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Abstract: In this study, a plant-based adsorbent was used in order to remove lead, nickel, cobalt
and cadmium metals from a wastewater sample collected from Sungun mine real wastewater. The
biosorbent was one of the most abundant native plants of the Sungun region, named Chrysopogon
zizanioides (C. zizanioides). The root powder of C. zizanioides was used in order to remove heavy metals
from the wastewater sample. The biosorbent was characterized by FTIR, SEM, HR-TEM, EDS, BET
and ZPC analyses. The effect of pH, initial metals concentrations, contact time and temperature on
the biosorption process were accurately investigated. The metal concentrations were significantly
reduced to lower concentrations after the biosorption process, which indicated that the C. zizanioides
root powder removal efficiency was more than 95% for the metals from the wastewater sample, with
maximum adsorption capacities of 31.78, 21.52, 26.69 and 27.81 mg/g, for Pb(II), Co(II), Cd(II) and
Ni(II) ions, respectively. Furthermore, the adsorption kinetic results showed that the pseudo-second-
order kinetic model correlated with the experimental data well, with correlation coefficient values of
1 for all metals. Isotherm studies illustrated that the Freundlich and Dubinin-Radushkevich (D-R)
isotherm models could describe the obtained equilibrium data well. Moreover, from the D-R model,
it was found that the biosorption type was physical. The thermodynamic studies demonstrated that
the metals’ biosorption was an exothermic and spontaneous process. Moreover, the reusability of the
biosorbent to be used in several successive cycles, and also the percentage of recovery of adsorbed
metals from the biosorbent, was investigated. Altogether, being simple and cost-effective and having
a high adsorption rate, fast kinetics, easy separation and high reusability prove that C. zizanioides root
powder shows significant performance for the removal of heavy metals from waste effluents.

Keywords: equilibrium; kinetics; thermodynamic; biosorbent; C. zizanioides

1. Introduction

With the rapid and progressive growth of anthropogenic activities, e.g., chemical
industries, metal smelting and extraction, the manufacturing of electrical equipment, alloys
and mining around the world, the environmental pollution of heavy metals has become
a serious issue in the world [1]. One of the significant indicators of development in any
society is to access safe drinking water. Heavy metals in polluted waters and industrial
effluents, if not treated, can enter the food chain of animals and humans directly [2]. The US
Environmental Protection Agency (EPA) considers some metals to be beneficial for human
health in minor quantities [3]. On the other hand, many elements not only are unnecessary
but are also considered a threat to the life of living organisms and may cause adverse effects
on living beings. Among all existing metals, lead, nickel, cadmium and cobalt are some
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of the most hazardous materials, especially in high concentrations, as they are toxic for
most life forms and cannot be detoxified biologically [4,5]. The permissible limit for Pb(II)
in wastewater given by the WHO is 0.05 mg/L [6,7]. The presence of lead in drinking
water, even at below the permissible concentration, may cause anemia, encephalopathy and
nephritic syndrome. In addition, the presence of cadmium, nickel and cobalt in drinking
water may cause different toxicological effects on humans including mental disorders,
immune system deficiency, asthma and an increased risk of cancer [8]. Hence, the removal
of these elements from water is essential to protect humans and environmental health.

There are various conventional methods which are proposed for the removal of metals
from water and wastewater, including chemical precipitation [9], hydroxide precipita-
tion [10], sulfide precipitation [11], electrochemical methods [12], ion exchange [13], reverse
osmosis [14] and adsorption [15]. Most of the wastewater treatment methods, in addition
to high maintenance or operational costs, may have disadvantages such as the partial
removal of certain ions, high power consumption, and the generation of toxic sludge and
other wastes, which need to be disposed of [16]. However, the adsorption process is the
most popular method, because it is an efficient, economical, easily accessible, sustainable,
and eco-friendly method for removing organic and inorganic contaminants from polluted
water [17]. In general, adsorbents can be in the types of activated carbon [18], synthetic
polymers [19], silica-based adsorbents [20] and natural adsorbents. However, these types
of adsorbents are rarely used for the treatment of wastewater, due to their high costs [21].
Using different biomaterials for the treatment of aqueous solutions has recently been paid
more attention. The use of originally natural adsorbents has gained immense credibility
because of their good performance, high uptake capacity, being cost-effective and being
environmentally friendly [22].

Several previous works have reported the successful removal of metal ions from
aqueous solutions and wastewater using different biosorbents. For instance, in a research
study, 97.8% of lead was favorably removed in 49 min from an aqueous solution with an
initial lead concentration of 93.5 mg/L, by Henna powder [23]. Lead was also removed
by Sargassum Tennerium with 6.657 mg/g adsorption capacity [24]. Scientists achieved
14 mg/g adsorption capacity in the removal of nickel from aqueous solutions onto Pistachio
hull waste as a biosorbent [25]. Moreover, nickel, lead and cadmium were effectively
removed from contaminated water by Camellia Sinensis with 1.163, 1.197 and 2.468 mg/g
adsorption capacities, respectively [26]. Furthermore, the removal percentage of cadmium
and lead with initial concentrations of 5 mg/L from aqueous solutions were 92.76% and
94.09%, respectively, with modified Spirulina Platensis, and 87.52% and 90.09% with Chlorella
Vulgaris, respectively [27]. In addition, cobalt with an initial concentration of 20 mg/L was
removed by 98.7% using Ficus Benghalensis [28]. Zaidi et al. investigated the utilization of
Artocarpus odoratissimus (Tarap) leaves for the removal of malachite green (MG) dye from
simulated wastewater. A maximum adsorption capacity of 254.93 mg g−1 was achieved.
The biosorbent showed slight effects on the changes in the pH and ionic strength of the
medium, which introduced it as a suitable adsorbent to be used in wastewater treatment.
In addition, the artificial neural network model presented by the authors supported the
experimental data and was able to accurately predict the effects of some parameters on the
biosorption process [29]. Masinire et al. investigated the phytoremediation of Cr(VI) in
wastewater using C. zizanioides by evaluating the effects of parameters such as the initial
concentration, grass density and solution pH. The best results showed the remediation of
Cr(VI) under acidic conditions with 100% removal in 20 days for the 30 ppm solution [30].
Kooh et al. presented an aquatic plant, Azolla pinnata (AP), for the adsorption of methylene
blue (MB) dye. The adsorption process was modeled, applying several various supervised
machine learning (ML) algorithms, including artificial neural network (ANN), random
forest (RF), support vector regression (SVR), and instance-based learner (IbK). Among the
different supervised machine learning algorithms, SVR-RBF proved to be the best algorithm
with the highest R value (0.994) and the lowest error [31]. Weshahy et al. investigated the
selective recovery of Cd, Co and Ni elements from spent Ni–Cd batteries using an Adogen®
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464 solvent and mesoporous silica derivatives. Adogen 464 was used to extract Cd2+ by
precipitating Cd as a yellow CdS product with 0.5% Na2S solution at pH 1.25 at room
temperature. PTU-MS silica adsorbent was used as an ion exchanger for Co2+ ions. Briefly,
0.3 M H2SO4 was used as an eluant, and Co was precipitated in the form of Co(OH)2
compound at up to pH 9.0. Finally, Ni was directly precipitated at pH 8.25, applying a 10%
NaOH solution at ambient temperature [32]. Lu et al. studied the plant growth-promoting
(PGP) characteristics of multi-metal-tolerant Bacillus cereus and their positive role on the
phytoremediation capability of C. zizanioides in a soil sample contaminated with Cd, Zn,
Pb, Mn and Cr. The growth and phytoremediation ability of C. zizanioides on metal-
contaminated soil were improved by Bacillus cereus species. The maximum absorption
capacity of C. zizanioides with Bacillus cereus was 12.15, 16.72, 11.47, 14.52 and 7.74 mg g−1

for Cd, Zn, Pb, Mn and Cr, respectively [33].
C. zizanioides is a native perennial plant of some regions of Asia that has high resistance

against drought and pests. The root system of C. zizanioides is finely structured and very
strong [34]. Under high-velocity flows, the root system protects C. zizanioides from being
displaced [35]. Furthermore, it is able to survive in harsh conditions, and this feature
has increased its range of tolerance against different pollutions [36]. The high tolerance
of a range of extreme soil conditions is a significant feature of C. zizanioides, especially
in contamination with heavy metals. Field experiments have also demonstrated that C.
zizanioides can prosper under a wide range of pHs, and it is very persistent to saline and
sodic soil situations [37].

Accordingly, the biosorbent used in the present investigation exhibits the following
novel features: (1) available in abundance; (2) self-growing; (3) cost-effective; (4) simple;
and (5) excellent ability in the removal of toxic metal ions from aqueous solution, which
can play a valuable role in the adsorption of heavy metals from water and soil.

The main objective of this study was to use native plants of a region to remove
some metal ions from that region’s wastewater. For this purpose, the most abundant and
available native plant of the Sungun region, which is called C. zizanioides, was used, and its
performance as a natural adsorbent to remove heavy metals from the wastewater of the
region was investigated.

2. Materials and Methods
2.1. Chemicals

The chemicals utilized in this study are as follows: HNO3, Pb(NO3)2, NiCl2, Co(NO3)2
and Cd(SO4) and were purchased from the Merck company. All of the solutions that
were used in the study were prepared using deionized water (18.2 MΩ·cm), and all of the
reagents used were of analytical grade.

2.2. Sampling of Wastewater

The wastewater samples used for further experiments were collected two times per
day for four days in a row in the fall from wastewater around the Sungun mine in the
city of Varzaghan in northwestern Iran in order to measure how much of certain elements
was in the sample. There were no pretreatment and preprocessing for the wastewater
samples, as the pHs of the samples were measured as approximately between 5.5 to 6.0,
and preservations such as acid digestion were not necessary. The initial measurements
taken by ICP-MS indicated that the wastewater sample contained some heavy metals.

2.3. Biosorbent Preparation

The C. zizanioides grass was collected from local fields of Sungun, nearby the Sungun
copper mine. According to the experiments carried out on different parts of the considered
plant, such as the root and the stem, the root of the plant had a higher efficiency in
adsorbing metals from wastewater, and as a result, the root of the plant was used for
further experiments. Thus, the roots were separated from the stems, and the mud was
removed from the roots. Afterwards, they were carefully washed with tap water followed
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by distilled water to remove residual dirt. They were then dried at 30 ◦C in a hot air oven
and converted into powder by a grinder, and then sieved to give a fraction of a 200 mesh
screen. The resulting powder was used as a biosorbent for the subsequent tests without
any pretreatment.

2.4. Characterization Studies

The biosorbent was characterized through several different analyses. Fourier trans-
form infrared (FTIR) analysis is a method for identifying the functional groups present
on each adsorbent surface and the compositions and constituent phases of the materials
that play an important role in the biosorption efficiency. The functional groups of the C.
zizanioides root may affect the biosorption process. They were characterized by an FTIR
technique using an AVATAR (Thermo, Waltham, MA, United States) over a working range
of 350–7800 cm−1. Scanning electron microscopy (SEM) analysis was carried out in order
to identify the surface morphology and chemical compounds of the biosorbent using a
ZEISSEVO 18 scanning electron microscope. Moreover, the elemental compositions of
the biosorbent were determined before and after the adsorption of the metal ions by an
energy-dispersive spectrometer (EDS). The elements concentrations were determined by
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) using 7500, Agilent, Santa Clara,
CA, United States. Brunauer–Emmett–Teller (BET) analysis was performed in order to
calculate the surface areas, pore size distributions and pore volumes of the C. zizanioides
root powders using a Microtrac BELSORP-mini over a working range of 0.35–200 nm and
a relative pressure (p/p0) of 133 KPa. High-resolution transmission electron microscopy
(HR-TEM) analysis was carried out for the purpose of characterizing the biosorbents’
physicochemical features and element distributions using an FEI–TEC9G20. Additionally,
using the energy-dispersive spectrometry (EDS) method, the elemental analysis of the
biosorbent was determined by the elemental analysis equipment installed on this device.
The point of zero charge (PZC) of the biosorbent and the pH of the solutions were studied
using a Metrohm 827 digital pH meter, working in a temperature range from −150 ◦C to
+250 ◦C.

2.5. Adsorption Studies

In the batch system, in order to optimize the toxic metal ion (lead, nickel, cobalt and
cadmium) removal, the effects of the experimental conditions, including the adsorbent
dosage, pH, initial ion concentration, temperature and contact time on the adsorption
process were studied. The experimental procedure involved the following steps:

(1) The wastewater sample was collected from wastewater around Sungun mine in order
to measure the amount of certain elements by ICP-MS.

(2) A weighed amount of the biosorbent (100 mg/L) was added to the sample solution.
(3) The wastewater sample was transferred into 100 mL Erlenmeyer flasks and was

shaken in a FineTech-SKIR-601 shaking incubator at 250 rpm.
(4) For the purpose of investigating the kinetic studies and the effect of contact time, a

series of flasks containing 100 mg/L of the biosorbent and 100 mL of the wastewater
sample were shaken for different time intervals (5–120 min), at a constant speed
of 250 rpm and a constant temperature of 298 K. Then, pseudo-first-order, pseudo-
second-order kinetic and intra-particle diffusion models were used to analyze the
experimental data.

(5) Isotherm experiments were carried out at different initial concentrations (0.1–10 mg/L)
of lead, nickel, cobalt and cadmium ions and shaking in 100 mL of the sample solution
for an equilibrium time and at a constant temperature of 298 K. In order to prepare
solutions with lower and higher concentrations than the main wastewater sample,
certain weighed amounts of Pb(NO3)2, NiCl2, Co(NO3)2 and Cd(SO4) were added
to the solutions. The equilibrium solution concentration was measured, and the
quantities of metals adsorbed per unit weight of biosorbent were calculated by the
equilibrium equations. In addition, the biosorbent distributions between the solid
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and liquid phases were assessed by different isotherm models including Langmuir,
Freundlich and Dubinin-Radushkevich isotherm models.

(6) To carry out thermodynamic studies and investigate the effects of temperature on
the biosorption process, 100 mL of the desired solution containing 100 mg/L of
biosorbent, with initial concentration of each metal and 5 mg/L of each metal, and
different temperatures (298, 313 and 323 K) was stirred for 2 hrs, at a constant speed of
250 rpm in a temperature-controlled shaking incubator. The thermodynamic studies
were then carried out using the corresponding equations.

(7) The amount of specific ions adsorbed by the biosorbent at equilibrium and the removal
percentage were obtained using Equation (1) [38]:

qe =
(C0 − Ce)V

M
(1)

where qe is the adsorption capacity (mg/g) and C0 and Ce are the initial and the final
concentrations of the heavy metals (mg/L), respectively. V is the volume of the solution
(L), and M is the mass of the used adsorbent (g).

(8) The reusability of the biosorbent and the desorption performance were further inves-
tigated.

2.6. Desorption Experiments

Desorption studies are of great importance to check the stability of adsorbent particles
in acidic environments, their reusability and also the recovery of metals. In order to
investigate the desorption process of the metals, after completing the biosorption process,
the biosorbent particles were separated by a filtration and centrifugation process after
stirring for 120 min at a speed of 250 rpm. The separated biosorbent particles were then
added to 100 mL of 0.15 M nitric acid solution. In order to check the stability and efficiency
of the biosorbent during several stages of washing, all of the steps of this process were
repeated in four cycles and all of the separated solutions were collected.

3. Results and Discussion
3.1. Characterization of Biosorbent

FTIR analysis was used to identify the surface functional groups and chemical com-
pounds of C. zizanioides root. The FTIR spectra of C. zizanioides root powder both before
and after the biosorption modes are given in Figure 1. The spectra show a number of
characteristic biosorption peaks of C. zizanioides root powder within a range of the 400–
4000 cm−1 wave number, which is composed of various functional groups. A broad peak
at 3431 cm−1 is related to the overlapping of the –OH and –NH bonds [39]. Another
peak at 2923 cm−1 could be attributed to the -CH stretching vibrations of the CH3 and
CH2 functional groups [40]. Another peak at 1736 cm−1 was recorded in the spectrum,
which was assigned to the carboxylate ion (-COO−) [41]. One more peak at 1636 cm−1 was
recorded in the spectrum and could be attributed to the C=O bonds of carboxylic acid and
the presence of an amide group (protein) [39,42]. An additional sharp peak at 1036 cm−1

was recorded in the spectrum, which could correspond to the C–O bonds of alcohols and
carboxylic acids [40].

After the biosorption process, several bands observed in the spectrum of the C. zizan-
ioides root powder were shifted, and their shapes changed. Some bands showed a much
greater intensity in their spectrum after biosorption. The peak of 3431 cm−1 was shifted
to 3453 cm−1. Changes in the adsorption intensity and changes in the wave number
of functional groups can be due to the interaction of metal ions with the active sites of
biosorbents [40,43].

SEM microscopic images of C. zizanioides root powder, before and after biosorption, at
different magnifications, are shown in Figure 2a,b and Figure 2c,d, respectively. As depicted
in Figure 2a,b, the material is irregular in shape and provides a large and accessible surface
area and suitable binding sites for the metals’ biosorption due to its porosity. In Figure 2c,d,
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the SEM micrographs of the biosorbent after the biosorption process illustrate changes in
the surface morphology of the biosorbent and show a less porous surface, which indicates
the metals’ biosorption to the binding sites of the biosorbent.
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The EDS spectra and the elemental compositions before and after the biosorption
process are shown in Figure 3a,b, respectively. Based on Figure 3a, considering that the
biosorbent was picked up from the native region, the biosorbent contains quantities of
metals, including Pb, Ni and Cd, before biosorption. The results shown in Figure 3b indicate
that the metal amounts increased after the biosorption process, which confirms the high
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ability and significant performance of the biosorbent in the removal of heavy metals from
wastewater.

Minerals 2023, 13, x FOR PEER REVIEW 8 of 21 
 

 

 

Figure 3. EDS analysis of C. zizanioides root; before (a) and after (b) biosorption. 

Table 1. The results of BET analysis. 

Adsorbents 
BET Surface Area 

(m2g) 

Total Pore Volume 

(cm3/g) 

Average Pore Diameter 

(nm) 

C. zizanioides 

root powder 
8.21 0.0151 7.36 

The high-resolution transmission electron microscopy method (HR-TEM) was per-

formed to characterize the biosorbent physicochemical features, structure, morphology, 

texture properties and porosity. The HR-TEM images of different levels of magnifications 

are shown in Figure 4. As indicated, the biosorbent has a porous structure, which facili-

tates the biosorption of elements. Furthermore, the darker parts in the images indicate the 

metals that are trapped in the pores of the biosorbent. 

Figure 3. EDS analysis of C. zizanioides root; before (a) and after (b) biosorption.

Multiple-point BET analysis was carried out to evaluate the precise specific surface
area of the biosorbent, which performs a considerable role in the biosorption process. The
results of this analysis for C. zizanioides root powder are listed in Table 1. As shown, the
specific surface area of C. zizanioides root powder is 8.21 m2/g, which is considered a
good amount compared to similar biosorbents [21,44–47]. Moreover, according to the total
volume and average diameter of the pores, the biosorbent can perform well. The results
indicate that C. zizanioides root has a porous structure, which could facilitate the biosorption
process [48].

Table 1. The results of BET analysis.

Adsorbents BET Surface Area
(m2g)

Total Pore Volume
(cm3/g)

Average Pore
Diameter

(nm)

C. zizanioides root
powder 8.21 0.0151 7.36

The high-resolution transmission electron microscopy method (HR-TEM) was per-
formed to characterize the biosorbent physicochemical features, structure, morphology,
texture properties and porosity. The HR-TEM images of different levels of magnifications
are shown in Figure 4. As indicated, the biosorbent has a porous structure, which facilitates
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the biosorption of elements. Furthermore, the darker parts in the images indicate the metals
that are trapped in the pores of the biosorbent.
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The point of zero charge (PZC) of the biosorbent was measured by measuring the pH
at different pHs. As shown in Figure 5, the point of zero charge (pHzpc) of the biosorbent
is approximately 5.5, which indicates that the biosorbent surface charge is positive at
pHs less than 5.5, and at pHs greater than 5.5, it is negative. Furthermore, it can be said
that the biosorbent’s most negative surface charge is at pHs between 6.0 and 7.0, which
demonstrates that the biosorption process can be fully explained in this range of pHs.
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3.2. Sungun Wastewater

The chemical elements of the Sungun wastewater sample and its concentrations were
measured before the biosorption process in order to assess the wastewater sample’s quality
and also evaluate the results after the biosorption process. The results of the ICP-MS
analysis of the sample are shown in Table 2.
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Table 2. The constituent elements and their concentrations in the Sungun wastewater sample [6].

Element Pb Ni Cr Co Cd As Hg

Concentration (µg/L) 1462 2188 14.5 2085 1734 3.94 1.94
Permissible limit (µg/L) [6] 50 100 50 10 5 10 2

As can be observed in Table 2, the concentrations of lead, nickel, cobalt and cadmium in
the wastewater were higher than their permissible limits [6], which confirms the significant
necessity to eliminate these elements from the wastewater and prevent their discharge into
natural water systems. The other coexisting elements were under the detection limit and
not considered a threat to the environment and living beings.

3.3. Effect of pH

One of the effective parameters of the adsorption capacity is the pH of the reaction,
which can directly control the reaction by changing the charges of the biosorbent and the
metal ions. In order to determine the charges of the metal ions, the Eh–pH diagram was
used [49]. Figure 6 indicates that all four desired elements are present as cations at a pH
equal to 7.0 and an Eh equal to 0.18 volts. Our focus in this research was on the wastewater,
and the desired pH was a neutral pH value. As the biosorbent’s most negative surface
charge was at pHs between 6.0 and 7.0, the cations’ biosorption process by this biosorbent is
well confirmed, with the negative surface charge of the biosorbent and the positive charge
of cations at this pH, based on Eh–pH diagrams. Accordingly, no further pH experiments
were required in order to determine the effect of pH on the biosorption reaction.
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3.4. Effect of Adsorbent Dosage

The adsorbent dosage is an important parameter that can affect the performance
of the adsorption process and the adsorption capacity. It is essential to determine the
optimum amount of the adsorbent dosage, as the removal efficiency can increase with
higher adsorbent dosages. However, an excess adsorbent dosage may negatively affect
the removal efficiency due to particle agglomeration, which may reduce the active sites
for the adsorption process [50]. Figure 7 shows the effect of the adsorbent dosage on
the biosorption capacity and removal efficiency. As can be observed, by increasing the
adsorbent dosage from 50 mg/L to 3000 mg/L, the removal efficiency was found to be
insignificant in such a way that increasing the adsorbent dosage did not have much effect on
the removal efficiency of lead, nickel, cobalt and cadmium, and the changes were ignorable
at doses higher than 0.1 mg/L. Consequently, the optimum adsorbent dosage was achieved
at 0.1 mg/L for further experiments, which can be economically practical.
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concentrations: 1.46, 2.19, 2.08 and 1.73 mg/L, respectively, adsorbent dosage: 50–3000 mg/L, volume
of solution: 100 mL, time: 120 min, and T = 298 K).

3.5. Adsorption Kinetics and Effect of Contact Time

Adsorption kinetics have been studied in order to better understand the biosorption
dynamics and provide a predictive model that allows to estimate the amount of adsorbed
ions over the processing time. In order to better understand the adsorption mechanism,
the various kinetics models including pseudo-first-order, pseudo-second-order and intra-
particle diffusion models were applied to analyze the experimental data.

3.5.1. Pseudo-First-Order Model

The linear form of the Lagergren pseudo-first-order model is expressed based on
Equation (2) [51]:

ln(qe − qt) = lnqe − k1t (2)

where K1(1/min) is the first-order kinetic constant and qe(mg/g) and qt(mg/g) represent
the amount of substance adsorbed by the biosorbent at the equilibrium time and the time t,
respectively.
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3.5.2. Pseudo-Second-Order Model

The best-fit equations of the linear form of the pseudo-second-order kinetics can be
expressed by Equation (3) [52]:

t
qt

=
1

K2q2
e
+

t
qe

(3)

where K2(g·mg−1·min−1) is the pseudo-second-order rate constant.

3.5.3. Intra-Particle Diffusion Model

In addition to the adsorption on the outer layer of the adsorbent, it is possible that metal
ions diffuse into the adsorbent particles through the pores of the adsorbent surface. This is
because adsorption is a multi-stage process involving the transfer of soluble particles from
the aqueous phase to the surface of solid particles and then the penetration and diffusion of
adsorbed molecules into the pores. Weber and Morris suggested an intra-particle diffusion
model to consider pore diffusion that can be expressed by Equation (4) [53]:

qt = C + Ki
√

t (4)

where qt is the intra-particle diffusion parameter and shows the amount of solute adsorbed,
Ki(mg·g−1·min−0.5) represents the intra-particle diffusion model constant and C is refers
to the adsorption constant and provides information about the thickness of the boundary
layer.

In order to determine the processes that control the biosorption process, investigate the
biosorption rate and find the correct time to operate the biosorption, kinetic studies were
carried out. The amounts of Pb, Ni, Cd and Co biosorption on the biosorbent as a function
of time are shown in Figure 8. As can be seen, the biosorption occurred at a high speed, and
the maximum biosorption rate was achieved within 5 min for C. zizanioides root powder. It
indicates that an extremely high biosorption rate is accessible in a short time. Although
a period of 5 min is enough for biosorption, in order to achieve 100% equilibrium, the
required time was considered up to 2 h for further experiments to continue the biosorption
processes.
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Figure 8. Effect of contact time on the biosorption (Pb, Ni, Co and Cd initial concentrations: 1.46, 2.19,
2.08 and 1.73 mg/L, respectively, adsorbent dosage: 100 mg/L, volume of solution: 100 mL, time:
5–120 min, T = 298 K, pH = 7.0).

Based on the obtained results in Table 3, it can be definitely said that pseudo-first-order
and intra-particle diffusion kinetic models were less successful in predicting biosorption
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kinetics compared to pseudo-second-order models by giving the values of correlation
coefficients (R2 = 1). Therefore, it can be said with certainty that the pseudo-second-order
kinetic model is the best-fitting model to describe the biosorption mechanism of these four
metals, which assumes that the rate of occupation of the adsorption sites is in proportion to
the square of the number of unoccupied sites [21].

Table 3. Adsorption kinetics parameters for Pb, Ni, Co and Cd (initial concentrations were 1.46, 2.19,
2.08 and 1.73 mg/L, respectively).

Element

1st Order
Plot: ln(qe−qt) vs. t
qe = exp(intercept)

k1 = −slope

2nd Order
Plot: t/qt vs. t
qe = 1/slope

k2 = slope2/intercept

Intra-Particle Diffusion
Plot: qt vs. t0.5

Ki = slope
C = intercept

R2 qe

(
mg
g

)
K1

(
1

min

)
R2 qe

(
mg
g

)
K2

(
g

mg·min

)
R2 C Ki

(
mg

g·min0.5

)
Pb 0.92 0.016 0.007 1 14.60 7.82 0.93 14.58 0.001

Ni 0.93 0.483 0.028 1 21.74 0.21 0.99 21.28 0.038

Co 0.60 0.260 0.032 1 17.30 0.78 0.75 20.58 0.011

Cd 0.71 0.101 0.014 1 20.75 0.46 0.76 17.23 0.006

3.6. Adsorption Isotherms and Effect of Initial Concentration

Adsorption isotherms describe the interaction between an adsorbing material and
an adsorbent. They reveal information related to the adsorption mechanism. Adsorption
isotherms indicate the relationships between the equilibrium concentrations of adsorbates
in the solid phase (qe) and in the liquid phase (ce) at a constant temperature [54,55].
The equilibrium amount of pollutants per unit mass of adsorbent is obtained based on
Equation (1).

3.6.1. Langmuir Isotherm

The Langmuir isotherm is a theoretical model assuming that monolayer adsorption
occurs at particular homogeneous sites on the surface of an adsorbent and all adsorption
sites have equal adsorption energies [56].

The linear forms of the Langmuir equation, which was applied to the experimental
data, are expressed by Equation (5) [57]:

ce

qe
=

1
KLqm

+
1

qm
ce (5)

where C0 and Ce (mg/L) are the initial and equilibrium concentrations of heavy metals,
qe(mg/g) denotes the adsorption capacity at the equilibrium, KL(L/mg) represents the
Langmuir isotherm constant and qm (mg/g) is the maximum adsorption capacity of the
adsorbent at equilibrium. KL and qm can be obtained from the linear fit of Ce/qe versus Ce.

3.6.2. Freundlich Isotherm

The Freundlich isotherm model is mostly used to understand the adsorption of metal
ions on a heterogeneous surface with multilayer adsorption [58]. It can also define surface
heterogeneity and an exponential distribution of active sites and their energy [59]. The
linear form of the Freundlich isotherm model is expressed by Equation (6) [60]:

lnqe = lnKF +

(
1
n

)
lnCe (6)

where qe(mg/g) is the adsorption capacity at equilibrium, Ce(mg/L) denotes the equi-
librium concentration, KF refers to the Freundlich constant, which is related to the total
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adsorption capacity, and n represents the intensity of adsorption. KF and n are the Fre-
undlich constants and can be obtained from the linear fit of lnqe versus lnCe.

In Equation (10), n is a constant value and controls the deviation from the linear form
of adsorption, and it describes the isotherm type in the Freundlich model. If n is between 1
and 10, it indicates the suitability of the adsorption process. The closer this value is to 1, the
less important the heterogeneity of the surface is, and the closer it comes to 10, the more
important the level of homogenization increases is, and the chemical adsorption overcomes
physical adsorption [56].

3.6.3. Dubinin-Radushkevich Isotherm

The Dubinin-Radushkevich (D-R) isotherm model is an empirical model that is usually
used to interpret adsorption nature by distributing Gaussian energy on a heterogeneous
surface and uses the energy of each adsorbed molecule (E). This model fits the data well
for solutes with high and medium concentrations. The linear forms of the D-R adsorption
isotherm model can be expressed as Equations (7) and (12), respectively [61]:

nqe = lnqm − βε2 (7)

where qm(mg/g) is the D-R monolayer capacity, ε represents the Polanyi adsorption
potential related to the equilibrium concentration and correlated as Equation (8) and
β (mol2/KJ2) denotes a constant related to the adsorption energy, which gives the mean
free energy E (kJ/mol) as Equation (9):

ε = RTln
(

1 +
1

Ce

)
(8)

E =
1√
2β

(9)

Some valuable information about the adsorption process can be obtained from the
free energy of the molecule (E). If the value of the adsorption energy is less than 8 kJ, it
indicates that the adsorption has occurred physically, and if it is between 8 and 16 KJ/mol,
it suggests that the adsorption process has been carried out chemically [62].

In order to interpret the adsorption mechanism, Langmuir, Freundlich and Dubinin-
Radushkevich (D-R) adsorption models were tested, and the best isotherm was determined
by drawing graphs of the models and comparing their correlation coefficient values. The
adsorption isotherm data of the metal ions by C. zizanioides root powder are shown in
Figure 9. As can be observed in the diagram, the adsorption capacity increases with the
increase in the initial metal ion concentrations.

The results for the Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm
models are given in Table 4. Based on the correlation coefficient values (R2), it can certainly
be said that the results obtained from the isotherm studies of the biosorption of Pb, Ni,
Cd and Co metal ions by C. zizanioides root powder are the most compatible with the
Freundlich and Dubinin-Radushkevich models. Exceptionally, cadmium followed the
Langmuir isotherm model as well. It suggests that cadmium biosorption by C. zizanioides
root powder is multilayered and more likely to occur physically [63]. The values of n in
the Freundlich isotherm model also indicate that the physical adsorption overcomes the
chemical adsorption [56]. In addition, considering that the values of E in the D-R model are
less than 8 kJ/mol, it can be concluded that the adsorption nature was physical. According
to Table 4, the maximum monolayer adsorption capacities obtained from the D-R model
were 31.78, 21.52, 26.69 and 27.81 (mg/g) for lead, nickel, cobalt and cadmium, respectively.
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Figure 9. Adsorption isotherms of Pb, Ni, Co and Cd (initial concentrations: 1.46, 2.19, 2.08 and
1.73 mg/L, respectively, adsorbent dosage: 100 mg/L, volume of solution: 100 mL, time: 5 min,
T = 298 K, pH = 7.0).

Table 4. Fitting parameters of the isotherm models for the biosorption of lead, nickel, cadmium and
cobalt by C. zizanioides root powder.

Elements

Langmuir
Plot: Ce/qe vs. Ce

qm = 1/slope
kL = slope/intercept

Freundlich
Plot: lnqe vs. lnCe

n = 1/slope
kF = exp(intercept)

Dubinin-Radushkevich
Plot: lnqe vs. ε2

qm = exp(intercept)
E = 1/(2(−slope))0.5

qm(
mg
g

) kL(
l

mg

) R2 n KF R2
qm(
mg
g

) E(
KJ

mol

) R2

Pb 87.33 0.12 0.58 1.04 747.25 0.96 31.78 5 0.98
Ni 91.03 0.24 0.91 1.26 82.70 0.98 21.52 4.1 0.98
Co 78.57 0.25 0.91 1.28 118.96 0.97 26.69 5 0.98
Cd 53.33 0.50 0.97 1.36 256.98 0.97 27.81 5 0.99

3.7. Adsorption Thermodynamics and Effect of Temperature

In a biosorption study, temperature plays an important role in the adsorption process.
In adsorption processes, thermodynamic factors such as Gibbs free energy, standard entropy
and enthalpy are necessary to be determined in order to describe the feasibility, direction
and type of the adsorption process [64].

The Gibbs free energy change (∆G◦) and Van’t Hoff equation, which were used to cal-
culate the thermodynamic parameters, can be expressed by Equation (10) and Equation (11),
respectively [65]:

∆G◦ = −RTlnKd (10)

lnKL =
−∆H0

RT
+

∆S0

R
(11)

where ∆G◦(KJ/mol) is the Gibbs free energy changes, KL(L/mol) represents the Langmuir
constant, T (K) refers to the absolute temperature, R (8.314 J/mol/K) stands for the ideal
gas constant, ∆H◦(KJ/mol) denotes the enthalpy changes and ∆S◦ (KJ/K·mol) signifies
the entropy changes.

The effect of temperature on the biosorption capacities of the polluting metals by C.
zizanioides root powder is shown in Figure 10 for two concentrations of each metal ion: the
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initial concentrations of the metal ions (a) and 5 (mg/L) (b), respectively. It can clearly be
seen that an increase in the temperature reduces the adsorption capacity of the polluting
metals, which is more noticeable for nickel.

The results related to the thermodynamics of metal ion biosorption with a C. zizan-
ioides root powder biosorbent are presented in Table 5. The negativity of ∆H0 confirms the
exothermicity of the adsorption reaction of the metals by C. zizanioides root powder biosor-
bent, and the negativity of ∆G0 indicates the possibility and spontaneity of the adsorption
reaction [66].

The values of ∆G0 decreased with increasing temperature from 298 K to 323 K, which
shows that the adsorption of the four metals by the C. zizanioides root powder biosorbent
is more favorable at room temperature than at higher temperatures. Moreover, it shows
economic applicability for wastewater treatment.
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Figure 10. Effect of temperature on the biosorption of Pb, Ni, Co and Cd; (a) initial concentrations of
each metal ion: 1.46, 2.19, 2.08 and 1.73 mg/L, respectively, (b) 5 mg/L, adsorbent dosage: 100 mg/L,
volume of solution: 100 mL, time: 120 min, T: 298–313–323 K).

In addition, ∆G0 values greater than −20 kJ/mol suggest the physical adsorption
mechanism for the adsorption of the metals on the C. zizanioides root powder [67]. The low
amount of negative ∆S0 also indicates a decrease in the degree of freedom of the metal ion
adsorption on the C. zizanioides root powder [68].

Table 5. The parameters of adsorption thermodynamics.

Adsorbents C0(ppm) ∆G0( KJ
mol )

∆S0( KJ
K·mol ) ∆H0( KJ

mol )
298 K 313 K 323 K

Pb
1.46 −11.58 −11.53 −11.49 −0.004 −12.723

5 −16.63 −16.05 −15.67 −0.038 −28.070

Ni
2.19 −13.11 −11.03 −9.64 −0.139 −54.499

5 −10.68 −10.23 −9.92 −0.030 −19.698

Co
2.08 −15.28 −14.18 −13.46 −0.072 −36.647

5 −11.86 −11.47 −11.21 −0.026 −19.592

Cd
1.73 −15.79 −15.01 −14.5 −0.051 −31.141

5 −14.26 −13.96 −13.75 −0.020 −26.358

3.8. Desorption Studies

The desorption studies were performed to investigate the reusability of the biosorbent
by conducting several successive adsorption–desorption cycles of metal ions on the biosor-
bent in order to account for the adsorption economics. One of the valuable features of the
adsorbent is its ability to be utilized in several consecutive cycles while maintaining its
high adsorption capacity.
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C. zizanioides root powder was rinsed with 0.15 M HNO3 after each adsorption step
and was prepared for the next cycle. As shown in Figure 11a, the biosorption rate almost
decreased after each cycle. As can be seen, cadmium, Lead and Nickel were well adsorbed
on the surface of the biosorbent in the first two cycles, and after that, their adsorption rate
decreased. Cobalt was well adsorbed on the biosorbent surface in the first three cycles, and
after that, its adsorption rate was lower. All of the metals were adsorbed on the surface
of the biosorbent in all four cycles properly. The amount of metal desorption from the
biosorbent is also shown in Figure 11b, which demonstrates that the desorption rates of
cadmium, cobalt, nickel and lead from the biosorbent increased after each cycle. This
suggests that C. zizanioides root powder can be utilized for four consecutive cycles and still
achieve a high adsorption efficiency.
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Figure 11. (a) The reusability of C. zizanioides root powder in four cycles, (b) metals desorption from
C. zizanioides root powder in four cycles.

4. Conclusions

In the current study, C. zizanioides root powder was used as a biosorbent for testing its
ability to remove lead, nickel, cobalt and cadmium from an aqueous solution. C. zizanioides
root powder was characterized by several analyses and was determined to have a specific
surface area of 8.21 m2/g, which is a suitable amount in comparison with other plant
biosorbents. Furthermore, it was measured to have an average pore diameter of 7.36 nm.

The present study illustrated that the adsorption isotherms best followed the Fre-
undlich and Dubinin-Radushkevich (D-R) models, which predicted the physical type for
the adsorption reactions. Moreover, the kinetic results well fitted the pseudo-second-
order kinetic model. The kinetic results also showed that the adsorption process occurred
quickly, especially at the beginning of the biosorption process. In addition, according to
thermodynamic experiments, the biosorption was an exothermic and spontaneous process.

It was further found that C. zizanioides root powder has the ability to separate more
than 95 percent of metal ions from an aqueous solution within 5 min, and the maximum ad-
sorption capacities of lead, nickel, cobalt and cadmium were obtained as 31.78, 21.52, 26.69
and 27.81 mg/g, respectively. Desorption studies also showed that the C. zizanioides root
powder can simply remove the desired metals to a very high amount from the wastewater
after four successive cycles.

In conclusion, the current biosorbent (C. zizanioides root powder) appears to be a fa-
vorable biosorbent, due to its rapid removal and being efficient, economical and applicable
for the removal of polluting metal ions from industrial wastewater.

Author Contributions: Conceptualization, S.M. and F.D.A.; methodology, S.M. and F.D.A.; formal
analysis, S.M., Z.B., H.S. and R.T.; investigation, S.M.; writing—review and editing, S.M., F.D.A., H.S.,
Z.B., R.T. and C.B.; funding acquisition, F.D.A. and C.B. All authors have read and agreed to the
published version of the manuscript.
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