMBC increased with an increase
in temperature owing to an increase in pore size and availability of surface active functional
groups on the sorbent surface. Thermodynamic parameters data is shown in Table 13. The
value of ∆G was found negative and decreases with an increase in temperature, which
supports spontaneous and favorable adsorption. In the case of raw SM, the difference in
energy values is smaller, while in the case of SMBC and HLSMBC, the energy difference
is greater. This shows more favorable and spontaneous adsorption as compared to raw
SM. ∆G values range from −294.242 to −327.842, −639.032 to −711.132 and −711.01 to
−791.51 for SM, SMBC and HLSMBC, respectively, in the temperature range of 293–328 K.
The magnitude of free energy values is found to be high for HLSMBC as compared to the
other two sorbents. Enthalpy change ∆H values are positive and 37.11 > 35.45 > 12.96
for HLSMBC > SMBC > SM, indicating an endothermic adsorption process [28]. These
values are less than 80 kJ/mol, so the heat of adsorption indicates the physical nature of
the adsorption process [29]. ∆S values are also positive in the cases of the three sorbents;
2.30 > 2.06 > 0.965 for HLSMBC > SMBC > SM, respectively. Positive values assume more
interactions between the adsorbent and metal ions with an increase in metal uptake.

3.9. Desorption Study of Metals from the Adsorbent Surface

Desorption studies recovers used adsorbent and makes it eligible for reuse and also
recovers sorbates from the adsorbent surface. The desorption experiments after repeating
for five cycles revealed that the previously adsorbed metal was recovered before the next
cycle [30]. For Cd(II), metal desorption experiments for SM, SMBC, and HLSMBC reveal
that 90%, 92.5%, and 93%, and the metal was recovered after the first experimental wash.
The percent sorption of metal after the 2nd, 3rd, 4th and 5th washes is given in Table 14.
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Table 13. Thermodynamic study for adsorption of Cd(II) on SM, SMBC and HLSMBC.

Sorbents ∆H (kj/mol) ∆S (kj/mol.K) ∆G (kj/mol) Temperature (K) R2

Raw SM 12.96 0.965

−294.242 293

0.9826
−303.842 303

−313.442 313

−327.842 328

SMBC 35.45 2.06

−639.032 293

0.9988
−659.632 303

−680.232 313

−711.132 328

HLSMBC 37.11 2.30

−711.01 293

0.9979
−734.01 303

−757.01 313

−791.51 328

Table 14. Determination of the percent desorption of Cd(II) from the aqueous filtrate.

Adsorbent Used after Several
Experimental Washes 1st 2nd 3rd 4th 5th

SM 90.0 88.6 86.0 83.0 81.0

SMBC 92.5 90.0 89.0 87.0 85.0

HLSMBC 93.0 91.7 90.5 88.0 86.8

The amount of Cd(II) left after desorption is given in Table 15. As indicated in the
HLSMBC had small amount of Cd(II) left in solution after desorption in every wash as
compared with other sorbents. This small amount of metal left after every wash makes the
adsorbent suitable for reuse in the next process of adsorption.

Table 15. Amount of Cd(II) left (ppm) after the desorption process.

Amount of Metal Left after
Several Experimental Washes 1st 2nd 3rd 4th 5th

SM 6 6.84 8.4 10.2 11.4

SMBC 4.6 6 6.5 7.8 9

HLSMBC 4.2 4.98 5.7 7.2 7.92

3.10. A Comparison of Different Methods Used for Cadmium (II) Removal

The cadmium removal efficiency of the current research work was compared with
reported data to evaluate its importance and cost factor (Figure 9). A comparison among
these methods indicated 90% removal of cadmium by adsorption, whereas, 85% (solvent
extraction), 72% (ion-exchange method), 70% (precipitation) and 65% (membrane separa-
tion technique) was obtained with these other methods [31–33]. These results evaluated
adsorption as an efficient method for the uptake of cadmium from aqueous media.

A comparison of these methods based on chemicals used, cost and efficiency is also
made and given in Table 16.

Adsorption is environmentally friendly, feasible and simple in technical operation. It
has low cost, is easily available, easy to operate, uses wastes as adsorbents and allows the
detection of metals at low levels.
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Table 16. Comparison among adsorption and other methods for removal of cadmium [34].

Comparison among Cadmium Removal Methods

Membrane
Separation
Technique

Ion-Exchange
Technique Adsorption Precipitation Solvent

Extraction

Not suitable for
acidic, medium

Large use of
chemicals Low cost, cheap Fast Costly steps

Inability to
detect low level

of metal

Costly
equipment’s

Easy operation
and handling

Difficult to
measure

Consumes large
amount of

solvent

Require
membranes
replacement

High
operational costs

No sludge
production Less efficient High cost of

recovery

- - Less use of
chemicals - Not suitable for

low Cd(II) level

3.11. Removal of Cd(II) with Other Biosorbents

In order to compare the adsorption efficiency of Saccharum munja with other biosor-
bents we carried out experiments with four sorbents (rice husk, China berry leaves, Saccha-
rum munja and Polyalthia longiforia leaves) for the removal of cadmium (II) from aqueous
solutions. Screening experiments were performed with a 60 ppm solution of cadmium(II)
placed in a 250 mL conical flask, shaken at 150 rpm for 1 h the results obtained for cadmium
sorption by all these four sorbents are shown in Figure 10.

The experimental studies reveal that the adsorption potential of the selected SM
adsorbent was found to be the highest, with 95% cadmium (ii) removal as compared with
other adsorbents.
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4. Conclusions

These studies show the adsorption of cadmium onto SM, SMBC, and HLSMBC ad-
sorbent was an efficient process. Among different sorbent materials, hematite-loaded
nanomaterial showed better results than all other sorbents for the removal of Cd. SEM
results of these sorbents indicated tubular cylinders with a large pore size for HLSMBC.
Also FTIR analysis before and after sorption revealed that carboxyl, aldehyde/ketone
and C–H are the major functional groups which cause metal binding to the adsorbent
surface. Equilibrium adsorption experiments were investigated for 1 g adsorbent at varying
concentrations, time and temperature at an agitation speed of 150 rpm. For initial metal
ion concentration, the adsorption increased at high concentration which had a significant
effect on the adsorption and the maximum adsorption was attained for HLSMBC. The
experimental results were tested further by applying five isotherms, i.e., Langmuir, Fre-
undlich, Dubinin–Radushkevich, Elovich and Temkin. These isotherms indicated favorable
results for all the sorbents and metals, of which the best results were demonstrated by the
Freundlich isotherm with high values of correlation constant, sorption intensity b and sorp-
tion capacity Kf for all the sorbents. For Cd(II) modeling, the highest value of correlation
coefficient (R2) was 0.9891 for RHBC. Linear and non-linear error function analysis of the
isotherms further validated the adsorption studies by comparing error data and finding the
minimum errors for metal adsorption by the adsorbents. The adsorption data supported
both pseudo-first order and pseudo-second order kinetics, but the best results were given
by a pseudo-second order model for Cd adsorption by all the adsorbents. Thermodynamic
investigations revealed spontaneous, endothermic and feasible sorption for metal uptake.
Desorption experiments were performed to recover the metal and desorb the adsorbents
for their reuse on a commercial and industrial level. Adsorption studies found HLSMBC to
be the best adsorbent for the removal of cadmium from aqueous media.
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