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a b s t r a c t

We herein report the modification of coconut shell-based biochar by ultraviolet (UV) irradiation to 
yield a highly efficient adsorbent for Pb(II) and Cu(II). Analysis of the physicochemical properties 
and structural characteristics of the modified biochar indicated that it contained a greater number 
of oxygen-containing functional groups on its surface compared with pristine biochar. In addition, 
the kinetics and adsorption isotherms for the adsorption of heavy metals by the biochar sample were 
investigated. More specifically, the pseudo-second order equation provided the best correlation for 
the adsorption process, and the adsorption isotherms fitted well with the Langmuir model. Further-
more, the Langmuir adsorption capacities of the modified biochar towards Pb(II) and Cu(II) were 
66.86 and 7.78 mg g−1, respectively, which represented 3.57- and 2.39-fold increases compared to the 
pristine biochar capacities. Moreover, batch sorption experiments demonstrated that the dosage and 
solution pH affected the removal of these metals from aqueous solutions by biochar. We also found 
that the adsorption mechanisms of Pb(II) and Cu(II) on modified biochar occurred mainly through 
surface sorption, likely involving the oxygen-containing functional groups present on the modi-
fied surface. Thus, we successfully demonstrated that UV irradiation is a promising modification 
approach for enhancing the adsorption ability of biochar.
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1. Introduction

Biochar, a pyrogenic carbon-rich material produced 
from the pyrolysis of low-cost biomass in oxygen-limited 
conditions, has attracted much attention due to its potential 
applications in pollution control [1]. For example, the use of 
biochar in soil remediation has been reported [2,3], while 
recent studies have demonstrated that biochar can also act 
as an environmental adsorbent for many heavy metals, such 
as lead and copper, in wastewater [4,5]. However, the effec-
tiveness of biochar as a heavy metal adsorbent varies greatly 
among different biochars, with modified biochars tending 

to exhibit significantly higher heavy metal sorption capaci-
ties than pristine biochar. As such, to enhance its adsorption 
capacity, extensive attention has recently been focused on the 
modification of biochar surface properties [6].

To date, various modification techniques have been 
employed to improve the functional group content and the 
surface area of biochar, including acidic and alkaline treat-
ment methods, chemical oxidation, and chemical grafting 
[7–9]. However, the application of such methods resulted in 
secondary pollution due to the waste and surplus chemicals 
produced. As such, the development of an environmental 
friendly approach to biochar surface modification is of 
particular importance. For example, photochemical func-
tionalization has been reported to induce functional group 
formation (e.g., carboxyl groups) on polymer and carbon 
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surfaces [10–12], which indicates that the introduction of 
carboxylic groups onto the biochar surface may be possi-
ble through ultraviolet (UV) grafting without the genera-
tion of pollutants. However, to the best of our knowledge, 
the sorption ability of UV-modified biochar towards heavy 
metals has received little attention.

Ultraviolet irradiation can be divided into four main 
categories based on the wavelength of the irradiation, 
i.e., UV-A (315–380 nm), UV-B (280–315 nm), UV-C (200–
280 nm), and UV-D (100–200 nm). Although UV grafting 
using UV-B irradiation at 254 nm has received the most 
attention, recent studies have shown that UV-A irradiation 
at 365 nm could also generate new polar groups (i.e., car-
boxyl groups) on the surfaces of polymer materials [13]. In 
addition, it has been proposed that the mechanism of UV 
grafting could involve free radical polymerization by UV 
irradiation. Furthermore, it should also be considered that a 
365 nm UV light source is generated using a high-pressure 
mercury lamp, while a 254 nm UV light source is generated 
using low-pressure mercury lamp. As the high-pressure 
mercury lamp has a significantly stronger power and longer 
life, its use in industrial applications would be preferred. 

Thus, we herein report the development of a simple and 
innovative method for the modification of biochar using 
UV-A irradiation at 365 nm, with the aim of significantly 
improving adsorptive performances towards heavy metals. 
For the purpose of this study we will examine the adsorp-
tion of lead (Pb(II)) and copper (Cu(II)), which are toxic and 
nonbiodegradable, and so pose a threat to human health 
[14]. In addition, the physicochemical properties of the bio-
char will be characterized and a range of experiments will 
be conducted to evaluate the sorption ability of the modi-
fied biochar. As such, our primary objectives are to compare 
the physicochemical properties of the pristine and modified 
biochars, to assess the adsorption ability of these materials 
towards Pb(II) and Cu(II), and to discuss the interaction 
mechanism between Pb(II), Cu(II), and the surface func-
tional groups of the modified biochars. 

2. Materials and methods

2.1. Materials

All chemicals and reagents employed through this study 
were of analytical grade. Aqueous solutions were prepared 
using deionized water (18.3 MΩ·cm, Barnstead UltraPure 
water). Lead nitrate (Pb(NO3)2), copper nitrate trihydrate 
(Cu(NO3)2·3H2O), sodium nitrate (NaNO3), sodium hydrox-
ide (NaOH), and nitric acid (HNO3) were purchased from 
Chengdu Chemical Co. Ltd. Coconut shell residuals (the 
biomass feedstock) with particle sizes of 2–4 mm were col-
lected in Hainan province, China.

2.2. Biochar production

Prior to pyrolysis, the biomass feedstock (500 g) was 
immersed in deionized water (1000 mL) for 2 h to remove 
all traces of dust. The washed biomass was then dried over-
night at 100°C, after which, the samples were pyrolyzed in 
a tubular furnace (model SGMT100, Luoyang, China) at 
700 ± 5°C for 2 h under a nitrogen atmosphere following 

heating at a rate of 10 ± 1°C min−1. The resulting material 
was then allowed to cooled overnight prior to grinding to a 
particle size of 0.42–0.71 mm. The pristine biochar specimen 
will be referred to as BC for the remainder of this report.

2.3. Biochar modification

The above BC sample was spread out on a glass dish (Φ 
150 mm) to give a sample thickness of ≤2  mm. The glass 
dish was then placed on a temperature-controlled heating 
panel beneath a UV lamp (high-pressure mercury lamp, 
250 power, 365 nm emission line) positioned 10 cm from 
the sample. During the irradiation time of 16 h, the biochar 
samples were heated at 100°C. The modified biochars will 
herein be referred to as MBC.

2.4. Biochar characterization

The carbon, hydrogen, oxygen, and nitrogen contents 
of the biochar samples were analyzed using an elemental 
analyzer (model varioMACRO cube, ELEMENTAR Analy-
sensysteme GmbH, Germany), while the surface functional 
group contents were determined by Boehm titrations [15]. 
In addition, Fourier transform infrared spectroscopy (FTIR) 
was carried out using an FTIR-8000 series spectrophotom-
eter (model IRAffinity-1, SHIMADZU CORPORATION, 
Japan) between 4000 and 400 cm−1 with a resolution of 
4.0 cm−1. Furthermore, the pore structure parameters were 
determined using a specific surface area and porosity ana-
lyzer (model BELSORP-max, BEL JAPAN, INC).

2.5. Sorption experiments 

The adsorption kinetics experiments were performed in 
50 mL centrifuge tubes at 25 ± 0.5°C by mixing the biochar 
sample (30 mg) with solutions containing Pb(II) or Cu(II) 
(25 mL), which were prepared by dissolving their respective 
nitrate salts in a 0.01 mol L−1 NaNO3 solution as the back-
ground electrolyte. The initial concentrations of Pb(II) and 
Cu(II) were 100 and 45 mg L−1, respectively, and the initial 
pH values of the solutions were adjusted to pH 4.5 using 
0.1 mol L−1 solutions of NaOH and HNO3, as required. All 
bottles were then sealed and shaken at 100 rpm in a con-
stant temperature water bath shaker (SHA-B, Lichen Cor-
poration, China). Bottles were then withdrawn at a range 
of time intervals (i.e., 0, 0.5, 1, 2, 4, 8, 12, 24, and 48 h), and 
the samples were filtered immediately through nylon mem-
brane filters (pore size = 0.22 μm). The Pb(II) and Cu(II) 
concentrations in the filtrates were determined by atomic 
absorption spectroscopy (AAS, WFX-210, Beifen-Ruili, 
China). The quantities of Pb(II) and Cu(II) adsorbed onto 
the biochar samples were calculated based on the differ-
ences between the initial and final concentrations of the 
metal species in the aqueous solutions.

For each adsorption isotherm experiment, a sample of the 
adsorbent (30 mg) was mixed with a solution containing the 
desired heavy metal (25 mL, 2–300 mg L−1) in a centrifuge 
tube at 25 ± 0.5°C. The bottles were then shaken in a mechani-
cal shaker at 25 ± 0.5°C for 48 h, after which time, the samples 
were withdrawn and immediately filtered to determine the 
Pb(II) and Cu(II) concentrations in the filtrate by AAS. The 
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residues were subsequently rinsed with deionized water, and 
dried at 60°C for use in further characterization tests.

The kinetic and isotherm experiments were performed 
in duplicate and the average values are reported. Addi-
tional analyses were conducted whenever two measure-
ments showed a difference of >5%.

2.6. Effects of sorbent dosage and pH

To determine the effect of pH and sorbent dosage on the 
adsorption of the heavy metals by biochar, initial Pb(II) and 
Cu(II) concentrations of 5.0 and 0.1 mg L−1 were employed, 
respectively, and the temperature was maintained at 
25 ± 0.5°C. Under these conditions, ~100% of the expected 
lead nitrate and copper nitrate trihydrate contents were 
present in the pH range 1.0–7.0, where the speciation distri-
bution was obtained using the solubility product constants 
of lead and copper. To adjust the pH values of the heavy 
metal solutions, 0.1 mol L−1 solutions of NaOH and HNO3 
were employed as necessary.

The effect of adsorbent dosage on Pb(II) and Cu(II) 
adsorption was analyzed by the addition of various quan-
tities of biochar (i.e., to give concentrations of 10, 20, 50, 
100, and 200 mg L−1) to 250 mL digestion vessels containing 
100 mL of the Pb(II) and Cu(II) solutions (5.0 and 0.1 mg L−1, 
respectively). The effect of pH on the adsorption of the 
Pb(II) and Cu(II) were determined by varying the solution 
pH (i.e., pH 2–7) and using adsorbent (biochar) dosages of 
100 and 10 mg L−1, respectively. After shaking the samples 
for 48 h in a mechanical shaker at 25 ± 0.5°C, the quantities 
of heavy metal ions adsorbed were determined using the 
procedures described above.

3. Results and discussion

3.1. Biochar properties

To investigate the properties of the biochar samples, 
we first used N2 adsorption-desorption isotherms to ana-
lyze the structural characteristics of these materials. Fig. 1 

shows the adsorption-desorption isotherms belong to type 
I, which displays the existence of abundant microporous 
structures in the biochars.

The pore structure parameters of the biochar samples 
were calculated from the isotherms outlined in Table 1 using 
BEL Japan software. In addition, the Brunauer-Emmett-Teller 
(BET) surface areas (as) and average pore sizes (rp) were cal-
culated using the BET method [16], while the micropore vol-
umes (V1) were calculated using the MP-plot method [17], 
and the mesoporous volumes (V2) were calculated using the 
Barrett-Joyner-Halenda (BJH) method [18]. Furthermore, the 
pore surface areas (a1) and the external surface areas (a2) were 
calculated using the t-plot method [19]. 

As shown in Table 1, UV irradiation substantially 
enhanced the external surface area of the biochar samples, 
with the MBC external surface area increasing 3.63-fold 
compared to that of the pristine BC sample, while the pore 
surface area changed in reverse order, thus predicating that 
MBC suffered from pore collapse in modification process. 
Moreover, this pore-collapse reaction also could be con-
firmed by the other parameters investigation, including the 
BET surface area, the micropore volume, the mesopore vol-
ume, and the average pore radius. However, these results 
showed that the textural structure of biochar was not sig-
nally altered following UV irradiation.

In contrast, the results obtained from Boehm titrations 
(Table 2) indicated a significant increase in the number 
of acidic groups present on the biochar surface following 
UV irradiation. For example, the carboxyl group content 
increased 5.1-fold on MBC compared to that of BC, while 
the total number of acidic groups increased 3.75-fold. In 
addition, a significant increase in the number of lactonic 
and phenolic groups was also observed. This is of particu-
lar interest, after used for Pb(II) and Cu(II) adsorption, the 
oxygen-containing functional groups on both BC and MBC 
had a sharp decrease, therefore suggesting that the Pb(II) 
and Cu(II) adsorption process on biochar may be controlled 
by the oxygen-containing functional groups. Furthermore, 
as previous studies have demonstrated that the presence of 
oxygen-containing functional groups can enhance heavy 
metal sorption through surface electrostatic attractions 
and/or surface complexation [20,21]. 

3.2. Adsorption kinetics 

We then moved on to examine the adsorption kinetics 
of the BC and MBC samples. As shown in Fig. 2, rapid sorp-

Fig. 1. N2 adsorption-desorption isotherms of the pristine (BC) 
and modified (MBC) at 77K.

Table 1
Physicochemical properties of the pristine (BC) and modified 
(MBC) biochars

BC MBC

as (m
2 g−1) 450.96 433.06

a1 (m
2 g−1) 472.61 453.54

a2 (m
2 g−1) 0.90 3.27

V1 (cm3 g−1) 0.19 0.18
V2 (cm3 g−1) 0.01 0.02
rp (nm) 1.61 1.65
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tion kinetics were observed for Pb(II) and Cu(II) on both BC 
and MBC in the initial phase, although this was followed by 
a slow sorption phase until saturation was reached. Indeed, 
these results are similar to those of previous studies [13,22]. 
More specifically, over the initial few hours, >60% sorption 
was observed for both Pb(II) and Cu(II), with the sorption 
performance of MBC being greater than that of BC. 

Thus, to gain further insight into the sorption process, 
pseudo-first (Eq. (1)) and pseudo-second order equations 
[Eq. (2)] were employed in addition to the Elovich equation 
[Eq. (3)]  [23–25].

ln( ) lnqe qt qe k t− = − 1  (1)

t q k q t qt ee
/ / /= ( ) +1 2

2   (2)

 q
b

t
b

abt = +
1 1

ln ln  (3)

where k1 (h
−1) is the rate constant of first-order adsorption, 

k2 (g mg−1 h−1) is the rate constant of second-order adsorp-
tion, and a (mg g−1 h−1) and b (g mg−1) are constants. More 
specifically, a can be regarded as the initial adsorption rate. 
The kinetic parameters calculated using the above models 
are listed in Table 3. 

As indicated, the sorption of Pb(II) and Cu(II) by the 
biochar samples corresponded well with the pseudo-sec-
ond-order kinetic model, where R2 > 0.97. These results 
correspond with previous studies describing the removal of 
heavy metals [26,27], therefore suggesting that the adsorp-
tion of Pb(II) and Cu(II) onto biochar may be controlled by 
the availability of biochar surface sites rather than by the 
concentration of heavy metal ions [28,29]. In addition, a few 
reports have suggested that Pb(II) and Cu(II) sorption onto 
biochar could involve surface complexation and/or surface 
precipitation [30]. 

The initial sorption rate (h) of the pseudo-second-order 
kinetic model can be calculated by Eq. (4) [31].

[t → 0]  h = k2 × qe
2 (4)

Upon examination of the data outlined in Table 3, it was 
clear that the initial sorption rates (h) of MBC were greater 
than that of BC. More specifically, the initial sorption rates 
of Pb(II) and Cu(II) on MBC were approximately 3.28- and 
3.09-fold greater than those on BC, respectively. Thus, based 
on the characterization results presented above, we expect 
that this difference is due to the increase in surface oxy-
gen-containing functional groups.

3.3. Adsorption isotherms

We subsequently employed the Langmuir [Eq. (5)], Fre-
undlich [Eq. (6)], and Temkin equations [Eq. (7)] for analysis 

Table 2
Results of Boehm titration of the fresh and used biochars

Parameter BC MBC

Fresh Used for 
Pb(II)

Used for 
Cu(II)

Fresh Used for 
Pb(II)

Used for 
Cu(II)

Carboxyl (mmol g−1) 0.15 0.02 0 0.76 0.07 0.02
Lactonic (mmol g−1) 0.09 0.06 0.01 0.16 0.03 0.03
Phenolic (mmol g−1) 0.04 0.01 0.01 0.13 0.02 0.03
Total of acidic groups (mmol g−1) 0.28 0.09 0.02 1.05 0.12 0.08
Basic groups (mmol g−1) 0.38 0.31 0.32 0.37 0.35 0.33

Fig. 2. Sorption kinetics data and fitted models of heavy metals 
onto the pristine (BC) and modified (MBC) biochars: (A) Pb(II) 
and (B) Cu(II) (Experimental conditions: [Pb(II)] = 100 mg L−1, 
[Cu(II)] = 45 mg L−1,  pH = 4.5, and T = 25 ± 0.5oC.).
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of the adsorption isotherms, as these classic empirical mod-
els for examining the adsorption isotherms of ions express 
the relationship between the adsorbate and the sorbent sur-
face properties and affinity [32–34]. 

q
q k C

k Ce
m L e

L e

=
⋅ ⋅

+ ⋅( )1
  (5)

q K Ce f e
n= ⋅ 1/  (6)

q B A B Cee = +ln ln  (7)

qe is the quantity of heavy metal sorption onto the adsorbent 
at equilibrium (mg g−1), Ce is the equilibrium concentration 
(mg L−1), kL represents the Langmuir bonding term related 
to the interaction energy (L mg−1), qm denotes the Langmuir 
maximum capacity (mg g−1), A and B are constants related 
to the adsorption capacity and the intensity of adsorption, 
respectively, Kf represents the equilibrium constant param-
eters ((mg g−1) (mg L−1)−1/n), and 1/n correlates the effect of 
concentration to the degree of adsorption (where n >1, sorp-
tion is favorable). 

These models were further validated by root-mean-
square deviation (RSMD) [35], as shown in Table 4.

RSMD n q qp= −( )



∑1

2 1 2

/ exp

/

 (8)

where n is the number of data points, and qexp (mg g−1) and 
qp (mg g−1) are the experimental and calculated adsorption 
capacities, respectively. In this case, lower RMSD values are 
preferable, as they suggest optimal estimated model per-
formance. 

The adsorption isotherms of both Pb(II) and Cu(II) on 
the BC and MBC samples exhibited typical ‘‘L” shapes 
(Fig. 3).

Table 3
The kinetic parameters of the pristine (BC) and modified (MBC) 
biochars for lead and copper

Models and parameters Pb Cu

BC MBC BC MBC

Pseudo-first-order kinetic model
qe (mg g−1) 14.430 43.354 2.373 4.735
k1 (h

−1) 0.397 0.418 0.245 0.360
R2 0.968 0.954 0.996 0.988 
Pseudo-second-order kinetic model

qe (mg g−1) 15.636 46.751 2.616 5.130
k2 (g mg−1 h−1) 0.018 0.006 0.061 0.049
R2 0.974 0.993 0.998 0.995 
h (g mg−1 h−1) 4.001 13.114 0.417 1.290
Elovich equation 
a (mg g−1 h−1) 93.123 426.905 4.907 26.418 
b (g.mg−1) 0.112 0.040 0.560 0.336 
R2 0.908 0.967 0.923 0.936 

Fig. 3. Sorption isotherm data and fitted models of heavy metals 
onto the pristine (BC) and modified (MBC) biochars: (A) Pb(II) 
and (B) Cu(II) (Experimental conditions: pH = 4.5, T = 25 ± 0.5°C.).

Table.4
The adsorption isotherm parameters of lead and copper on the 
pristine biochar (BC) and modified biochar (MBC)

Models and Parameters BC MBC

Pb Cu Pb Cu

Langmuir model
qm (mg g−1) 18.719 3.253 66.860 7.784 
kL (L mg−1) 0.066 0.064 0.078 0.090 
R2 0.988 0.995 0.991 0.996 
RSMD 0.443 0.070 2.160 0.136 
Freundlich isotherm

Kf (mg g−1) (mg L−1) −1/n 5.817 0.992 21.125 2.800 
n 4.802 4.775 4.756 5.429 
R2 0.904 0.954 0.953 0.970 
RSMD 1.346 0.199 5.559 0.387
Temkin equation
A (L mg−1) 1.384 1.576 1.937 3.550 
B 3.150 0.527 10.814 1.136 
R2 0.941 0.972 0.973 0.983 
RSMD 0.908 0.154 3.307 0.294
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The various parameters and regression data for the sorp-
tion of Pb(II) and Cu(II) onto the biochar samples at 25 ± 0.5°C 
are shown in Table 4. Interestingly, the obtained correlation 
coefficients suggested that the Langmuir model was a better 
fit for the adsorption isotherms of both heavy metals than 
the Freundlich and Temkin models (R2 > 0.988 for the Lang-
muir model versus 0.904–0.970 and 0.941–0.983 for the Fre-
undlich and Temkin models, respectively). Furthermore, the 
RSMD decreased in the following order: Freundlich > Tem-
kin > Langmuir, thus confirming that the Langmuir model 
provided the best fit. These results indicate a homogeneous 
distribution of active sites on the biochar surface in addition 
to a monolayer adsorption process [36,37].

The essential characteristics of the Langmuir isotherm 
can be expressed by a dimensionless constant known as the 
equilibrium parameter RL [38]:

R
kL

L e

=
+

1
1 ρ

  (9)

where the value of RL indicates whether the isotherm is 
unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL < 1), or 
irreversible (RL = 0). As the RL values of our system ranged 
between 0 and 1, we could therefore conclude that the 
adsorption of Pb(II) and Cu(II) onto biochar was favorable.

According to the Langmuir model, the maximum 
adsorption capacities of Pb(II) and Cu(II) on MBC at 
25 ± 0.5°C (i.e., 66.86 and 7.78 mg g−1) were significantly 
higher than those on BC (i.e., 18.72 and 3.25 mg g−1). In 
addition, the adsorption capacities of Pb(II) and Cu(II) were 
enhanced 3.57- and 2.39-fold on MBC, respectively. 

The affinities of the binding sites to metal ion sorption 
onto biochar were then evaluated by examination of the kL 
values. More specifically, the kL values for MBC (0.078 and 
0.090 L mg−1, for Pb(II) and Cu(II), respectively) were greater 
than those for BC (0.066 and 0.064 L mg−1, respectively), 
indicating the stronger affinity of MBC towards these heavy 
metal ions. We therefore expected that this enhanced affin-
ity was due to the presence of additional oxygen-containing 
functional groups on the MBC surface.

3.4. Effects of sorbent dosage and solution pH

As shown in Fig. 4, the rates of Pb(II) and Cu(II) removal 
increased upon increasing the biochar dosage. For an initial 
Pb(II) concentration of 5 mg L−1, the removal rate increased 
from 11.3% to 98.7% when the MBC dosage was increased 
from 10 to 100 mg L−1, with a further gradual increase being 
observed up to an MBC dosage of 200 mg L−1. Similarly, for 
an initial Cu(II) concentration of 0.1 mg L−1, the removal rate 
increased from 64.4% to 96.4% upon increasing the MBC 
dosage from 10 to 20 mg L−1. A similar trend was observed 
for the adsorption on BC. These results therefore indicated 
that the optimal MBC dosages for the removal of Pb(II) 
(5 mg L−1) and Cu(II) (0.1 mg L−1) were 100 and 20 mg L−1, 
respectively.

The effect of the initial solution pH on Pb(II) and Cu(II) 
sorption was then examined. As shown in Fig. 5, significant 
variations in heavy metal sorption onto the MBC and pris-
tine BC samples were observed upon varying the solution 
pH, with the degree of sorption increasing gradually with 
increasing pH between pH 2 and 7. Indeed, these results 

are consistent with a number of previous studies [39–41]. 
This variation in sorption with pH could be accounted for 
by the H+ ions in solution competing with Pb(II) and Cu(II) 
for the biochar binding sites at low pH values, in addition to 
the majority of oxygen-containing functional groups on the 
biochar surfaces being protonated to yield either positively 
charged or neutral surfaces. In contrast, at high pH values, 
the H+ concentration was reduced, thus leading to increased 
heavy metal sorption onto the biochar. 

3.5 Adsorption mechanisms

As previously discussed in the context of Boehm titra-
tions, the abundance of oxygen-containing functional 
groups on the biochar surface increased following UV 
irradiation. Indeed, this was confirmed by FTIR analysis 
(Fig. 6), where signals corresponding to the carboxylic C=O 
(MBC) and aromatic C=C (BC and MBC) stretching vibra-
tions were observed at 1700–1740 cm−1 and 1630–1680 cm−1, 
respectively [42]. 

Fig. 4. Effects of sorbent dosage on heavy metal adsorption onto 
the pristine (BC) and modified (MBC) biochars: (A) Pb(II) and 
(B) Cu(II) (Experimental conditions: [Pb(II)] = 5 mg L−1, [Cu(II)] 
= 0.1 mg L−1,  pH = 5, and T = 25 ± 0.5oC.).
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Interestingly, following Pb/Cu sorption, the intensity 
of the signals at 1740 and 1630 cm−1 decreased in the MBC 
samples, while those between 1700–1740 cm−1 essentially 
disappeared. Similarly, the intensities of the C=C stretch-
ing vibrations of BC at 1630 cm−1 also decreased following 
Pb/Cu sorption. These observations indicated that the 
adsorption of Pb(II) and Cu(II) sorption by BC and MBC 
likely occurred via a surface sorption mechanism through 
the coordination of Pb(II) and Cu(II) d electrons to the 
C=C bond. In the case of the MBC sample, adsorption was 
enhanced through the presence of additional O–Pb and O–
Cu surface interactions, which corresponds with the obser-
vations of previous reports [43]. Considering that biochar 
had high stability in moist conditions and its molecular 
structure was characterized by rings of six C atoms linked 
together [44,45], the possible adsorption mechanisms for 
the two biochar samples can be described schematically as 
following equations [Eqs. (10)–(13)]. Moreover, this inter-
actions between biochar and metal ions maybe increase its 
stability [46]. 

  (10)

 (11)

 (12)

 (13)
Fig. 5. Effects of solutions pH on heavy metal adsorption onto 
the pristine (BC) and modified (MBC) biochars: (A) Pb(II) and 
(B) Cu(II) (Experimental conditions: [Pb(II)] = 5 mg L−1, [Cu(II)] 
= 0.1 mg L−1,  and T = 25 ± 0.5oC.).

Fig. 6. The FTIR of the pristine (BC) and modified (MBC) biochars before and after reaction with aqueous Pb(II) and Cu(II). 
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4. Conclusions

We herein reported the use of an ultraviolet (UV) irra-
diation method for the modification of coconut shell-based 
biochar (BC) to increase the efficiency of BC in the adsorp-
tion of the heavy metal Pb(II) and Cu(II) ions from aqueous 
solutions. Following examination of the physicochemical 
properties and structural characteristics of the modified 
biochar (MBC) sample, we confirmed that the quantity of 
oxygen-containing functional groups on the external MBC 
surface area had increased significantly, thus enhancing 
the removal of Pb(II) and Cu(II) compared to the pristine 
BC sample. Furthermore, evaluation of the kinetics and 
adsorption isotherms for the adsorption process indicated 
that Pb(II) and Cu(II) sorption by biochar likely occurred 
via a surface sorption mechanism, where the Langmuir iso-
therm model and pseudo-second order kinetics appeared 
to dominate. We also observed that increased sorbent dos-
ages and higher pH values enhanced heavy metal adsorp-
tion by both BC and MBC. We could therefore conclude 
that the reported UV modification method is suitable for 
the preparation of highly efficient biochars for heavy metal 
remediation.
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