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a b s t r a c t
Biochar from camphor leaves was activated by low-cost cold KOH process (ABC) to improve 
Pb(II) removal from aqueous solution. Then ABC was characterized by Fourier transform infrared 
spectroscopy, X-ray diffraction, scanning electron microscopy and N2 adsorption–desorption to 
reveal the benefits of cold KOH activation. The high adsorption capacity of ABC mainly results 
from oxygen-containing groups, porous structure and large surface area. Effect of factors includ-
ing dose of ABC, pH, ionic strength, adsorption time, and temperature on Pb(II) adsorption was 
investigated by monofactor experiments. Through comparison with biochar (BC), optimization of 
ABC adsorption was revealed by kinetics, isotherms and thermodynamics. Pb(II) adsorption onto 
ABC is well described by pseudo-second-order kinetics and Langmuir isotherm, implying that 
chemisorption and monolayer adsorption are the rate-limiting steps. The thermodynamics indicates 
that Pb(II) adsorption onto ABC is spontaneous and exothermic. After cold KOH activation, the 
maximum adsorption capacity of Pb(II) onto ABC is 90.09 mg g–1, higher than 62.27 mg g–1 of BC. 
ABC has an excellent dynamic and thermodynamic performance comparing with BC.
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1. Introduction

Pollution of heavy metals has been a serious environ-
mental problem in developing countries, since heavy  
metals are toxic, bioaccumulative and non-biodegradable [1]. 
Heavy metals include lead, cadmium, mercury, chromium, 
arsenic and so on, posing considerable threat to animals and 
human beings [2]. Lead is one of the most toxic heavy metals 
for water pollution, and its accumulation in tissues can have 
harmful physiological effects [3]. China faces serious lead 
pollution in the past decades. People living in Guazhou city, 
Dafeng city, Longchang city and Jiahe city, suffered from 
elevated blood lead levels [4]. Moreover, approximately 

23.9% of Chinese children were subjected to a blood lead 
level higher than 100 μg L–1 [5]. Therefore, removing heavy 
metals, especially lead, from wastewater is an imperative 
process in China.

Numerous methods were proposed for removing heavy 
metals from aqueous solution, such as chemical precip-
itation, electrochemical treatment, reverse osmosis, ion 
exchange and membrane separation [6,7]. For examples, the 
titanate nanomaterials of flaky structure were synthesized 
at 130°C for about 24 h to get a high adsorption capacity 
of 504.12 mg g–1, resulting from the chemical precipitation 
with adequate hydroxyl groups [8]. Composite membrane 
with cellulose and graphene oxide was prepared by phase 
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inversion to remove the heavy metal from aqueous solu-
tion, achieving 100% removal of lead, zinc and nickel [9]. 
Silicate-based ion-exchange resin compromised by activated 
non-metallic fraction of printed circuit board was used to 
adsorb lead ions and research the equilibrium saturation- 
exchange capacities [10]. These techniques are limited for 
commercial application due to high cost, complex opera-
tion and generating wastes. Adsorption is promising for 
removing heavy metals and receiving increasing worldwide 
attention [11,12].

In the past decade, biochar gained great attention due 
to unique properties and promising applications [13,14]. 
Because of large surface area and abundant functional groups, 
biochar is a promising adsorbent for removing heavy metals. 
Various wastes, including sesame straw [15], marine mac-
ro-algal [16], rice straw [17], sugar cane bagasse and orange 
peel [18], were used to prepare biochar for adsorp tion of 
heavy metals. In general, biochar has limited adsorption 
capacity, and surface modifications can improve adsorp-
tion performance of biochar for removing heavy metals, 
such as chemical modification and nano-particle loading. Pi 
et al. [19] modified biochar with C3N4 nano-particles as an 
adsorptive and photocatalytic material for decontamination 
of aqueous solution. In addition, EDTA [20], MnOx nano- 
particles [21] and magnetic particles [22] were also applied 
to modify biochar and enhance the adsorption capacity 
of it. Wang et al. [7] functionalized biochar using succinic 
anhydride to enhance the adsorption capacity via increasing 
the amount of carboxyl groups [7]. Aian et al. [23] sulfur- 
functionalized bamboo powder by mercaptoacetic acid and 
successfully improved the adsorption capacity of biochar. 
Most proposed modifications suffer from complex operation 
and high cost. Simple, cheap and effective modification of 
biochar is necessary to improve heavy metal adsorption.

Previous studies reported that cold potassium hydroxide 
activation of hydrochar was effective to enhance adsorp-
tion of heavy metals [24,25]. Cold potassium hydroxide 
activation is a promising modification for commercial 
application owing to low cost and easy operation. To the 
best of our knowledge, there is little work about cold KOH 
activation of biochar for removing heavy metals. Pb(II) was 
chosen as target heavy metal in this work. Local waste as 
raw material for biochar preparation is favorable for solving 
Pb(II) pollution in China. Locally available fallen leaves 
were used to prepare biochar, and cold KOH activation was 
conducted to improve Pb(II) adsorption. Biochar activated 
by cold KOH solution was characterized by Fourier trans-
form infrared spectroscopy (FTIR), X-ray diffraction (XRD), 
scanning electron microscopy (SEM) and N2 adsorption– 
desorption. Effect of ABC dose, pH, adsorption time, 
initial concentration, ionic strength and temperature was 
investigated. Adsorption kinetics, isotherms and thermo-
dynamics were conducted to reveal adsorption mechanism.

2. Materials and methods

2.1. Materials

Fallen leaves of camphor tree were used as raw materials 
for preparation of biochar, and they were obtained from Yuelu 
Mountain, Changsha, China. The fallen leaves were washed 

with distilled water three times to remove the remaining 
dust, dried at 80°C for 10 h in a vacuum oven (DZF6032, 
Jiangsu Kangjin Instrument Co. Ltd., China), crushed using 
a plant grinder (FW-177, Tianjin Taisite Instrument Co. Ltd., 
China), and screened into 0.075–0.15 mm with standard 
sieves. Lead nitrate, potassium hydroxide, nitric acid, sodium 
chloride and calcium chloride were of analytical reagent 
grade, purchased from Sinopharm Chemical Reagent Co. 
Ltd., China and used without further purification.

2.2. Biochar preparation

The pretreated fallen leaves (3 g) were put into a 30 mL 
ceramic crucible with lid. Then, the ceramic crucible was 
put in a muffle furnace at 450°C for 2 h. After cooling to 
room temperature, the obtained material was referred 
as biochar (BC). The biochar was mixed with 100 mL of 
1 mol L–1 KOH solution in 200 mL of conical flask, and then 
stirred for 60 min at 30°C with a stirring rate of 300 rpm. 
After activation, the biochar was sufficiently washed with 
distilled water until neutral pH was reached, the biochar 
referred as ABC was obtained after vacuum filtration and 
drying at 100°C for 10 h.

2.3. Characterizations

FTIR spectrum was recorded using a Nicolet Avatar 
360 Fourier transform infrared spectroscopy (PerkinElmer 
Inc., USA). XRD pattern was examined by a D-500 X-ray 
diffractometer (Siemens Corp., Belgium) with Cu Kα 
radiation. SEM was performed using a Nova NanoSEM 230 
scanning electron microscopy (FEI, USA). N2 adsorption–
desorption was conducted via an Autosorb-1 gas analyzer 
(Quantachrome, USA) to determine the specific surface 
area. Small amount of ABC was added in 50 mL deion-
ized water and ultrasonicated for 10 min. The obtained 
suspension was used to measure the pH of zero charge via 
potential meter (NanoBrook 90plus, Brookhaven, United 
States). 0.1 mol L–1 nitric chloride and sodium hydroxide 
were used to adjust pH value of this suspension liquid.

2.4. Batch adsorption

Standard solution with 1 g L–1 Pb(II) was prepared by 
dissolving 1.6000 g lead nitrate into 1 L distilled water. Serial 
Pb(II) solution with different Pb(II) concentration was pre-
pared by diluting the standard solution. Certain dosage of 
BC or ABC was put into a 150 mL conical flask with 25 mL 
diluted Pb(II) solution, and adsorption was conducted in a 
thermostatic oscillator at 25°C at a speed of 200 rpm. Effect 
of dosage (0.04–0.14 g), solution pH (1.0–6.0), contact time 
(1–60 min for ABC and 1–360 min for BC) and tempera-
ture (25°C–45°C) was investigated by batch adsorption 
tests. The initial pH of lead ions solution was adjusted by 
0.1–1.0 mol L–1 nitric acid. Pb(II) concentration in aqueous 
solution was determined using an Optima 5300 DV induc-
tively coupled plasma spectrometry (ICP, PerkinElmer, 
USA). The parameters selected in certain adsorption exper-
iment were detailed in figure captions. Pb(II) removal and 
adsorption capacity were calculated by Eqs. (1) and (2). 
Adsorption kinetics, isotherms and thermodynamics were 
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conducted in 25 mL Pb(II) solution at a speed of 200 rpm and 
studied using Eqs. (3)–(8). To investigate the effect of ionic 
strength on Pb(II) adsorption on ABC, 0.02–0.1 mol L–1 of 
NaCl and CaCl2 was added to 200 mg L–1 solution of 25 mL 
at pH 6.0.
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where R is the removal ratio of Pb(II); C0 and C are 
the Pb(II) concentration before and after adsorption, 
respectively; V is the volume of Pb(II) solution; m is the 
mass of ABC; t is the adsorption time; Q, Qe and Qm are the 
adsorption capacity, equilibrium capacity and maximum 
capacity, respectively; k1 and k2 are the rate constants of 
pseudo- first-order and pseudo-second-order kinetic mod-
els; b is the Langmuir parameter; n and kf are Freundlich 
parameters; K is the equilibrium constant; T is the thermo-
dynamic temperature; R is the gas constant; ΔG, ΔS and 
ΔH is the Gibbs free energy, entropy change and enthalpy 
change, respectively.

2.5. Regeneration of adsorbent

Adsorption and desorption experiments were con-
ducted four times to investigate the reusability of adsor-
bent. The initial concentration of lead ion solution was 
200 mg L–1 that was constant in the adsorption/desorption 
cycles. Modified adsorbent (ABC) was shook in 200 mL 
conical flask with biochar dosage 4 g L–1, adsorption time 
30 min, pH 6.0 and temperature 25°C. Then these adsor-
bents were immersed and shook in 25 mL HCl (0.2 mol L–1) 
for 30 min to desorb lead ions. The same adsorbent was 
used in every cycle after careful elution by de-ionized 
water for several times to remove any traces of acid. 
Regeneration of adsorbent was evaluated by adsorption 
capacity of Pb(II).

3. Results and discussion

3.1. Biochar characterization

Fig. 1a shows the FTIR spectrum of ABC. The broad 
strong peak at 3,200–3,600 cm–1 is assigned to hydroxyl 
groups. The peaks at 2,930 and 2,860 cm–1 are attributed to 
symmetric and asymmetric vibration of aliphatic –CH2, and 
the weak peaks indirectly verify aromatic structure of ABC. 
The peak at 1,400 cm–1 attributed to C=C bond also indicates 
the aromatic structure of ABC. Oxygenic functional groups 
are verified by the peaks at 1,620; 1,170; 1,090 and 1,060 cm–1, 
which are attributed to –OH vibrations and C=O/C–O 
vibrations. Similar results were reported by Petrović [25]. 
Therefore, FTIR analysis suggests the aromatic structure 
of ABC with oxygenic functional groups.

Fig. 1b shows the XRD pattern of ABC. Compared 
with raw camphor leaf, XRD spectrum of ABC shows loss 
of peaks at 21.5° and 15.0° assigned to crystalline cellu-
lose [7], indicating the destruction of crystalline structure 
in the process of biochar preparation. The broad peak 
around 24.2° indicates the formation of turbostratic carbon 
crystallites [26]. The SEM image of ABC is shown in Fig. 1c. 
SEM image of ABC shows uneven surface and porous mor-
phology. Basically, the porous structure of ABC is derived 
from raw material. Pyrolysis of carbohydrates in raw mate-
rial generates more pore structure, and KOH activation 
improves porous structure of biochar via removing organic 
matter or ash from the surface or pores.

The porous structure provides larger contact surface 
for Pb(II) adsorption. The specific surface area of ABC 
was determined by N2 adsorption–desorption. As shown 
in Fig. 1d, the isotherm for ABC exhibits a type IV pattern 
with H3 hysteresis loop according to the IUPAC classifi-
cation, implying mesoporous characteristics [27]. Table 
1 lists the BET, micropore and external surface areas, as 
well as total, micropore and mesopore volume. The BET 
surface area (SBET) of ABC is 75.18 m2 g–1. The micropore sur-
face area (Smi) is larger than the external surface area (Sex), 
and the micropore volume (Vmi) is approximately equal to 
the mesopore volume (Vme). This indicates the developed 
micropore structure, which is attributed to KOH activa-
tion. Additionally, the porous structure facilitates Pb(II) 
diffusion on ABC surface in adsorption process.

3.2. Effect of ABC dose

As shown in Fig. 2, Pb(II) adsorption onto ABC soars 
strictly within 0.04–0.1 g of ABC dose. The Pb(II) removal 
increases from 41.37% to 99.81% suggesting a strong affin-
ity between ABC and heavy metal, such as lead, which is 
similar to other report [28]. However, the Pb(II) removal 
increases slightly when dose of ABC increases from 0.1 to 
0.14 g, that may be resulting from the aggregation of many 
fine particles and the lack of lead ions. Low concentra-
tion of heavy metals causes weak concentration-gradient 
between solution and adsorbent surface. Aggregation of 
particles decreases the active point on adsorbent sur-
face [29]. Considering the effect of dose of adsorbent on 
Pb(II) adsorption onto ABC, 0.1 g of ABC is selected as the 
appropriate dosage of ABC for Pb(II) removal.
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3.3. Effect of pH on Pb(II) adsorption

Solution pH is a key parameter for metal ions adsorption. 
It influences the activity of surface groups and solution 
chemistry of metal ions [30]. Based on the study of Jiang 
et al. [31], the pH range of 1.0–6.0 for Pb(II) adsorption 
research is reasonable. Insoluble lead hydroxide starts 
precipitating from the aqueous solution at high concentra-
tion (about 200 mg L–1) when pH value is higher than 6.0 
( . )( ) )KspPb OH 2

1 42 10 20= × − . In order to avoid the undesirable 

deduction of Pb(II), low pH value (<6.0) is proper for the 
research of Pb(II) adsorption [11]. As shown in Fig. 3a, Pb(II) 
removal and adsorption capacity increase with an increase 
of pH. At pH below 2.0, ABC shows low efficiency for 
Pb(II) adsorption. When pH is between 2.0 and 4.0, Pb(II) 
adsorption is significantly influenced by pH. At pH above 
4.0, Pb(II) removal is insensitive to solution pH. These 
results are attributed to the competitive adsorption between 
hydrogen ions and Pb(II) ions, as well as protonation of 
functional groups at acidic condition [7].

The pH value of zero charge (pHpzc) is the point where 
the surface acidic functional groups no longer contribute to 
the pH of the solution. The charge of adsorbent surface will 
be positive when pH value of solution is lower than pHpzc, 
further limiting the adsorption of cations. On the contrary, 
adsorption of cations will be favorable. As shown in Fig. 3b, 
the pH value of zero charge is about 4.5 based on the mea-
surement of zeta potential, which is similar with reported 
literature [31]. Adsorption of Pb(II) onto ABC will be favor-
able due to electrostatic force when pH is higher than 4.5. 
Associating with the discussion in Fig. 3a, pH value of 6.0 is 
proper for Pb(II) removal.

Table 1
Surface texture of ABC

SBET (m2 g–1) 75.1819
Smi (m2 g–1) 47.8982
Sex (m2 g–1) 27.2839
Vmi (cm3 g–1) 0.0248
Vme (cm3 g–1) 0.0267
Vtot (cm3 g–1) 0.0852
Pore size (nm) 29.4396

Fig. 1. (a) FTIR spectrum, (b) XRD pattern, (c) SEM image, and (d) N2 adsorption–desorption of ABC.
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3.4. Effect of ionic strength on Pb(II) adsorption

The effect of Na(I) and Ca(II) concentrations on the 
removal of Pb(II) by ABC are shown in Fig. 4. It is clear that 
the removal rate of Pb(II) by ABC decreases gradually with 
the increase of Na(I) and Ca(II) concentration, and the effect 
of Ca(II) on the removal of Pb(II) is greater than that of Na(I). 
This is mainly due to the positive charges of both Na(I) and 
Ca(II) in the solution, which will affect the interface poten-
tial and the thickness of the double layer [32], thus forming a 
competitive adsorption with Pb(II) and affecting the removal 
of Pb(II) by ABC. In addition, Ca(II) at the same concentra-
tion carries more positive charges than Na(I), so Ca(II) has a 
greater effect on the removal of Pb(II).

3.5. Effect of contact time on Pb(II) adsorption

In Fig. 5b, Pb(II) removal and sorption capacity on ABC 
increase remarkably within initial 20 min and reach a pla-
teau with an increase of adsorption time. Fast adsorption in 

initial stage is attributed to rapid external mass transfer and 
surface adsorption, due to the presence of abundant Pb(II) 
ions and adsorption sites. The gradual sorption is ascribed 
to few Pb(II) ions in aqueous solution and nearly satura-
tion adsorption. Pb(II) removal and adsorption capacity is 
99.83% and 50.22 mg g–1 at 30 min, indicating high adsorp-
tion rate of Pb(II) onto ABC. This can be attributed to porous 
structure and large surface area of ABC. As shown in Fig. 5a, 
it spends 240 min for BC to get roughly the same Pb(II) 
removal and adsorption capacity as that of ABC. So, biochar 
has an excellent dynamics performance after activation by 
cold KOH.

3.6. Effect of temperature on Pb(II) adsorption

Temperature is an important factor for Pb(II) adsorption 
at liquid/solid interfaces. Effect of temperature on Pb(II) 
adsorption is presented in Fig. 6. As shown in Fig. 6a, Pb(II) 
removal and adsorption capacity of BC increase about 0.75% 

Fig. 2. Effect of dose on Pb(II) adsorption onto ABC (parameters: 
Pb(II) concentration 200 mg L–1, pH 6, temperature 25°C, 
adsorption time 30 min).

Fig. 4. Effect of ionic strength on Pb(II) adsorption onto ABC 
(parameters: biochar dosage 4 g L–1, Pb(II) concentration 
200 mg L–1, adsorption time 30 min, pH 6.0, temperature 25°C).

Fig. 3. (a) Effect of pH on Pb(II) adsorption onto ABC (parameters: biochar dosage 4 g L–1, Pb(II) concentration 200 mg L–1, adsorption 
time 30 min, temperature 25°C) and (b) pHpzc of ABC.
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and 0.4 mg g–1 respectively, indicating beneficial effect of 
high temperature on Pb(II) adsorption. Different from Pb(II) 
adsorption onto BC, Pb(II) removal and adsorption capac-
ity of ABC decreases slightly with increasing temperature 
(Fig. 6b). When temperature increases from 25°C to 45°C, 
Pb(II) removal decreases from 99.82% to 99.63%, and adsorp-
tion capacity decreases from 50.21 to 50.12 mg g–1. Thus, 
lower temperature is beneficial for Pb(II) adsorption onto 
ABC, but the effect of temperature is considerably limited.

3.7. Adsorption kinetics

In general, adsorption of metal ions involves three 
processes: external diffusion, intraparticle diffusion and 
chemisorption/physisorption [33]. Adsorption kinetics 
offers insights into adsorption process and reveals the prac-
tical applicability of adsorbents. In addition, the kinetics 
describes the contaminant uptake rate and further, decides 
residence time of the heavy metals at the solid/solution inter-
face [34]. According to the research of Jiang et al. [31], the 
pseudo-first-order and pseudo-second-order kinetic models 
were employed to study the kinetics of Pb(II) adsorption 

onto BC and ABC satisfactorily. The results of linear fit-
ting are shown in Fig. 7, and kinetic parameters are listed 
in Table 2. For both BC and ABC, the correlation coefficient 
of pseudo-first-order model is considerably less than that of 
pseudo-second-order model. Also, the calculated value of 
equilibrium adsorption capacity from pseudo- second-order 
model agrees with experimental value. This suggests that 
Pb(II) adsorption onto BC and ABC obeys pseudo-second- 
order kinetics. Therefore, the rate-limiting step of Pb(II) 
sorption onto ABC and BC may be chemisorption with 
exchange or sharing of electrons [35]. However, rate con-
stant of pseudo-second-order model for ABC adsorption 
is obviously larger than that for BC, indicating an excellent 
dynamics performance of ABC.

3.8. Adsorption isotherms

Adsorption isotherms give important information 
of adsorption equilibrium. The maximum adsorption 
capacity provided by adsorption isotherm gives a direct 
evaluation of the practicability of adsorbents. Two com-
mon models, Langmuir and Freundlich isotherms, are 

Fig. 5. Effect of contact time on Pb(II) sorption onto (a) BC and (b) ABC (parameters: biochar dosage 4 g L–1, Pb(II) concentration 
200 mg L–1, pH 6.0, temperature 25°C).

Fig. 6. Effect of temperature on Pb(II) sorption onto (a) BC and (b) ABC (parameters: biochar dosage 4 g L–1, Pb(II) concentration 
200 mg L–1, adsorption time 30 min for ABC and 240 min for BC, pH 6.0).
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used to examine adsorption equilibrium. Linear fitting of 
Langmuir and Freundlich models are shown in Fig. 8, and 
the parameters are listed in Table 3. For Pb(II) sorption onto 
ABC and BC, the correlation coefficients of Langmuir model 
are larger than that of Freundlich model. Associated with 
the agreement of calculated and experimental adsorption 
capacity, Pb(II) sorption onto ABC and BC is well described 
by Langmuir model, which is consistent with the research of 
Cao et al. [36]. Based on Langmuir hypothesis, similar with 
BC, ABC has homogenous surface and performs monolayer 
adsorption [37]. The Langmuir parameter RL, equaling 
to 1/(1 + bC0), reveals adsorption characteristics: revers-
ible adsorption (RL = 0), favorable adsorption (0 < RL < 1), 
linear adsorption (RL = 1), and unfavorable adsorption 

(RL > 1) [38]. Additionally, Freundlich parameter n suggests 
well (2 < n < 10), difficult (1 < n < 2) and poor (n < 1) adsorp-
tion characteristics [35]. Comparing with the Langmuir and 
Freundlich parameters of BC, The values of RL and n imply 
more favorable Pb(II) adsorption onto ABC [11].

Maximum monolayer adsorption capacity of Pb(II) 
onto ABC for is 90.09 mg g–1, higher than 62.27 mg g–1 of 
BC. The larger adsorption capacity of Pb(II) onto ABC is 
owing to large surface area, well-developed micropores 
and abundant functional groups. As shown in Table 4, 
the adsorption capacity of Pb(II) onto ABC is comparable 
with or higher than that of reported biochar or activated 
carbon. Compared with other modifications or activa-
tion processes, cold KOH activation has considerable 

Fig. 7. Linear fitting of (a) pseudo-first-order and (b) pseudo-second-order kinetic models.

Table 2
Kinetic parameters for Pb(II) sorption

Parameters Pseudo-first-order model Pseudo-second-order model

Qe (mg g–1) k1 (min–1) R2 Qe (mg g–1) k2 (g mg–1 min–1) R2

ABC 34.9109 0.1377 0.8585 56.0224 0.0035 0.9939
BC 42.0812 0.0174 0.9452 55.9901 0.00045 0.9956

Fig. 8. Linear fitting of (a) Langmuir and (b) Freundlich isotherms.
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advantages such as low cost, simple operation and high 
efficiency. Fallen camphor leaves, as local biowastes, is free 
of charge, eco-friendly and renewable, and thus is promis-
ing as raw material of biochar for solving lead pollution in 
China.

3.9. Adsorption thermodynamics

Thermodynamic studies reveal the spontaneity, endo-
thermic or exothermic nature of adsorption process. Linear 
fitting of lnK vs. 1/T for Pb(II) adsorption onto ABC and BC 
is shown in Fig. 9. The calculated thermodynamic parame-
ters are listed in Table 5. The negative ΔG values suggest that 
Pb(II) adsorption onto ABC and BC is spontaneous under the 
experimental conditions. The increase of ΔG with increasing 
temperature reveals that higher temperature is adverse to 
Pb(II) adsorption onto ABC. While, the decrease of ΔG with 
increasing temperature for BC adsorption reveals that high 
temperature is beneficial to Pb(II) removal. The negative ΔH 
value for Pb(II) adsorption reflects that Pb(II) adsorption onto 
ABC is an exothermic process. Additionally, the negative ΔS 
value indicates a decreased randomness on ABC surface in 

adsorption process. On the contrary, positive ΔH and ΔS for 
Pb(II) adsorption onto BC suggest that this process is endo-
thermic and adsorption increases randomness on BC surface. 
So, mild condition (low temperature) of ABC adsorption 
might be another advantage comparing with BC.

Table 3
Isotherm parameters for Pb(II) sorption

Parameters Langmuir model Freundlich model

Qm (mg g–1) b (L mg–1) RL R2 kf (mg1–1/n L1/n g–1) n R2

ABC 90.0901 0.1430 0.1155 0.9976 30.4306 5.0454 0.8733
BC 62.2665 0.1531 0.1227 0.9989 22.4589 5.5221 0.7905

Table 4
Comparison of maximum sorption capacity of Pb(II) onto biochar and activated carbon

Raw materials Modification pH Temperature  
(°C)

Surface area 
(m2 g–1)

Adsorption 
capacity (mg g–1)

References

Camphor leaf Nanoparticles 5.8 30 – 146.84 [19]
Camphor leaf KOH 6.0 25 75.18 90.09 This study
Rice husk Nano-MnOx 5.0 25 340.0 86.50 [20]
Oak bark Magnetization 5.0 25 8.8 55.91 [39]
Pine bark Magnetization 5.0 – – 25.29 [21]
Pine cone H3PO4 5.2 25 1,094.1 27.53 [40]
Coconut shell H2SO4 4.5 35 265.96 26.50 [41]

Table 5
Thermodynamic parameters for Pb(II) adsorption

Temperature (K) Thermodynamic parameters

ΔG (kJ mol–1, ABC/BC) ΔH (kJ mol–1, ABC/BC) ΔS ((J mol–1 K–1), ABC/BC)

298 –15.6006/–9.08179

–26.6262/14.3693 –36.9655/78.7461
303 –15.4249/–9.50489
308 –15.2507/–9.89787
313 –15.0817/–10.2726
318 –14.8462/–10.6653

Fig. 9. Linear plot of lnKc vs. 1/T for Pb(II) adsorption.
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3.10. Reusability of adsorbent

The stability of cold KOH activated biochar was 
researched by the cycles of adsorption/desorption which 
revealed the reusability of adsorbent. Lasheen et al. [42] 
reported that hydrochloric acid. As shown in Fig. 10, in 
the first cycle, adsorption capacity of adsorbent can be 
50.23 mg g–1. The adsorption capacity slips to about 30 mg g–1 
after four times of adsorption/desorption cycles. Generally 
speaking, this adsorbent can remove lead ions stably within 
three or less cycles of adsorption/desorption.

4. Conclusions

Biochar (BC) of camphor leaves was activated by cold 
KOH (ABC) and relative adsorption experiments and char-
acterizations were conducted to research the adsorption 
performance of ABC. FTIR, XRD, SEM and N2 adsorp-
tion–desorption reveal that ABC owns oxygen-containing 
groups, porous structure and large surface area. Pb(II) 
adsorption onto ABC is highly related to pH, adsorption 
time and ionic strength while the effect of temperature is 
limited. Pb(II) adsorption onto ABC is well described by 
pseudo-second-order kinetics and Langmuir isotherm, 
implying that Pb(II) adsorption onto ABC is chemisorption 
and monolayer adsorption and favorable adsorption. The 
thermodynamics confirms the spontaneous and exother-
mic nature of Pb(II) adsorption onto ABC. The maximum 
adsorption capacity of Pb(II) onto ABC is 90.09 mg g–1, 
higher than 62.27 mg g–1 of BC. ABC can get equilibrium 
adsorption capacity within 30 min that is much less than 
the time of BC adsorption, indicating an excellent dynamic 
performance of ABC. In addition, ABC might get favor-
able adsorption capacity at lower temperature. Compared 
with other modifications or activation processes, cold 
KOH activation has considerable advantages such as low 
cost, simple operation and high efficiency. Fallen camphor 
leaves, as local biowastes, is free of charge, eco-friendly and 
renewable, and thus is promising as raw material of biochar 
for solving lead pollution in China.
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