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Abstract: The presence of inorganic pollutants such as metal ions (Ni2+, Pb2+, Cr6+) in water,
probably by long-term geochemical changes and from the effluents of various industries,
causes diseases and disorders (e.g., cancer, neurodegenerative diseases, muscular dystrophy, hepatitis,
and multiple sclerosis). Conventional methods for their removal are limited by technical and
economic barriers. In biosorption, low-cost and efficient biomaterials are used for this purpose. In this
study, Brassica Campestris stems from the agriculture waste and has been used for the removal
of Ni2+, Cr6+ and Pb2+ ions from an aqueous solution containing all the ions. Effect of different
parameters, e.g., pH, contact time, metal ion initial concentration, adsorbent dose, agitation rate and
temperature were analyzed and optimized. The adsorbent worked well for removal of the Pb2+ and
Cr6+ as compared to Ni2+. The atomic absorption spectrophotometer (AAS) and FTIR investigation
of adsorbent before and after shows a clear difference in the adsorbent capability. The highest
adsorption percentage was found at 98%, 91%, and 49% respectively, under the optimized parameters.
Furthermore, the Langmuir isotherm was found better in fitting to the experimental data than that of
the Freundlich isotherm.

Keywords: water purification; heavy metal contamination; adsorption; sorbent; kinetics;
Chromium (VI); Lead (II); Nickel (II); Brassica Campestris

1. Introduction

The situation of water pollution is getting worse and worse worldwide with industrialization
and urbanization [1–5]. Moreover, the inorganic pollutants such as metal ions (Ni2+, Pb2+, Cr6+) are
mixed in drinking water through rivers as industrial waste water [6]. The removal of toxic metals
from wastewater is necessary because they disrupt the human organelles, consumed through the
food cycle as non-biodegradable contaminants [7]. The main sources of heavy metals into water are
industrial waste, likewise from electroplating, the mining process of metals, metallurgical engineering,
primary and secondary battery productions, the manufacturing of paints and pigments, nuclear power
stations, and ceramic and glass factories. Similarly, pewter, enamels, film and photography,
galvanometric, mining, alloys (especially magnetic steels and stainless steels), electronics, porcelain and
radioisotope therapy, fertilizer, petrochemicals, tanneries, paper and pulp, oil refinery, fossil fuel
burning, pharmaceutical and gasoline additives, stainless steel, aircraft industries, nickel electroplating,
stabilizers and thermoplastics also contribute to heavy metal pollution [1,8,9]. Different conventional
techniques are widely utilized for the removal of toxic metal ions from aqueous solutions namely
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reverse osmosis, precipitation, evaporation, colorimetric and radiometric fluorescent, fungi biosorption,
biosorption with bacteria, phytoextraction, electrodeposition, ion exchange, membrane separation and
coagulation [10–18]. Because of the energy consumption, high cost and low volume concentration
removal of metal ions, they are not as effective as suggested in many studies [8]. Research studies
suggest that the adsorption of agricultural waste is the most potential method as it is economical,
requires lesser chemical reagents and is eco-friendly for removing toxic metal ions from wastewater [19].
Research studies have proved that plants like Azadirachta indica (Neem tree) bark, peapods, leaves,
stems, peanut seeds, tree pulps, saltbush (A triplex canescents) leaves, banana pith, tree fern, a stalk of
grape waste are highly capable to uptake the heavy metals from wastewater [20]. The presence of active
functional groups of amino, carboxyl, and esters which metal ions helps in biosorption complexion.
Other bio sorbents have been used in the method for making it more effective. Brassica Campestris plant
is also recognized as an excellent phytoextraction material [21,22]. The finest and prospect usage of
different Brassica family stems are used from its necessary acceptance to poisonous metals and fairly
small sized powdered biomaterial assembly [20,23]. The aim of this study was to assess the potential
use of Brassica Campestris stem as low cost, easy availability, non-modified biosorbent for the Pb2+,
Cr6+ and Ni2+ ions removal in the field of biosorption.

2. Materials and Methods

2.1. Chemical Reagents and Instruments

Two % formaldehyde, Pb(NO3)2, NiSO4·6H2O, K2Cr2O7, 0.1 M HCl, 0.1 M NaOH were
bought from Sigma-Aldrich (St. Louis, MO, USA). Atomic Absorption Spectrophotometer (Perkin
Elmer AA-100 Analyst, (Waltham, MA, USA) digital pH meter (Mettler, Toledo, OH, USA),
FTIR Thermoscientific (Waltham, MA, USA) and thermometers were applied throughout studies.

2.1.1. Sample Collection and Preparation of Stock Solutions

The samples of Brassica Campestris waste stem as biomass were collected from agriculture farmland.
The biomass was washed with tap water and dehydrated in the sunlight for 3 days. Dried mass was
then rinsed with distilled water for another time and sprayed with 2% formaldehyde solution to protect
it from organic leakages and mold formation at batches in adsorption by following the previously
reported protocol [9]. The different stages of biomass preparation are shown in the Supplementary
Figures S1–S4. The salt solution of Pb (NO3)2, NiSO4·6H2O and K2Cr2O7 of 1 ppm concentration
were prepared and dispensed separately in three different 1000 mL volumetric flasks and leveled with
double distilled water. A pH value of 5 was maintained by hydrochloric acid and sodium hydroxide
solutions for further steps.

2.1.2. Biosorption Studies

An appropriate amount of biosorbents were added to 50 mL aqueous salts solutions of nickel,
chromium, and lead in all experiments. They were shaken in the environmental shaker for different
time points at the optimized rpm and room temperature. After that, the samples were filtered by
Whatmann filter paper ME cellulose 0.45 µm. The filtrate was scrutinized for the metal ions by Atomic
Absorption Spectrophotometer (Perkin Elmer AA-100 Analyst, (Waltham, MA, USA) for metal ions
quantification and adsorption capacity [24], by the equation given below;

qe = (Co − Ce) × V/m (1)

Removal efficiency, E (%) was measured by

(%) = [(Co − Ce)/Co] × 100 (2)



Water 2018, 10, 1316 3 of 14

Respectively, whereas qe (mg/g) is equilibrium adsorption mass, Co represents the initial metal
ion concentration (mg/L), Ce shows the equilibrium concentration in (mg/L), V shows the volume
and W is biomass amount in (g).

2.2. Adsorption Experiments

2.2.1. Adsorbent Dosage and Initial Metal Concentration

The adsorbent dose was utilized in 0.2, 0.4, 0.6, 0.8, 1 gm and optimized by keeping the other
factors constant. The initial metal concentration effect is the characteristic parameter on equilibrium in
adsorption studies and is analyzed by adding a 1.0 g dosage of adsorbent in 50 mL of metal solutions
of initial concentrations ranging from (20 to 120 mg/L). The batch trembled for 1 h in 5 pH at 30 ◦C
and 150 rpm for all the metal ions in a water bath. The final equilibrium values were fixed to the
Langmuir [25] and Langmuir-Freundlich isotherm model [26].

2.2.2. Optimization of Agitation Rate and Optimization of pH

The variation in shaking rate on equilibrium was studied by loading 1.0 g of adsorbent solutions
with 50 mL of ppm metal solutions (single-component) and shaking time was 1 h with a range from 50
to 250 rpm at pH 5 at 30 ◦C. The pH effect was examined by involving 1.0 g of ground biomass with
50 mL metal ions solutions. The pH values were kept between 3 and 11 and were constantly adjusted
throughout the experiment by micro-additions of HNO3 of 0.1 M or NaOH of 0.1 M. The batch was
shaken for 1 h, 250 rpm rate at 30 ◦C [27].

2.2.3. Contact Time and Optimization of Temperature

Kinetic studies were conducted by keeping the mass in ‘g’ of biomass with 50 mL metal ions
solutions and shaken with optimized pH, temperature and at a rate of rpm found in last batches.
Samples were analyzed after fixed intervals (15–75 min). The effect of pH on adsorption studies was
determined by maintaining the pH of adsorbate, a dose of adsorbent contact time constant while
increasing the temperature from 30–75 ◦C.

2.2.4. FT-IR Characterization and Sorption Isotherm

FT-IR is a technical process, and supports the intermixing of IR rays and taster materials in
either solid, liquid or gaseous state. Standardized and treated ground biosorbent particles with
metal ions were examined on the surface of the ZnS plate of attenuated pressure and reflectance,
keeping the range of 4000–400 cm−1 FTIR [28]. The kinetic experiment values have been studied with
the equations of Langmuir and Freundlich isotherms for fixing the equilibrium of metals adsorption
on Brassica Campestris stem. The two forms of Linear equations are followed in Formula 3 and 4. [25]

Qe = (bQmCe)/(1 + bCe) (3)

Linearly,
Ce/qe = (Ce/qm) + 1/(bqm), (4)

where Ce is an equilibrium concentration of metals (mg/L), qe and qm are the amounts of metals
adsorbed (mg/g) and the concentrated amount of metals adsorbed (mg/g) per unit mass of sorbent,
respectively. Ka is the adsorption constant related to the isotherm models of Freundlich, and show

Qeq = Kf × Ceq × 1/n, (5)

Log qe = log Kf + 1/n × log Ce, (6)

where, qeq and Ceq are similar to Langmuir’s equation while Kf and 1/n are Freundlich co-efficients.
Fifteen different models of isotherms have been introduced up to the present time [29].
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3. Results

Different Batches were kept at different values of parameters for the studies of adsorption of
Brassica Campestris. The stem on lead (II), Chromium (VI) and Nickel (II) metal ions.

3.1. Effect Dosage of Adsorbent

Figure 1 shows the trends in the metal ions adsorption which shows the direct relation with the
quantity of biomass, i.e., metal ions adsorption increases with an increase in the amount of biomass [30].
This is because of the more the biomass more the linkages for formation of complexes with metal
ions. Further increment does not bring about a significant change, suggesting that the presence of
the linkages saturated with ions and equilibrium has been established between the biomass and ions.
The percentage adsorption of Nickel and Lead were found to be 53% and 71%, while the Chromium
ions showed the highest adsorption of 97.3% respectively, in 1000 mg and 600 mg of adsorbent dosage,
while keeping the other optimized conditions constant, e.g., initial concentration of 1000 mg/L, 1
h time, 150 rpm rate, pH 5, temp. 30 ± 2 ◦C, the volume of 50 mL of stock solution.
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Figure 1. Adsorbent dosage effect on removal of metal ions of Ni, Pb and Cr.

3.2. Effect of Initial Metal Ions Concentration

With the higher metal ions concentration, the removal percentage falls due to the accessibility of
binding sites and overloading on biomass. As the concentration of metallic ions concentration increases
from 20 mg/L to 120 mg/L, the relation of metallic ions adsorption increases with the equilibrium
due to the higher concentration gradient force to stunned. Furthermore, all resistance mass transfer
between the liquid and solid phases increases the probable striking between metal ions and biomass,
thus resulting in higher metal ions adsorption [6,31]. In these adsorption studies, 120 ppm initial metal
ions concentrations of Pb2+, Ni2+ and Cr6+, and their adsorption was found to be 98%, 40% and 91.8%
respectively, which clearly shows that Pb2+ ions have a greater extracted than Ni2+ and Cr6+ ions by
keeping optimized parameters constants e.g., 30 ◦C, 1 gm/50 mL dose for lead and Nickel, while for
Cr 60 mg/50 mL for 60 min, 150 rpm, pH 5, initial ion concentrations range from 20, 40, 50, 60, 80, 100,
and 120 mg/L. Figure 2 shows the effect of initial ion concentration on biosorption process.
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Figure 2. Effect of initial concentration of metal ions for their adsorption on biomass.

3.3. Effect of Shaking Rate

The greater shaking rate, the higher push up of all surface links for metal ions adsorption.
The shaking parameters were optimized using different shaking rates, and 250 rpm was found
to be best and was selected for further experiments. The maximum adsorption of Nickel, Lead,
and Chromium ions were found to be 44%, 89%, and 58% respectively, clearly indicating that Lead
ions are more highly adsorbed by biomass than Chromium and Nickel ions, while all the other
parameters were kept constant e.g., temperature 30 ◦C, with a dose of 1.0 gm/50 mL for Pb2+ and
Ni2, and 0.6 gm/50 mL for Cr6+ with 1 h time, 50, 100, 150, 200, 250 rpm, pH 5 and an initial conc.
Of 120 ppm. Figure 3 shows the effect of shaking rate on the removal trends of metal ions.
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3.4. Effect of pH Variation

Figure 4 shows the effect of pH change on the biosorption of Nickel, Chromium, and Lead ions
on Brassica Campestris stem. The pH range of 3 to 11 pH were selected for evaluating its effect on
metal ions biosorption. The metal ions of Ni (II) and Cr (VI) were found to be highly adsorbed at
pH 9 while Pb2+ ions highly adsorbed at pH 4. As pH 2 and pH 3 are considered to be more acidic,
that hampers metallic ions uptake due to the repulsion of similar charge of H+ and metal ions resulting
in a decrease in the adsorption. The biomass surface having partially negative and positive surface
molecules depends on the pH of the solution in suspensions; the removal capability of metal ions by
adsorbent could differ with the pH of the solution [4,7,24].
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Figure 4. Effect of pH on the removal of metal ions Ni2+, Pb2+ and Cr6+.

3.5. Effect of Contact Time

The biosorption process was evaluated against the contact time for the metal ions of Nickel,
Lead, and Chromium. Different durations of contact between metal ions and biomass ranging from
15 min to 75 min were assessed. However, the effect after 15 min to 75 min was found to be more
or less similar, as the lines are roughly straight, which shows the better adsorption capability of the
adsorbent. The adsorption was found to be 65%, 96.6% and 96.5% for Lead, Nickel, and Chromium
ions respectively, while keeping the other parameters constant, as shown in Figure 5.
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Figure 5. Effect of contact time of adsorbent on the removal of metal ion Ni2+, Pb2+ and Cr6+.

3.6. Effect of Temperature

The effect of temperature on the biosorption of metal ions of Nickel, Chromium, and Lead by
Brassica stem was evaluated by varying the temperature from 20–60 ◦C. An increase in temperature
leads to an increase in the rate of adsorption, and gradually viscosity factor of the solution goes
down [32,33]. Figure 6 shows the percentage adsorption of 99%, 97%, and 96% for Nickel, Lead and
Chromium ions at 60 ◦C. Furthermore, it was found that Ni2+ is at first point of adsorption than Pb2+

and then Cr6+; while keeping other optimized conditions constant, e.g., pH 9 of Ni, pH 4 of Pb2+, pH 9
of Cr6+, with 120 ppm of Ni2+, with 1.0 gm of sorbent of Pb2+ & Ni2+, 0.6 gm for Cr6+, 50 mL volume,
250 rpm rate and 60 min of time.
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3.7. FTIR Spectroscopic Analysis

FTIR spectra of blank adsorbent, (adsorbent + Nickel ions), (Adsorbent + Chromium ions),
and (adsorbent + Lead ion) are given in Figure 7A–D, respectively. The polar linkage of the adsorbent
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with heavy metal ions, Ni2+, Cr6+, and Pb2+ was analyzed as they can make the polar linkages with
O-H, N-H, C-O functional groups. The mechanism identifies biotic accumulation of metal ions by
Brassica stem species [34]. The major IR groups of the stretching bands of the OH group were shifted
very slightly from 3335 cm–1 to 3336 cm−1 (8), to 3338 cm−1 (9), and to 3340 cm−1 (10) due to the
loading of Nickel, Lead and Chromium ions associations with the polar surface of the adsorbent.
The carbonyl group of carboxylic acid having a band at 1732 cm−1 in blank and Ni2+, Cr6+, and Pb2+

after loading carbonyl peaks were slightly shifted. In summary, all FTIR spectra of Brassica (BCS)
plant loaded with Ni2+, Cr6+, and Pb2+, showed bands with slight shifts at about 1365, 1362, 1352 cm−1

which can possibly be attributed to Ni-O, Cr-O and Pb-O bonds, respectively [35].
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3.8. Adsorption Isotherms Analysis

Solid-liquid sorption examination determines the equilibrium of batch sorption analysis
and dynamic flow sorption researches. Adsorption constants were examined from isotherms,
and correlation coefficients (R2) defining the relation with parameters were found to be 0.56 to 0.98 in
Langmuir’s Model and 0.156 to 0.87 in Freundlich. 1/n is the strength function of the employed sorbent
thus When 1/n > 1. The mass of adsorbate was also adjusted by Langmuir’ isotherm. Whereby Nickel
ions were adsorbed 1.1 mg/g, Chromium 95 mg/gm while 78.5 mg/gm of Lead ions. The metal ions
are selected free on monolayer type of binding site in the Freundlich model hence the first metal ion
does not disturb the other ion process. The Figure 8D–F shows that the Freundlich model of isotherms
for Nickel ions is not a straight line, and testifies for the linear equation as compared to Lead and
Chromium ions, while Figure 8A–F show that that Langmuir Model of isotherm is fitted best for the
adsorption parameters. Table 1 shows the Constants of Langmuir and Freundlich adsorption isotherms
and correlation coefficients (R2).
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Figure 8. (A–C) Freundlich isotherm diagram of Ni2+, Cr6+ and Pb2+ adsorbents respectively
and Figure 8 (D–F) shows the Langmuir isotherm diagram of Ni2+, Pb2+, and Cr6+ adsorbents at
30 ± 2 ◦C respectively.

Table 1. Evaluated Constant of Langmuir and Freundlich adsorption isotherms and correlation
coefficients (R2).

Metals Ions BCS Adsorbent

Langmuir’s Constant Freundlich Constant

Qm b R2 qe mg/g 1/n Kf R2

Ni2+ 1.1 0.9 0.56 1.1 1.7 1.8 0.887
Cr6+ 3.9 1.2 0.91 95 2.70 1.6 0.877
Pb2+ 7.8 0.9 0.98 78.5 1.80 2.3 0.15
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4. Discussion

Heavy metal contamination in water is one of the major health concerns around the globe,
and this can cause severe health disorder not only for humans but also for every living creature [36–39].
There are different sources causing heavy metal pollution in water such as industrial waste; mining,
pharmaceutical, textile, fertilizers, petrochemicals mostly contribute to heavy metal ions such as
i.e., Zn, Ni, Cu, Cr, Pb, Cd, Ar, Mn ions [2,40–42]. Different approaches have been made for the
detection and removal of heavy metals for the water purification purpose such as bioremediation
where bacteria as biosorbents as some of the microbes (i.e., Citrobacter, Pseudomonas, Streptomyces,
Bacillus, etc.) have the potential to uptake heavy metals from different media [2,43,44]. However,
growing bacteria and their maintenance is also hectic, burdensome work and their control is also
a major concern. Algae both in living and nonliving forms have been utilized for the heavy metal
removal from water and have several advantages such as low cost and no prior treatment is needed;
Bilal et al. 2018 reviewed in detail the algae application as biosorbents [45,46]. In addition to algae,
fungi have also been applied for the biosorption of heavy metals; Ahmed El-Gendy et al. 2017
applied Fungi for the removal of heavy metal ions (e.g.,) cadmium (Cd2+), copper (Cu2+), and lead
(Pb2+) [47]. Bano A et al. 2018, applied fungi for the removal of iron and zinc elements from water [48].
Gupta et al. 2016 wrote a comprehensive review of the application of fungi, algae and other microbes
in heavy metal biosorption [49].

Another useful and effective approach is the application of plant biomass for the removal
of heavy metals from water [50]. Plant biomass has the tremendous ability to uptake the heavy
metals and plant biomass is cheaper and easily available in large quantities as it is generated from
agriculture waste [51]. Many heavy metals have been removed by the application of plant-based
materials. Recently, M. Zhang et al. 2017 removed heavy metal ions namely Zn(II), Fe(III), Cu(II),
and Cr(III) from water using waste biomass of soybean dregs [52]. Lingamdinne et al. 2016 utilized
the biomass-based material of the Lonicera japonica flower for the removal of Pb2+, Co2+, Ni2+,
and Cu2+ [53,54]. The Table 2 shows the adsorbent Brassica stem comparison on adsorption of Ni (II),
Cr (IV) and Pb (II) with other biomasses.

Table 2. The adsorbent Brassica stem comparison on adsorption of Ni (II), Cr (IV) and Pb (II) with
other biomasses.

S.No Adsorbent/Agricultural Waste Metal Ion Qm mg/gm

1 Brassica Compestris stem (BCS) Ni2+ 1.1 mg/gm
2 Brassica Compestris Stem (BCS) Cr6+ 95 mg/gm
3 Brassica Compestris Stem (BCS) Pb2+ 78 mg/gm
4 Cashew nut shell (raw) Ni2+ 3 gm/L
5 Brassica satin Ni2+ 0.02 mg/kg
6 Orange peel Cr3+ 18.73 mg/gm
7 Sugarcane bagasse Cr3+ 1.76 mg/gm
8 Neem sawdust Cr3+ 58.28 mg/gm
9 Lentil husk Pb2+ 81.73 mg/gm
10 Cabbage Pb2+ 60.57 mg/gm
11 Cauliflower Pb2+ 47.63 mg/gm

In this study, agricultural waste of Brassica Campestris stem was used for the removal of heavy
metal ions, namely (Ni2+, Pb2+, Cr6+) from the water. The ffect of different parameters on the removal
capability of adsorbent Brassica campestris stem was evaluated and optimized. The effect of dosage of
adsorbent Brassica campestris stem was found to be a direct relation, as the increased dosage increases
the removal of metal ions. The percentage removal of Nickel and Lead were found to be 53% and
71% while Chromium shows the highest percentage of 97.3% in 1000 and 600 mg of adsorbent dosage.
Effect of initial metal ions concentration revealed that increasing concentration of metal ions also
results in higher percentage removal until the accessibility of binding sites of adsorbent is fully covered.
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After reaching equilibrium, metal ions removal capacity decreases due to the lack of availability of
binding sites in the adsorbent. It was found that at 120 ppm, initial metal ion concentrations of Pb2+,
Ni2+ and Cr6+, and their removal percentage was found to be 98%, 40%, and 91.8%, respectively.
Faster shaking can mix the adsorbent well which resulted in the better removal of metal ions and
shaking speed was set to 250 rpm. Effect of pH variation was also evaluated for the removal efficiency
of ions. Different pH values were assessed from 3 to 11 and it was observed that 9 Ni, Cr were highly
adsorbed and pH 4 was found to be good for Pb2+ adsorption. Different contact times were used to
evaluate the effect of metal ions adsorption, from 15 min to 75 min and it was observed that adsorption
was roughly similar through 15 min to 75 min, which suggests the greater capacity of faster adsorption
of metal ions. The other parameter tested was the effect of different temperatures on metal ions
adsorption. For Nickel, adsorption increased with an increase in temperature, while Cr6+ and Pb2+

were more or less similar from 20–60 ◦C. FTIR results revealed the shifts in absorption bands before
and after adsorption, suggesting loading of the ions on the adsorbent. AAS was used to determine the
metal ions concentrations after adsorption. The Langmuir isotherm was found to be better in fitting to
the experimental data than that of the Freundlich isotherm.

5. Conclusions

In this study, a greener method was designed for the removal of toxic metal ions by the utilization
of the agricultural waste. The Brassica Campestris stems were utilized for the removal of toxic ions
from the water. The different parameters were optimized such as temperature, pH, concentrations,
and shaking, etc. The highest removal percentage of Pb2+ 98%, Cr3+ 91% and Ni2+ ions 49% was
established at optimized conditions (pH 4 with 60 min of contact time, 1 g adsorbent dose and 120 ppm
concentration, 250 rpm, and at 60 ◦C), (pH 9 with 120 ppm of concentration and 60 min of contact
time 0.6 g/50 mL, 250 rpm and at 60 ◦C ) and (pH 9, 120 ppm of concentration, 60 min of contact time,
1 g/50 mL, 250 rpm and 60 ◦C), respectively. This study suggests that the Freundlich model is
better to set for Chromium comparatively Nickel and Lead ions, while Langmuir is appropriate
isotherm for the experimental data, however, the R2-Coefficient of Langmuir isotherm is greater than
Freundlich isotherm for Ni2+, Pb2+, and Cr metal ions. The highlighted values clearly follow that
Brassica Campestris stem as a cheap, active and strong source for the Cr6+ > Pb2+ > Ni2+ ions removal.
This study suggests that the designed method can be an alternative greener protocol for heavy metal
ions removal especially Lead, Nickel and Chromium from contaminated water.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/10/10/1316/
s1, Figures S1–S4 showing different stages for the preparation of adsorbent and FTIR spectra; Figures S5–S8 are
given in the supplementary file.
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26. Şeker, A.; Shahwan, T.; Eroğlu, A.E.; Yılmaz, S.; Demirel, Z.; Dalay, M.C. Equilibrium, thermodynamic and
kinetic studies for the biosorption of aqueous lead(II), cadmium(II) and nickel(II) ions on Spirulina platensis.
J. Hazard. Mater. 2008, 154, 973–980. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.chemosphere.2017.10.078
http://www.ncbi.nlm.nih.gov/pubmed/29078187
http://dx.doi.org/10.1016/j.nbt.2016.08.002
http://www.ncbi.nlm.nih.gov/pubmed/27576101
http://dx.doi.org/10.2478/intox-2014-0009
http://www.ncbi.nlm.nih.gov/pubmed/26109881
http://dx.doi.org/10.1016/j.ecoleng.2017.05.024
http://dx.doi.org/10.1016/j.bcab.2018.05.001
http://dx.doi.org/10.1016/j.ecoenv.2014.10.009
http://www.ncbi.nlm.nih.gov/pubmed/25463877
http://dx.doi.org/10.1016/j.cej.2017.09.034
http://dx.doi.org/10.1016/j.cej.2017.11.063
http://dx.doi.org/10.1016/j.scitotenv.2018.05.232
http://www.ncbi.nlm.nih.gov/pubmed/29859435
http://dx.doi.org/10.1016/j.scitotenv.2017.09.126
http://www.ncbi.nlm.nih.gov/pubmed/28988084
http://dx.doi.org/10.1016/j.jclepro.2017.03.028
http://dx.doi.org/10.1016/j.jece.2018.03.052
http://dx.doi.org/10.1016/j.biortech.2013.12.107
http://www.ncbi.nlm.nih.gov/pubmed/24461255
http://dx.doi.org/10.1016/j.jhazmat.2008.08.043
http://www.ncbi.nlm.nih.gov/pubmed/18818014
http://dx.doi.org/10.1016/j.jenvman.2015.02.015
http://www.ncbi.nlm.nih.gov/pubmed/25770963
http://dx.doi.org/10.3390/ma7053634
http://www.ncbi.nlm.nih.gov/pubmed/28788640
http://dx.doi.org/10.1016/j.jhazmat.2010.09.047
http://www.ncbi.nlm.nih.gov/pubmed/20971556
http://dx.doi.org/10.1016/j.jhazmat.2007.11.007
http://www.ncbi.nlm.nih.gov/pubmed/18082955


Water 2018, 10, 1316 13 of 14

27. Shen, Z.; Jin, F.; Wang, F.; McMillan, O.; Al-Tabbaa, A. Sorption of lead by Salisbury biochar produced from
British broadleaf hardwood. Bioresour. Technol. 2015, 193, 553–556. [CrossRef] [PubMed]

28. Bertagnolli, C.; da Silva, M.G.C.; Guibal, E. Chromium biosorption using the residue of alginate extraction
from Sargassum filipendula. Chem. Eng. J. 2014, 237, 362–371. [CrossRef]

29. Wu, Y.; Wang, L. Kinetic and Thermodynamic Studies of the Biosorption of Ni(II) by Modified Rape Straw.
Procedia Environ. Sci. 2016, 31, 75–80. [CrossRef]
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