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Biochars were produced from long-root Eichhornia crassipes at four

temperatures: 200, 300, 400 and 5008C, referred to as LEC200,

LEC300, LEC400 and LEC500, respectively. The sorption ability

of lead, zinc, copper and cadmium from aqueous solutions by

four kinds of biochars was investigated. All the biochars had

lower values of CEC and higher values of pH. LEC500 was

the best one to bind toxic metals which can be reflected in the

results of SEM, BET and elemental analyser. It was also found

that alkyl, carboxyl, phosphate and cyano groups in the

biochars can play a role in binding metals. In addition, the

sorption processes of four metals by the biochars in different

metal concentration were all excellently represented by the

pseudo-second-order model with all correlation coefficients

R2 . 0.95. And the sorption processes of four metals in different

temperatures could be described satisfactorily by the Langmuir

isotherms. According to calculated results by the Langmuir

equation, the maximum removal capacities of Pb(II), Zn(II),

Cu(II) and Cd(II) at 298 K were 39.09 mg g21, 45.40 mg g21,

48.20 mg g21 and 44.04 mg g21, respectively. The positive value

of the DH0 confirmed the adsorption process was endothermic

and the negative value of DG0 confirmed the adsorption process

was spontaneous. The sorption capacities were compared with

several other lignocellulosic materials which implied the

potential of long-root Eichhornia crassipes waste as an economic

and excellent biosorbent for eliminating metal ions from

contaminated waters.
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1. Introduction

Toxic metal pollution is a grave environmental problem now because toxic metals, such as lead, zinc,

copper and cadmium, are among the most common pollutants found in industrial effluents. Many

industrial activities such as metal plating, the fertilizer industry, mining operations and textiles

introduce toxic metals to the environment via their waste effluents [1]. These toxic metals are not

biodegradable and tend to accumulate in living organisms, causing various diseases and disorders [2].

Therefore, they must be removed from the aqueous solution before discharging. Currently, various

methods or technologies, such as chemical precipitation, reverse osmosis, electrodialysis, coagulation,

ion exchange and adsorption have been used to remove heavy metal ions from aqueous solutions [3–9].

Among these treatment procedures, sorption as one of the most widely used methods for toxic metal

removal has been given more and more attention owing to its high removal efficiency and clean process.

Research in recent years has also indicated that some natural biomaterials can accumulate high

concentrations of heavy metals in their body such as walnut shells [10], dry tree leaves [11], rice hulls

[12], dairy manure [13], saw dust [14] and corn cobs [15]. Biochar is a carbonaceous solid residue of

thermal treatment of carbon-rich biomass under O2-limited and low temperatures, a process known as

low-temperature pyrolysis [16]. The use of biochar as a low-cost sorbent to remove metallic

contaminants from aqueous solutions is an emerging and promising wastewater treatment technology,

which has already been demonstrated in previous studies [17–27]. Aquatic macrophytes have large

surface areas, and their living bodies have good performance on heavy metal absorption [28–30].

Many studies indicated that Eichhornia crassipes could remove heavy metals efficiently [31–33].

Eichhornia crassipes can survive in extreme conditions and tolerate very high concentrations of heavy

metal [34–36]. Furthermore, a number of researchers have studied the adsorption of heavy metals

from aqueous solution by dehydrated powders of Eichhornia crassipes [28,37]. However, according to

the authors’ survey, there is no extensive study on the adsorption of heavy metals from solutions

using biochars from Eichhornia crassipes in the literature, let alone long-root Eichhornia crassipes.

The objective of this study was to examine the efficiencies of four kinds of biochars derived from

long-root Eichhornia crassipes for Pb(II), Zn(II), Cu(II) and Cd(II) removal from aqueous solutions. The

surface properties of the biochars such as CEC and pH values were investigated. Furthermore,

biochars of LEC200, LEC300, LEC400 and LEC500 were compared for their potentially different

physical and chemical characteristics (BET surface area and total pore volume, pore diameter, Fourier

transform infra-red (FT-IR) spectroscopy, elemental analyser and scanning electron microscope).

Lastly, the effect of adsorbent dosage on adsorption, contact time and initial metal concentration on

adsorption kinetics, adsorption isotherms and thermodynamic were investigated.
2. Material and methods
2.1. Pyrolysis experiments and biochar samples
The biochars used in this study were from the root powders of long-root Eichhornia crassipes. Firstly, the

roots of live long-root Eichhornia crassipes were cut down, washed with tap water followed by distilled

water to eliminate mud, dried at 1058C for 0.5 h and 658C to constant weight, grounded to powders

to make the root powders. The root powders were then placed in a Muffle furnace and heated under

an O2-limited condition at 200, 300, 400 and 5008C. After 4 h heating, the furnace was turned off and

the samples were allowed to cool to room temperature. The solid residue left in the reactor was

designated as biochar and those produced from the root powders at 200, 300, 400 and 5008C were

referred to as LEC200, LEC300, LEC400 and LEC500, respectively. The biochars were grounded and

passed through a 1 mm sieve for characterization and sorption experiment.
2.2. Reagents and apparatus
All the chemical reagents used in this study were analytically pure grade. The Pb(II), Zn(II), Cu(II) and

Cd(II) stock solutions were prepared by dissolving Pb(NO3)2, Zn(NO3)2, Cu(NO3)2 and Cd(NO3)2 in

deionized water, respectively. All glassware was soaked in 15% HNO3 then rinsed with deionized

water before use. A flame atomic absorption spectrometer (FAAS, Varian Instruments AA240FS) was

used for sample analysis in this study.
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2.3. Surface properties and morphology

The surface morphology of the root powders before and after adsorption was determined by SEM and

energy spectrum analysis (FEI QUANTA200). The pore diameter and surface area were determined by

the BET method. An FT-IR (Varian 640-R) was used to analyse the change of functional groups before

and after adsorption. An LECO elemental analyser was used to determine carbon, hydrogen, oxygen,

nitrogen and sulfur content in the biochars.
blishing.org
R.Soc.open

sci.5:180966
2.4. Batch adsorption experiments
The recovery ratios and CEC values of LEC200, LEC300, LEC400 and LEC500 were determined before

the experiments. Then the four kinds of biochars with the quantities of 0.1, 0.5, 1, 2 and 3 g l21 were

added to the flasks containing Pb(II), Zn(II), Cu(II) and Cd(II) aqueous solutions at concentration of

100 mg l21 to investigate the optimum quantity. Different metal concentrations of 10, 20 and 30 mg l21

were prepared and samples taken at t ¼ 1, 3, 5, 7, 9, 12, 15, 17, 20, 25, 30, 40, 60, 90 and 120 min to

study the adsorption kinetics. LEC500 of 1 g l21 was added to the metal solutions to research the

adsorption isotherms at different temperatures of 298, 308 and 318 K. In batch adsorption

experiments, four kinds of biochars were added to the flasks which were placed in an oscillation at

140 rpm. After equilibrium, solid and liquid phases were separated by centrifugation at 4000 rpm for

15 min and the solution was filtered through a 0.45 mm hybrid fibre membrane, and the

concentrations of heavy metal were determined by FAAS.
2.5. Data analysis
For the adsorption treatments, results from three replicate samples were averaged, and control samples

were set for analysis. Langmuir and Freundlich adsorption models were used to describe the metal

absorption process. The Langmuir model can be expressed in the following form:

qe ¼
Cebqmax

1þ Ceb
, ð2:1Þ

where Ce is the equilibrium concentration (mg l21), qe and qmax are the equilibrium and maximal

adsorption capacity (mg g21), respectively, and b is the equilibrium constant [38].

The Freundlich model can be expressed in the following form:

qe ¼ KFC1=n
e , ð2:2Þ

where KF is the Freundlich coefficient (mg g21), indicating adsorption capacity; n is the Freundlich index,

indicating degrees of adsorption [39].

First-order and second-order equations are used to describe the kinetics of heavy metal adsorption [40].

The linear form of first-order rate equation is as follows:

qt ¼ qe(1� e�K1t), ð2:3Þ

where K1 is the first-order rate constant (min21), and qe and qt are the amount of metal adsorbed per unit

weight of adsorbent (mg g21) at equilibrium and at time t, respectively. The linear form of the second-

order equation is

qt ¼
K2q2

e t
1þ K2qet

, ð2:4Þ

where K2 is a pseudo-second-order equilibrium constant (g mg min21).

Thermodynamic parameters such as Gibb’s free energy (DG0), enthalpy change (DH0) and change in

entropy (DS0) for the adsorption of metals on biomass have been determined by using the following

equations:

DG0 ¼ DH0 � TDS0, ð2:5Þ

DG0 ¼ �RT ln
qe

Ce

� �
ð2:6Þ

and log
qe

Ce

� �
¼ DS0

R
þ�DH0

RT
, ð2:7Þ
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Figure 1. FT-IR spectra of LEC200, LEC300, LEC400 and LEC500.
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where Ce is the equilibrium concentration (mg l21), qe is the equilibrium and maximal adsorption capacity

(mg g21) and T is temperature in K and R is the gas constant (8.314 J mol21K).
3. Results and discussion
3.1. Characterization of the biochars

3.1.1. Fourier transform infra-red spectroscopy analysis

FT-IR spectra of LEC200, LEC300, LEC400 and LEC500 were shown in figure 1. As shown in figure 1, the

significant peaks of the four kinds of biochars on approximately 3431, 2930, 1630, 1410, 1058 and

630 cm21 showed the functional groups mainly including hydroxyl, alkyl, secondary amine group,

carboxyl, phosphate and cyano, and obviously, these groups decreased with the increase in

temperature. However, FT-IR analysis of biochars laden metal and the fresh ones showed that a

number of adsorption peaks had shifted after toxic metal sorption. For LEC200 and LEC300, alkyl,

carboxyl, phosphate and cyano groups were primary sorption sites for lead, zinc, copper and

cadmium binding. For LEC400 and LEC500, there was considerable change at the peaks of phosphate

and cyano groups, indicating much possibility of adsorption at these sites (electronic supplementary

material, figure S1).

The amounts of functional group in biochars usually decreased with the increase in temperature and

some aromatic hydrocarbon appeared at a high temperature. Some literature also emphasized that the

alkyl, carboxyl, phosphate and cyano groups in biochars can play a role in adsorbing metals [41].

3.1.2. Biochar characterization

As expected, four kinds of biochars were rich in carbon and carbon values increased with increasing

temperature according to elemental analyses (electronic supplementary material, table S1). The

increase in carbon probably resulted from the increasing biomass combustion with increasing

temperature. Nitrogen content of the biochars was quite similar and content of oxygen decreased with

increasing temperature due to the biochars under the O2-limited condition. Sulfur and nitrogen

groups behave as Lewis bases and contribute to carbon basicity, while oxygen and hydrogen attribute

acidic properties to the carbon surfaces [42]. Thus, it was expected that LEC200 should be the most

acidic one and LEC500 the most alkaline.

The specific surface areas were 1.498, 1.558, 6.212 and 8.008 m2 g21 for LEC200, LEC300, LEC400 and

LEC500, respectively (electronic supplementary material, table S2). The total pore volumes were 0.009,
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0.005, 0.033 and 0.056 cm3 g21 for LEC200, LEC300, LEC400 and LEC500, respectively. BET results

showed that the specific surface area and total pore volume increased with the calcinations

temperature for biochars. But the average pore diameters of the biochars were similar and around

20 nm. These indicated that LEC500 may be the best one for metal adsorption.

The productivities of LEC200, LEC300, LEC400 and LEC500 were 73.69%, 49.61%, 43.63% and

36.99%, respectively. At first, pH values of the four kinds of biochars were 7.68, 9.40, 10.26 and 10.37,

respectively. After adsorption of metals, pH values decreased a lot, indicating that chemical

precipitation made a contribution to adsorbing metals (electronic supplementary material, table S3).

Then, MgSO4 was used to exchange the Ba2þ after the saturation adsorption of Ba2þ onto the biochars

to determine the CEC values. It turned out that the CEC values of LEC200, LEC300, LEC400 and

LEC500 were 1.04, 1.17, 1.29 and 1.28 cmol kg21, respectively. These low CEC values showed that ion

exchange may be not the key mechanism on adsorbing metals.

Scanning electron micrographs showed that the particle did not present a clear crystal form and its

surface was an irregular rectangle for LEC200, LEC300 and LEC400. The surface began to collapse

thoroughly for LEC500 which was caused by the high temperature (electronic supplementary

material, figure S2). The ramping procedures led to an increase in microporous and surface area

which were probably conducive to adsorption. Pb, Zn, Cu and Cd were adsorbed on the surface of

the biochars after experiments which can be clearly observed from the images of SEM in figures 2–5

and more metals were adsorbed on the surface with the increase in temperature. Energy spectrum

analysis showed that four kinds of biochars were rich in C and O and a small number of K, Ca, Na,

Mg, Al, Fe, Si, P which were common elements in aquatic macrophytes.

3.2. Adsorption proprieties of the biochars

3.2.1. Effect of adsorbent dosage on adsorption

The effect of adsorbent dosage on adsorption was shown in the supplementary material (electronic

supplementary material, figure S3). The removal percentage of Pb(II), Zn(II), Cu(II) and Cd(II) increased

with the increase of adsorbent dosage, but the adsorbing capacity decreased with the increase of

adsorbent dosage. The results of the experiment showed that the optimum removal percentage and

adsorbing capacity can be reached when about 1 g l21 dosage was added into the metal solutions. So the

optimum quantity of adsorbent dosage was selected as 1 g l21 for further experiments.

3.2.2. Effect of contact time and initial metal concentration on adsorption kinetics

In the present study, the applicability of the pseudo-first-order and pseudo-second-order model was

tested for the adsorption of toxic metals onto four kinds of biochars. Moreover, the pseudo-first-order

kinetic model predicted a significantly lower value of the equilibrium adsorption capacity (qt) than the

experimental value, which is not shown here but indicates the inapplicability of this model. The

adsorption data were then analysed using the pseudo-second-order kinetic model, which provided a

much better fit with the data than the first-order model and strongly fitted with the experimental data.

According to the pseudo-second-order kinetic model (electronic supplementary material, figures S4–S7),

the initial metal concentration had a pronounced effect on its removal from aqueous solutions. It was found

that the calculated amount of Pb(II) adsorption increased from 9.49 to 26.87 mg g21, 9.40 to 28.18 mg g21, 9.62

to 28.06 mg g21 and 9.53 to 28.70 mg g21 with increasing initial concentration of Pb(II) from 10 ppm to

30 ppm for LEC200, LEC300, LEC400 and LEC500, respectively. Correspondingly, the amount of Zn(II)

increased from 8.83 to 12.27 mg g21, 9.86 to 21.87 mg g21, 9.74 to 30.70 mg g21 and 9.84 to 29.48 mg g21.

The amount of Cu(II) was from 5.54 to 19.62 mg g21, 7.76 to 24.21 mg g21, 9.39 to 30.10 mg g21 and 9.95

to 30.12 mg g21, and that of Cd(II) was from 5.40 to 18.26 mg g21, 9.03 to 27.06 mg g21, 11.10 to

30.20 mg g21 and 9.66 to 29.37 mg g21. It was also found that adsorption increased with increasing

contact time at all initial metal concentrations and equilibrium was attained within 30 min. All kinetic

parameters including the linear correlation coefficient (R2) obtained from the fitting model plots with

experimental data under different conditions were very high and the theoretical qt was closer to the

experimental qt (in the electronic supplementary material). The values of the rate constant k2 almost

decreased with initial metal concentration. The reason for this behaviour may be due to the lower

competition for the sorption sites at a lower concentration. At higher concentrations, the competition for

the surface active sites will be high and consequently lower sorption rates were obtained. Similar types of

kinetic model parameters were obtained by various researchers for a few other observations systems
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Figure 2. Scanning electron micrographs and energy spectrum analysis of the biochars after adsorbing Pb(II): (a) LEC200, (b)
LEC300, (c) LEC400 and (d ) LEC500.
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reported in the literature [43–46]. This was because the initial metal concentration provides the driving force

to overcome the resistance to the mass transfer of toxic metals between the aqueous and the solid phase. Under

the same conditions, if the concentration of heavy metal in solution increased, then the active sites on the

biomass would be surrounded by many more metal ions, so that more sorption would occur [47]. In view

of all these results, the amounts of metal adsorption increased with the enhancement of calcinations

temperatures and improved significantly for LEC400 and LEC500. What’s more, the equilibrium was

attained more quickly with the increase in calcinations temperatures.



(b)

(a)

(c)

(d )

Figure 3. Scanning electron micrographs and energy spectrum analysis of the biochars after adsorbing Zn(II): (a) LEC200, (b)
LEC300, (c) LEC400 and (d ) LEC500.
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3.2.3. Adsorption isotherms and thermodynamic studies

LEC500 of 1 g l21 was added to 20, 40, 60, 80 and 100 mg l21 metal solutions to research the adsorption

isotherms at different temperatures of 298, 308 and 318 K. The results in figure 6 indicated that the

Langmuir model can represent Pb(II), Zn(II), Cu(II) and Cd(II) sorption processes more reasonably

than the Freundlich model. The calculated qmax values (39.09 mg g21 for Pb(II), 45.40 mg g21 for

Zn(II), 48.20 mg g21 for Cu(II) and 44.04 mg g21 for Cd(II)) by the Langmuir model were higher than



(b)

(a)

(c)

(d )

Figure 4. Scanning electron micrographs and energy spectrum analysis of the biochars after adsorbing Cu(II): (a) LEC200, (b)
LEC300, (c) LEC400 and (d ) LEC500.
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the experimental data (34.41 mg g21 for Pb(II), 41.23 mg g21 for Zn(II), 44.17 mg g21 for Cu(II) and

39.81 mg g21 for Cd(II)) at 298 K. The fractional value of 1/n (0 , 1/n , 1) obtained for the metal

sorption system based on the Freundlich model clearly indicated the active sites of LEC500 were

heterogeneous for metal binding.

Another noteworthy observation was that the sorption capacities of four metals by LEC500 were slightly

increased with the elevation of temperature, which implied the endothermic nature of the sorption process
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Figure 5. Scanning electron micrographs and energy spectrum analysis of the biochars after adsorbing Cd(II): (a) LEC200, (b)
LEC300, (c) LEC400 and (d ) LEC500.
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on the biochar. This may be due to an increase in the mobility of the dye molecules and an increase in the

number of active sites for the adsorption with increasing temperature [40]. The Gibb’s free energy (DG0),

entropy (DS0) and enthalpy (DH0) changed for metal adsorption had been determined by the application

of equations (2.5), (2.6) and (2.7). The positive values of DH0 confirmed the endothermic nature of

adsorption. The endothermic adsorption on other adsorbent systems has also been reported [48,49]. The

positive value of DS0 suggests increased randomness at the solid solution interface occurs in the internal
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Table 1. Reported sorption capacities for several lignocellulosic materials.

adsorbent Pb (mg g21) Zn (mg g21) Cu (mg g21) Cd (mg g21) refs

LEC500 39.09 45.40 48.20 44.04 this article

wheat straw 3.11 — 4.48 9.96 [50]

soya bean stem 6.83 — 5.44 2.02 [50]

corn straw 3.93 — 2.18 10.75 [50]

oat straw 18.84 — 5.18 4.70 [50]

tea biochar 33.49 — 16.87 11.83 [51]

Hizikia biochar 10.39 10.56 — 14.42 [52]

hardwood biochar — 4.54 6.79 — [53]

corn straw biochar — 11.0 12.52 — [53]

peanut shell biochar 22.82 — — — [18]

Miscanthus biochar — — — 13.24 [54]
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structure of the adsorption of metals onto LEC500. NegativeDG0 values validated that the sorption process

of four toxic metals onto LEC500 were all essentially spontaneous. The decrease in DG0 with increasing

temperature showed the adsorption of metal was favourable at a higher temperature.

As shown in table 1, the sorption capacities of four toxic metal ions onto LEC500 were higher than the

other listed lignocellulosic materials which indicated LEC500 had higher exploitability and utilization

prospects for dealing with metal wastewater.
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4. Conclusion

The biochars produced from long-root Eichhornia crassipes at 200, 300, 400 and 5008C (LEC200, LEC300,

LEC400 and LEC500) were able to remove Pb(II), Zn(II), Cu(II) and Cd(II) efficiently, but the LEC500 was

the best one, which can be seen from the results of SEM, BET and elemental analyser. It was also found

that the alkyl, carboxyl, phosphate and cyano groups in biochars can play a role in adsorbing metals.

Furthermore, the adsorption data provided a much better fit to the pseudo-second-order kinetic

model which strongly fitted with the experimental data and the Langmuir model can represent Pb(II),

Zn(II), Cu(II) and Cd(II) sorption processes more reasonably than the Freundlich model. The positive

and negative values of DH0 and DG0 confirm the endothermic and spontaneous nature of adsorption.
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