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a b s t r a c t
Recent interests in aqueous cadmium and lead removal has been driven by the rapid progress of 
the adsorption on biochar, which is an environmentally friendly adsorbent with high effectiveness. 
The biochar was prepared from pyrolysis of straw under 400°C and characterized by scanning elec-
tron microscopy, transmission electron microscopy, energy-dispersive X-ray spectroscopy, X-ray 
photoelectron spectroscopy, Brunauer–Emmett–Teller, Fourier-transform infrared spectroscopy 
and Raman spectra analysis. The batch experiments were performed to investigate the capacity 
and mechanism of the adsorption. The kinetic of either Cd(II) or Pb(II) adsorption fitted in both 
pseudo-first-order kinetic model and pseudo-second-order kinetic model. The adsorption capacity 
increased rapidly in the initial 30 min and then slowed down until the plateau after 80 min. Both 
the capacity of the Cd(II) and Pb(II) removal increased with pH value elevation at the relatively low 
pH range while the Pb(II) adsorption capacity decreased with pH value elevation in the range of 
8.5–11.0. Nevertheless, these adsorptions were independent of the ionic strength. Either Cd(II) or 
Pb(II) adsorption process fitted the Langmuir model and Freundlich model well. The thermody-
namic data demonstrated the cadmium adsorption on biochar as the endothermic and spontaneous 
reaction with the ΔH° = 21.31, ΔS° = 136.77 and ΔG° < 0 at 293, 313 and 333 K. The lead adsorption 
exhibited similar natures with ΔH° = 17.20, ΔS° = 127.92 and ΔG° < 0. Thus, biochar would be a 
green material as the potential adsorbent for the cadmium and lead removal in aqueous solutions.
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1. Introduction

The acceleration of industrial development brings 
about the serious problem of heavy metal contamination. 
Especially, the accumulation of cadmium (Cd) and lead (Pb) 
in water has aroused great concern owing to the environmen-
tal and ecological risk of these heavy metals [1,2]. Cadmium 

is a common heavy metal contaminant threatening human 
health as a carcinogen via the alimentary and respiratory 
canal [3]. Lead is another typical heavy metal pollutant 
primarily causes the mental, neural and behavioral prob-
lem [4–6]. To eliminate this potential impact, efficient treat-
ment methods have been attempted to remove the Cd(II) 
and Pb(II) in the water body. Most of the methods can be 
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classified into the electrochemical method, physiochemical 
method, the current method, adsorption and so on [7]. 
Adsorption is most widely used among these methods due 
to its high selectivity, low cost and operational ease [8,9]. 
Numerous materials are tested extensively as the absorbent 
in the heavy metal adsorption process. However, Cd(II) and 
Pb(II) removal are still limited by the adsorption capacity 
and manufacture of the absorbent. Thus, it is urgent to seek 
a more effective and easily prepared absorbent.

Biochar, the carbonaceous residue derived from the 
pyrolysis of biomass, is increasingly considered as the 
potential prevalent absorbent for heavy metal contami-
nation. Biochar is prepared by the thermal degradation of 
carbon-rich feedstock in an oxygen-limited environment. 
A primary mechanism of the biochar adsorption is sorb-
ing the positive metal ion with its negative surface by elec-
tronic attraction [10]. Furthermore, numerous ligands and 
functional groups on the biochar surface contribute to the 
interaction with the heavy metal into composites and par-
ticipates [11–13]. Biochar is fairly similar to the activated 
carbon, which is the currently most commonly used car-
bonaceous material sorbent, in terms of the production 
properties via pyrolysis such as high microporosity, surface 
heterogeneity and superficial area [11,14]. Nevertheless, 
contrasted to activated carbon, biochar is generally applied 
in the adsorption without any thermal or chemical activa-
tion treatment to strengthening the surface characteristic 
[14–16]. Additionally, the chemical, physical and mechan-
ical properties of biochar vary with the preparing condi-
tion such as feedstock type, pyrolysis temperature and 
retention time [14,17]. This trait provided the opportunity 
to optimize the most efficacious sorbent and extend the 
applicability of biochar. Hence, biochar can be extensively 
applied as a sustainable, potent and low-cost absorbent for 
heavy metals. Although large amount of research about 
the adsorption of biochar on metal ions have been carried 
out in previous studies, knowledge about the comparison 
between the biochar treatment on aqueous Cd(II) and Pb(II) 
contamination is limited. Studies on the role of biochar 
structure and characteristics in adsorption mechanisms also 
lag behind [18–22]. In addition, current studies on Cd(II) 
and Pb(II) removal were mainly based on the simulant 
contaminant solution while the potential efficiency of the 
adsorbent in actual wastewater remains unknown.

Therefore, this work aims to clarify the capacity and 
mechanism of the Cd(II) and Pb(II) removal by biochar 
adsorption and the discrepancy between these adsorptions. 
To achieve these objectives, biochar prepared by wheat 
straw was characterized by scanning electron microscopy 
(SEM), energy-dispersive X-ray spectroscopy (EDS), trans-
mission electron microscopy (TEM), X-ray photoelectron 
spectroscopy (XPS), Brunauer–Emmett–Teller (BET), Fourier-
transform infrared spectroscopy (FTIR) and Raman spectra 
respectively. The effects, contact time, temperature of pH 
and ionic strength on the adsorption process of biochar for 
Cd(II) and Pb(II) were determined in a batch mode. The 
adsorption kinetics, thermodynamic derived from the tem-
perature adsorption isotherms, and the adsorption mech-
anism were also investigated. The comparison between 
Cd(II) and Pb(II) removal efficiency of biochar in simulant 
and actual wastewater was also performed.

2. Method and material

2.1. Biochar preparation

Wheat (Triticum aestivum) straws were collected as the 
feedstock of biochar. All these straws were dried by the 
oven at 60°C for 24 h (Fig. 1). Biochar was produced by 
pyrolysis with the condition of a temperature of 400°C and 
retention time of 2 h in an oxygen-insulated environment. 
The whole preparation process took place in a custom-made 
stainless-steel furnace. The prepared biochar was sieved 
with a 0.2 mm sieve for the subsequent characterization 
and batch experiments.

2.2. Biochar characterization

The surface functional groups were determined by 
Fourier-transform infrared spectroscopy (FTIR, Thermo 
Nicolet, 8700, Madison, WI, USA) with the scan range of 
4,000–400 cm−1 and Raman spectra (Mettler Toledo, Zürich, 
Switzerland). The morphological images were derived by 
scanning electron microscopy (SEM, 15 JSM-6360LV) and 
transmission electron microscopy (TEM, JEM-1011). The 
element analysis was conducted by the X-ray photoelectron 
spectroscopy (XPS, Thermo ESCALAB 250 analyzer) with 
a monochromatized Al K alpha X-ray (hm = 1,486.6 eV) as 
the radiation source and a constant pass energy of 20 eV. 
The binding energies of the photoelectrons were cali-
brated by the C1s peak at 284.6 eV while the peak of O1s 
occurred at 532.7 eV.

2.3. Batch experiment

Batch adsorption experiments were investigated using 
aqueous cadmium and lead solution in the polyethylene 
centrifuge tubes without any attempt to regulate the 
ambient condition or remove the air among all the experi-
ments. These performances of biochar in Cd(II) and Pb(II) 
adsorption with the function of contact time, initial con-
centration, pH, ion strength and temperature were also 
determined. The biochar was suspended in a solution of 
NaNO3 for pre-equilibrium as the background electrolyte 
[9,23,24]. Then the stock solutions of Cd(II) and Pb(II) were 
added into the biochar mixed electrolyte solution to achieve 
the desired initial concentration of different metal compo-
nents. The target system pH adjustment was conducted 
by adding the negligible volume of 0.01 and 0.1 mol L–1 

Fig. 1. Cd(II) and Pb(II) adsorption mechanism on biochar.
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NaOH or HCl solution to obtain the solution with pH from 
2.1 to 10.4, which is a suitable range for the metal adsorp-
tion [6,9]. To acquire the adsorption equilibrium, the poly-
ethylene test tubes were shaken using an end-over-end 
tumbler. Sample tubes were shaken for 10, 20, 30, 40, 50, 
60, 70, 80, 90, 100, 110 and 120 min at the temperature of 
293 K, 313 K and 333 K respectively to investigate the kinet-
ics and isotherms. The experiment for kinetics were also 
performed with the initial metal ion concentration of 10, 25, 
50 and 70 g mL–1 (pH = 5.0, temperature = 293 K). Then the 
solid and liquid phases were separated by centrifugation 
at 9,000 rpm for 40 min. The concentration of the Cd(II) 
and Pb(II) was measured with spectrophotometry tool 
(spectrophotometer UV, 2600i (Shimadzu, Kyoto, Japan), 
λ = 228.8 nm for Cd, λ = 283.3 nm for Pb 1 cm glass cell, 
against distilled water). The specific surface area of the bio-
char was calculated according to BET adsorption/desorption 
curves recorded in the nitrogen atmosphere to monitor the 
porosity of this adsorbent. In view of the expected Cd(II) 
and Pb(II) loss from biochar adsorption procedure on the 
centrifuge tube wall, the calibration curves were obtained 
separately by control treatment without biochar under oth-
erwise identical conditions. Taking the attained calibration 
curves into consideration, the Cd(II) and Pb(II) adsorbed 
mass was computed via deducting the solution mass from 
the mass spiked. All the experimental data are collected 
by the repeated measurements or the average of triplicate. 
The fractional errors of the data were in 5%.

3. Result and discussion

3.1. Characterization

3.1.1. Scanning electron microscopy, transmission electron 
microscopy and energy-dispersive X-ray spectroscopy

The SEM and TEM images before and after the Cd(II) 
and Pb(II) adsorption were exhibited to explicitly demon-
strate the porous structure of the biochar (Fig. 2). Because 
of the slow pyrolysis, all the biochar before or after the 
sorption processes possessed the characteristics such as 
porous structure and opening shapes, which are import-
ant for the metal removal from aqueous solution. The intra 
pores provide permeable structure for the biochar to make 
it continuously bind the Cd(II) and Pb(II) ions even if the 
functional groups on the biochar surface were occupied. 
The raw biochar without adsorption reaction possessed 
quite smooth pore walls. However, after equilibrium of 
Cd(II) and Pb(II) in the metal removal processes, these pore 
walls were covered with the precipitation and came into 
the rough surface, which might be caused by coating of the 
metal ions and corrosion of the biochar [25]. The EDS spec-
trum for the raw biochar depicted no peak characteristics 
of Cd(II) or Pb(II) (Fig. S1). However, after the adsorption 
was processed for these two elements, new peak charac-
teristics of Cd(II) or Pb(II) were observed respectively. 
These results pointed out that the sorption led by ion 
exchange on biochar surface explained the aqueous metal 

(a) (b) (c)

(d) (e) (f )

Fig. 2. Scanning electron microscope (SEM) and transmission electron microscope (TEM) images of biochar before (a and d) and after 
(b, c, e, f) reaction.
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removal. The bindings of the two metal ions to biochar 
also could be confirmed by these EDS spectrum results.

3.1.2. FTIR and Raman spectrum analysis

The FTIR and Raman spectra were characterized to 
investigate the functional groups on the surface of biochar. 
The FTIR spectra in the range of 400–4,000 were observed 
before and after the Cd(II) or Pb(II) removal processes 
(Fig. 3a). Several functional groups such as O–H, C–H, 
C–O and C–C which participated in absorbing heavy 
metal ions were observed on the raw biochar. The broad 
peak at 3,318.57 exhibited the presence of O–H stretching 
vibration correlated to a hydroxyl group in ethanol or phe-
nol; the axial deformation attributed to strong C–O vibra-
tion at 1,095.57 represented another two hydroxyl group. 
The peaks observed at 1,430.35 and 796.30 showed C–H 
bending vibration corresponded to aliphatic and aromatic 
hydrocarbon and alkene; the C–C vibration at 465.64 was 
assigned to aromatic hydrocarbon [25,26]. These func-
tional groups distinctly revealed the complex nature of 
biochar surface. After adsorption processed for Cd(II) or 
Pb(II) removal, all the intensities of the peaks correspond-
ing to these functional groups decreased, which indicated 
that surface complexity led by the O–H, C–H, C–O and 
C–C groups play a vital role in the adsorption reaction. 
Especially, peak areas of C–O and C–C groups showed the 
most acute reduction. It proved the presence of chemical 
reactions involving these groups in the adsorption process.

The Raman spectra of the biochar in the wavelength 
region of 500–2,000 before and after the Cd(II) or Pb(II) 
adsorption are exhibited in Fig. 3b. Peaks representing D 
and G bands were observed at 1,368–1,384 cm–1 and 1,588–
1,600 cm–1. After the adsorption process, obvious change of 
the G bands representing vibrations of sp2 carbon atoms 
clearly showed in Fig. 6 indicated the participation of the 
sp2 carbon, which could be imputed to π electrons interac-
tion mechanisms. It reflected the graphitic nature and dou-
ble bonds of biochar. Meanwhile, the variant D band peak 
and D/G ratio revealed the breathing modes of disordered 
graphite rings [27,28].

3.1.3. XPS analysis

Similar results were found in the determination for XPS 
spectra of C1s before and after the adsorption of the aqueous 
Cd(II) or Pb(II) in Fig. 4. Peaks representing C–C (sp2-carbon) 
C–C (sp3-carbon) were classified at the binding energy of 
284.4 eV and 284.8 eV. All the peaks of C–C groups before 
or after Cd(II) or Pb(II) adsorption attributed the majority 
of the carbon functional groups (raw biochar: 76.00%, bio-
char+Cd:67.79%, biochar+Pb:66.88%). The peaks at 285.4 eV 
after the metal ion removal also showed resemble distribution 
with raw biochar (raw biochar: 18.06%, biochar+Cd:16.84%, 
biochar+Pb:19.14%) [25,29]. However, compared to the raw 
biochar the relative percentage of carbonyl groups C–O–C 
increased after the Cd(II) or Pb(II) removal (raw biochar: 
5.94%, biochar+Cd:15.37%, biochar+Pb:14.01%). It might be 
attributed to the chemical redox reactions which formed 
C–O–C groups. This finding also indicated the important 
role of surface complexation in the Cd(II) or Pb(II) adsorp-
tion [29]. In the O1s XPS spectra for the raw biochar, the 
peak of carbonyl groups C=O at 531.5 eV might indicate 
the presence of the ketone, lactone, carbonyl, and quinine 
groups. Peaks representing C–O and O–C=O (carbonyl bond 
in the carboxylic group) at 533.5 eV and 532.6 eV were also 
observed [30] (Fig. 4d). A similar distribution of these oxy-
gen functional groups was found in the XPS spectra for the 
adsorbent after Pb(II) adsorption (Fig. 4f). Nevertheless, 
Fig. 3e shows that the relative percentage of C=O and C–O 
groups decreased and the respectively after Cd(II) removal. 
Taking the peaks of Cd–CO3 and Cd–(OH)2 in this process 
into consideration depicted that C=O and C–O groups on 
biochar surface might play a great role in the chemical 
adsorption for the CdCO3 and Cd(OH)2 (Fig. S2). As for 
the Pb removal process, the chemical adsorption of PbCO3 
could be attributed to the carbonyl groups C–O–C rather 
than other oxygen containing functional groups (Fig. S3).

3.1.4. BET analysis

As an important porosity parameter, the specific sur-
face area of the obtained biochar was calculated with the 

(a) (b)

Fig. 3. FT-IR (a) and Raman (b) spectra of biochar before and after reaction. 
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BET adsorption/desorption curves, which was recorded in 
the nitrogen atmosphere. The SBET of obtained biochar in 
this study was maintained at a relatively low level com-
pared to the biochar derived from other feedstocks and 
pyrolytic conditions according to previous studies [23]. 
Biochars derived from various crop straw, which were pyro-
lyzed with 600°C for 3 h. The lower pyrolysis temperature 
and shorter retention time (400°C, 2 h) brought about the 
lower surface area of the biochar in this study (Table S1). 
However, the wood-derived biochar (poplar shaving bio-
char) pyrolyzed with 600°C for 3 h was not distinguish 
from the biochar in this study. The higher content of phe-
nolic and aromatic carbons in lignin compared to cellulose 
[31], formed more fraction of condensed domains. Stiff 
bonds among cross-links were produced by the aromatic 
biopolymers. These stiff bonds led the molecular flexibil-
ity reduction and decomposition temperature elevation 
during pyrolysis [32]. Thus, the porosity of straw derived 
biochar with abundant cellulose was more sensitive to 
which of the wood-derived biochar with abundant lignin.

3.2. Adsorption kinetics

To study the Cd(II) and Pb(II) adsorption kinetics, the 
adsorption of such adsorbates on biochar were determined 
with the contact time (Fig. 5). Results of adsorption kinet-
ics displayed acute rise of both Cd(II) and Pb(II) sequestra-
tion in the initial 30 min of the contact time. These sorptions 
with high efficiency in the initial time were mainly derived 
by the abundant functional groups on the biochar surface 
[33]. Subsequently, the increasing trends of the uptake 
quantity for these adsorbed metal ions slowed down until 
the plateau after 80 min since the Cd(II) and Pb(II) ions had 
occupied the superficial functional groups and only the 

functional groups inside pores were free for binding [34]. 
After 80 min of the adsorption process, the adsorbate ions 
obtained equilibrium and kept on a high level as contact 
time went on. For these observations, biochar could reach 
an equilibrium state with the retention of Cd(II) and Pb(II) 
after 80 min. Simultaneously, at every time node of the con-
tact time in this adsorption process, the adsorption quanti-
ties of the metal ions always increased with the increasing 
dosage of biochar. Compared to the biochar material derived 
from various feedstocks in the previous researches, the straw 
derived biochar exhibited better adsorption capacity for the 
Cd(II) and Pb(II) removal in an aqueous solution (Table 1).

To further clarify the mechanism of Cd(II) and Pb(II) 
removal, two popular kinetics models for practical pollutant 
adsorption process on biochar were employed [35]. These 
two popular kinetic models: pseudo-first-order kinetic model 
and pseudo-second-order kinetic model were generally 
expressed as below respectively:

ln q q q k te t e−( ) = −ln 1  (1)

t
q k q

t
qt e e

= +
1

2
2  (2)

Both pseudo-first-order kinetic model and pseudo-sec-
ond-order kinetic could be applied to Cd(II) adsorption 
as well as Pb(II) adsorption (Table S2). Not a few previous 
Cd(II) or Pb(II) removal cases by biochar reported that these 
processes agreed on pseudo-second-order well (Liu et al. 
[25]). However, much more studies demonstrated that the 
metal adsorption kinetics fit the pseudo-second-order kinetic 
best, which was assumed to be caused by valence force 

(a) (b) (c)

(d) (e) (f )

Fig. 4. High resolution X-ray photoelectron spectroscopy (XPS) spectra of C1 s before (a) and after reaction (b, c) and O1 s before 
(d) and after reaction (e, f).
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Table 1
Adsorption characteristics of Pb(II) and Cd(II) adsorption on various biochar

Feedstock Pyrolytic temperature (°C) Retention time Heavy metal Adsorption pH qmax (mg g–1) References

Wheat straw 400 2 h Cd 5.0 16.05 This study
Wheat straw 400 2 h Pb 5.0 11.70 This study
Scots pine 450 2 h Cd 7.5–8.5 4.62 [22]
Scots pine 450 2 h Pb 7.5–8.5 7.51 [22]
Silver birch 450 2 h Cd 7.5–8.5 4.96 [22]
Silver birch 450 2 h Pb 7.5–8.5 7.85 [22]
Miscanthus sacchariflorus 300 1 h Cd 7 11.40 [50]
Miscanthus sacchariflorus 400 1 h Cd 7 11.99 [50]
Miscanthus sacchariflorus 500 1 h Cd 7 13.24 [50]
Miscanthus sacchariflorus 600 1 h Cd 7 12.96 [50]
Pine wood 300 20 min Pb 4.3 3.89 [53]
Rice husk 300 20 min Pb 4.3 1.84 [53]

(d)
(c)

(a) (b)

Fig. 5. Adsorption capacity and percentage of Cd(II) (a, c) and Pb(II) (b, d) on biochar as a function of contact time.
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from the electrons exchange in the chemical sorption and 
chemisorption [6,36–38].

3.3. Effect of pH and ionic strength

As the vital factors to optimize the adsorption pro-
cess, pH and ionic strength were employed to assess their 
effect on the Cd(II) or Pb(II) removal. Fig. 3 shows that the 
adsorbed quantity of the two heavy metal ions varied with 
both pH and ionic strength in an aqueous solution. Fig. 6a 
shows that adsorption of Cd(II) rapidly increased with pH 
in the range of 2.0–7.5 yet the curve was flattened in the pH 
range of 7.5–10.0. However, the adsorption of Pb(II) could be 
shaped into a para-curve with a peak at pH of 8.5 (Fig. 6b). 
The adsorption quantity showed acute elevation and decline 
in the pH range of 2.0–8.5 and 8.5–10.0 respectively. The 
functional group such as carboxylate and hydroxyl on bio-
char surface was held accountable for the increasing metal 
ion adsorption trend with increasing pH [39,40]. The bio-
char surface was positively charged since these functional 
groups were presented and protonated into positive charges 
at the low pH value. The metal cations were also electro-
statically repulsed by the positive charge on the biochar 
surface. Furthermore, the aqueous cation in the solution 
such as H+ and H3O+ might compete with the heavy metal 
adsorbates for the available adsorption sites on the biochar 
surface [39,40]. With the increasing pH value of the solu-
tion, more binding sites were released and the competition 
between cation contaminants and the protons were allevi-
ated owing to the deprotonation of functional groups [36]. 
When the solution became strongly alkaline, the surface of 
biochar showed more negative charges and easy to capture 
the cations [18]. More OH− ions in the solution inhibited the 
shifts of metal ions to biochar through the intensification of 
competition [25]. Comparably, the capture capacity change 
peaking at a specific pH value as the Pb adsorption in the 
study was also supported by the previous cases [36,41,42]. 
This partial decreasing trends of adsorption capacity with 
increasing pH might be attributed to the formation of 
hydroxide complexes [41] Therefore, the optimal pH value 
for Cd(II) and Pb(II) adsorption are 11 and 8.5 respectively.

On the contrary, the results did not depict a strong cor-
relation between the adsorption capacity and ionic strength 
of the solution (Fig. 6). This was consistent with some pre-
vious Cd(II) and Pb(II) removal cases [9], although some 
other studies found the aqueous metal ions would affect 
the equilibrium adsorption capacity for the organic pollut-
ants by biochar [18,43]. Unfortunately, most of these incon-
sistent results were obtained from simulation wastewater 
experiment. The effort to eliminate its gap with the actual 
situation might benefit to better understand the mechanism.

3.4. Adsorption isotherms studie

The adsorption isotherms of Cd(II) and Pb(II) at vari-
ous temperatures are presented in Fig. 7. The adsorbed 
quantities of the two metal adsorbates both increased with 
the rising temperature. These results clearly illustrated 
that high temperature favored behavior of the metal ion 
adsorption process. To further explore the quantization and 
mechanism of the Cd(II) and Pb(II) removal, two empiri-
cal quotations: Langmuir and Freundlich model, which fit 
the experimental data best for heavy metal adsorption by 
biochar were employed for stimulation [18]. Langmuir’s 

model could be express as: 
1 1 1 1
q q bq Ce e

= +
max max

 in a linear 

form. qmax (mg g–1) is the maximum amount of adsorbed 
pollutants by the unit weight of biochar; qe (mg g–1) indi-
cates the adsorptive heavy metal quantity of unit weight 
of biochar at equilibrium concentration; b (L mg–1) is the 
Langmuir constants related to adsorptive energy; Ce rep-
resents the equilibrium concentration [10]. Freundlich 
model could be described as qe = KFCe

n as well as the mod-
ified linear form: logqe = logKF + nlogCeKF ((mg1–n Ln) g–1) is 
the Freundlich constant to evaluate the adsorption capacity; 
n represents the dependent degree of adsorption process at 
the equilibrium concentration [44–48]. Table 2 depicts that 
both Langmuir and Freundlich model fit Cd(II) and Pb(II) 
adsorption data on biochar according to the plots and R2 
value. Langmuir model is most applicable to the adsorp-
tion on monolayer surface while the Freundlich model 

(a) (b)

Fig. 6. Effect of pH and foreign ions on Cd(II) (a) and Pb(II) (b) adsorption to biochar.
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fits the adsorption on the multi-layer surface and is not 
restricted to the formation of a monolayer [10,49,50]. In 
fact, biochar, with the uncertain properties caused by vari-
ous pyrolysis conditions, could provide both homogeneous 
and heterogenous partial surfaces [18]. Either the surface 
superficial functional groups or inside porous structure 
provided the driving force for the sorption on biochar. 
Thus, both Langmuir and Freundlich models gave a great 
fit to either Cd(II) and Pb(II) adsorption by biochar.

3.5. Adsorption thermodynamic calculation

To obtain a better understanding of adsorption thermo-
dynamic, the vital thermodynamic parameters: standard 
enthalpy (ΔH°), standard entropy (ΔS°), standard Gibbs 
free energy (ΔG°) were taken into consideration to evaluate 

the spontaneity of the process (Table 3). These parameters 
were calculated based on the following equations:

K
C C
C

V
md

e

e

=
−0  (3)

lnK S
R

H
RTd =

°
−

°∆ ∆  (4)

∆ ∆ ∆G H T S° = ° − °�  (5)

where C0 (mg L–1) represents the initial concentration and 
Ce (mg L–1) represents the equilibration concentration of the 
Cd(II) and Pb(II) in aqueous solution respectively; V (mL) 

(a) (b) (c)

(d) (e)
(f )

Fig. 7. Isotherm and fitting results of Langmuir and Freundlich adsorption isotherms of Cd(II) (a, c, e) and Pb(II) (b, d, f) adsorption 
on biochar.

Table 2
Constants of Freundlich and Langmuir isotherm of Pb(II) and Cd(II) adsorption on biochar

Absorbate T (K) Freundlich Langmuir

KF (mg1−n Ln g–1) n R2 qmax (mg g–1) b (L mg–1) R2

Cd(II)
293 2.39 0.59 0.9684 125.00 0.028 0.9886
313 2.71 0.61 0.9928 131.58 0.049 0.9941
333 4.01 0.41 0.9974 107.53 0.20 0.9290

Pb(II)
293 2.05 0.87 0.9158 400.00 0.12 0.9052
313 3.41 0.57 0.9705 185.19 0.057 0.9964
333 4.55 0.43 0.9839 158.73 0.16 0.9845
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and m (g) indicate the volume and mass of biochar as the 
adsorbent; T (K) and R (8.314 J mol–1 K–1) are employed as 
temperature in Kelvin and the ideal gas constant.

The values of standard enthalpy (ΔH°) exhibited in 
Table 3 are both positive, which demonstrated that the 
Cd(II) and Pb(II) adsorptions by biochar were endother-
mic reactions. The positive values of standard entropy 
(ΔS°) and negative values of standard Gibbs free energy 
(ΔG°) also depict these adsorptions as spontaneous pro-
cesses. This nature indicated the potential of the low cost 
and operational ease adsorbent to continuously carry out 
the contaminant removal. These thermodynamic param-
eters also provided the information of the type of Cd(II) 
and Pb(II) adsorptions: both physical and chemical adsorp-
tions. Generally, physical adsorption takes van der Waals 
force while chemical adsorption takes chemical bond as 
the adsorptive attraction. The ΔG° of physical adsorption 
was usually in the interval of –20 to 0 and kJ mol–1 and the 
ΔG° of chemical adsorption was in the interval of −400 to 
−80 kJ mol–1 [37]. In this study, the Gibbs free energy of 
Cd(II) and Pb(II) were in the range of –50 to –35 kJ mol–1. 
This finding implied the Cd(II) and Pb(II) adsorption on 
biochar combined both physical and chemical adsorptions. 
The ΔH° at the low level in both two metal adsorption 
further proved this assertion. In addition, standard Gibbs 
free energy (ΔG°) of both Cd(II) and Pb(II) adsorptions 
showed more negative with the higher temperature, which 
indicated the spontaneity of the processed were favorable 
to the temperature. These results were all consistent with 
the isotherm of these adsorption processes. The endother-
mic nature, an increase of randomness at the interface and 
spontaneity favor of the reaction during the adsorption 
process were extensively identical to the previous metal 
removal studies using biochar as the adsorbent [23,37,51].

3.6. Practical applicability

To determine the practical applicability of the biochar 
as the effective adsorbent for aqueous Cd(II) and Pb(II), we 
also perform the adsorption processes for the wastewater 
treatment at large scale [52]. The biochar was employed to 
treat the wastewater with the original Cd(II) concentration 
of 10.12 mg L–1 and Pb(II) concentration of 12.07 mg L–1. 
The metal removals were practiced under the considered 
optimal conditions (pH = 8.5 temperature = 25°C). The 
results depicted 49.87% and 66.35% Pb(II) as the Cd(II) 
and Pb(II) removal percentages respectively (Table S3). 
The simulant wastewater with the same original Cd(II) 
and Pb(II) concentration was also treated by biochar. The 
adsorption percentages were 38.59% for Cd(II) and 59.64% 
for Pb(II) respectively. Biochar showed even higher con-
taminant removal efficiency in the actual wastewater than 

the simulant wastewater. This finding indicated practi-
cal applicability of the biochar as the effective adsorbent 
for Cd(II) and Pb(II) removal in the actual wastewater.

4. Conclusion

This study provides a better understanding of the Cd(II) 
and Pb(II) adsorption on biochar through a systematic sur-
vey. Our findings demonstrated that the complex surface, 
porous and permeable structure of biochar played a great 
role in metal adsorption. Both the two metal removal pro-
cesses agreed well to the pseudo-first-order and pseudo- 
second-order either. The adsorption efficiency reached an 
equilibrium state after 80 min. The adsorption capacity for 
Cd(II) on biochar was found to be positively dependent 
on the pH value in the range of 2.0–7.5 and maintaining a 
number of high level in the range of 7.5–10.0 while adsorp-
tion capacity for Pb(II) was positively and negatively cor-
related to the pH value in the range of 2.0–8.5 and 8.5–10.0 
respectively. However, in the extensive pH range, both 
the Cd(II) and Pb(II) adsorption were independent of the 
ionic strength. The isotherm results indicated that Langmuir 
and Freundlich’s model supplied a fit for the adsorption of 
the metal ions because of the superficial functional groups 
and porous structure of biochar. The thermodynamic 
parameters reflected natures of the Cd(II) and Pb(II) adsorp-
tion reactions such as endothermy, spontaneity favor and 
increase of randomness at the interface. The adsorption 
type of these adsorptions were also revealed as the com-
bination of physical and chemical adsorption. This work 
reveals that biochar is a promising proper adsorbent for the 
efficient elimination of metal ions from aqueous solutions.
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Supporting information

a Bb Cc  (a) (b) (c)

Fig. S1. SEM corresponding energy-dispersive X-ray spectroscopy (EDS) spectra (right) of biochar before (a) and after Cd(II) and 
Pb(II) reaction (b and c).

Fig. S2. High-resolution X-ray photoelectron spectroscopy 
(XPS) spectra of Cd after the reaction.

Fig. S3. High-resolution X-ray photoelectron spectroscopy 
(XPS) spectra of Pb after the reaction.
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Table S2
Constants of pseudo-first-order and pseudo-second-order stimulation of Pb(II) and Cd(II) adsorption on biochar

Absorbate C0 (mg L–1) Pseudo-first-order Pseudo-second-order

qe (mg g–1) K1 R2 qe (mg g–1) K2 R2

Cd(II)

10 16.0572 0.00955 0.9066 27.7160 0.0002008 0.9016
25 31.5387 0.02095 0.9586 44.3248 0.0003777 0.9467
50 59.1579 0.04412 0.9840 71.3855 0.0007027 0.9681
75 69.8344 0.04873 0.9236 82.1379 0.0007412 0.9644

Pb(II)

10 30.8597 0.00466 0.9032 59.3795 0.0000405 0.9018
25 37.2627 0.02506 0.9292 51.5065 0.0003963 0.9035
50 69.0858 0.05661 0.9813 80.2583 0.0009421 0.9795
75 97.0312 0.06806 0.9040 109.6643 0.0008897 0.9688

Table S3
Practical applicability in actual wastewater

Metal Original metal concentration in  
actual wastewater (mg L–1)

Removal percentages in  
actual wastewater (%)

Removal percentages in  
simulant wastewater

Cd(II) 10.12 49.87 38.59
Pb(II) 12.07 66.35 59.64

Table S1
BET surface area of the obtained biochar in this and previous 
studies

Biochar feedstock BET surface area (m2 g–1)

Rice straw (This study) 25.666
Rice straw 156.2
Cotton straw 49.4
Wheat straw 183.3
Corn straw 70.0
Poplar shaving 37.7
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