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a b s t r a c t
A mixed waste biochar (MWBC), banana peel biochar (BPBC) and sludge biochar (SBC) were made 
using banana peel and sludge, and were characterized with Brunauer–Emmett–Teller, scanning 
electron microscopy, Fourier-transform infrared spectroscopy, and Zeta Potential Analyzer, respec-
tively. Some MWBC was leached with HCl to prepare an acid-leaching MWBC (H-MWBC), and 
the changes in characteristics of MWBC and H-MWBC before and after adsorbing heavy metals 
(Pb(II), Cu(II) and Zn(II)) were also investigated. The adsorption performance and adsorption kinet-
ics for the above heavy metals were probed with atomic absorption spectrometer, and adsorption 
mechanism was simply revealed. The results showed that MWBC negatively charged gave a large 
specific surface area with almost no microporous structures. MWBC was a complex combination of 
sludge and banana peel, instead of simple mixing of SBC and BPBC, in which the contribution of 
banana peel was not in porous structure, but in other types of surface area. The suitable pH of the 
test waters for MWBC to adsorb Pb(II), Cu(II) and Zn(II) were 2, 4, and 4, and adsorption capacity 
were 40.1,40 and 39.6 mg/g at dosage 5 g/L, respectively, all reaching 100% adsorption efficiency. 
The adsorption rate of MWBC for heavy metal ions was Cu(II) > Zn(II) > Pb(II), and MWBC gave a 
stronger temperature sensitivity to Pb(II) than Cu(II) and Zn(II) and can be used in wider concen-
tration ranges for Pb(II) and Cu(II). MWBC gave much higher adsorption performance for metals 
than H-MWBC, and posed higher Cu(II) adsorption performance than BPBC and SBC. The adsorp-
tion process of MWBC for Pb(II), Cu(II), and Zn(II) was in accordance with the pseudo-second- 
order kinetic process. Probably having both hydrophilic and hydrophobic natures, MWBC mainly 
exhibited non-porous adsorption, in which the mechanism was dominated by chemical adsorp-
tion of electrostatic neutralization/adsorption, assisted by physical adsorption, while the physical 
adsorption was dominant in H-MWBC.
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1. Introduction

Since the last century, desertification has been devour-
ing the land terribly [1,2], and desertification and drought 
almost make at least 12 million ha of land lost every year, 
causing agricultural land increasingly barren. In addition, 
the global heavy metal pollution is becoming more and more 
prominent with the development of global economy [3–5], 
further worsening the usability of arable land. The metals 
which are released into waters or soils are generally orig-
inated from human and industrial activities [6]. Especially, 
the heavy metal pollution coexisting in various forms in 
water and soil environment has shown an increasing trend 
of superposition with the accelerating of both urbaniza-
tion and industry and agriculture development in China 
during the half past decades [7]. These metals are difficult 
to remove due to their high solubility [6]. After entering 
the human body through food chain, the heavy metals 
exceeding a certain threshold will cause some irrevers-
ible harm to the human digestive system, nervous system, 
bone marrow hematopoietic system, or other organs [8,9].

At present, adsorption is one of the techniques to remove 
heavy metals from water and wastewater [10–12]. Generally, 
adsorbents mainly include inorganics (zeolites, diatomite, 
attapulgite, bentonite, etc), organics (cellulose, chitosan, 
starch, etc.), biologicals (bacteria, fungi, agricultural and for-
estry wastes), and carbonaceous materials (activated carbon, 
graphene oxide, biochar, etc.) [13,14]. As a new sort of eco-
friendly adsorbent which is a kind of solid product during 
pyrolysis processes [15], biochar (BC) has been a research 
hotspot for a long time [16,17]. The modified BC was char-
acterized by having unique aromatic structure, large surface 
area with much pore structures and rich functional groups 
(improving stability), and high adsorption efficiency and ion 
exchange capacity [9,18,19]. In recent years, the application 
of BC in agriculture, environment, and energy has aroused 
more and more attention [11,20–24], in which the removal 
of heavy metals (involving Pb2+, Zn2+, Cd2+, Cu2+, Ni2+, As5+, 
Cr3+, Cr6+, Hg2+, etc.) has been widely studied [1,11,25–32]. 
Therefore, Cu2+, Pb2+ and Zn2+ were selected as removal 
objects in this work.

A variety of raw materials can be used to prepare BC, 
including woody biomass, agricultural residues and sewage 
sludge [33,34], in which much studies were about surplus 
sludge and agricultural and forestry waste [35–37], how-
ever, the preparation of BC using fruit peel [38–40] or using 
both biomass and sewage sludge [33,41,42] and the removal 
of heavy metals with this kind of BC were worth studying 
further.

The yield of banana and plantain in the world was 
estimated to reach more than 1.5 × 108 tons in 2018 [43], 
and the total banana output reached 11.22 million tons in 
2018 in China. Generally, the peel of banana accounts for 
around 30%–50% of the total weight of banana [43,44]. In 
addition, according to China Statistical Yearbook of Urban 
Construction from 1978 to 2018, the total amount of dry 
sludge in China reached around 10.54 million tons in 2017. 
With the economy development and improvement of peo-
ple’s living standards, the output of banana peel and sludge 
increase rapidly, causing a huge crisis to the environment. 
The main components of banana peel include pectin, 

cellulose, hemicellulose, lignin, etc., and there were many 
active groups in these components having a large amount of 
hydroxyl and carboxyl which can be combined with pollut-
ants in water and soil by various actions, such as chelating, 
coordinating, complexing and hydroxyl bonding, etc. So the 
banana peel has great value in eliminating pollutants. As for 
the preparation of BC using sewage sludge, there were lots 
of studies have been conducted for a long time [45–47].

Based on the current large output of both banana peel 
and sludge and their harm to the environment, the research 
on BC preparation from these two wastes is more realis-
tic, and also is one of important methods in removing pol-
lutants from water and soil. In the BC preparation, most 
substances can be utilized fully: cellulose, polysaccharide, 
lignin and other components in the peel of banana, and the 
carbonaceous and other elements and heat value in the sew-
age sludge, deserving further study with great application 
value. At present, extensive research is being carried out on 
banana peel in various fields worldwide, involving adsorp-
tion [48–50], coagulation [51–53], renewable energy [43,54], 
etc. As for the sludge, more and more application research 
is being developed in the field of water and wastewater 
treatment [46–55]. The banana peel and sewage sludge were 
used as raw materials to prepare BC in this work due to their 
abundance and low cost.

In this work, banana peel biochar (BPBC), sludge bio-
char (SBC) and mixed waste biochar (MWBC) were pre-
pared using the peel of banana and sewage sludge, and 
some MWBC were leached by HCl to make an acid-leached 
MWBC (H-MWBC). Then the characteristics of MWBC was 
studied with Brunauer–Emmett–Teller (BET), scanning elec-
tron microscopy (SEM), Fourier-transform infrared spec-
troscopy (FTIR), and zeta potential, respectively, compared 
with that of SBC and BPBC, and the difference of charac-
teristics between MWBC and H-MWBC before and after 
adsorbing heavy metals (Pb(II), Cu(II) and Zn(II)) was also 
studied. And then the adsorption performance and adsorp-
tion kinetics of MWBC for the above heavy metals were 
probed with atomic absorption spectrometer, and adsorp-
tion mechanism was also analyzed. This work explores a 
feasible and realistic way for the recycling of the two solid 
wastes and the developing of comprehensive biochars.

2. Materials and methods

2.1. Preparation of BC

2.1.1. Preparation of MWBC, SBC, BPBC and H-MWBC [56]

Some dry banana peel (Hainan, China) and sewage 
sludge (Jinan, China) were obtained after natural drying in 
sunshine for 72 h, respectively, and then were further dried 
in oven for 12 h at 105°C by GZX-9140MBE Electric Heat 
Forced Air Drying Oven (Shanghai Boxun, China). After 
that, they were smashed with CS-700 COSUAI High Speed 
Multi-function Pulverizer (Zhejiang, China) to make peel 
powder and sludge powder, respectively. Finally, the peel 
powder and sludge powder passed through the mesh screen 
with 100 mesh to obtain the sifted materials, respectively.

Preparation of MWBC. The peel powder and sludge pow-
der were mixed up at a ratio of 1:1, and then was pyrolyzed 
in SX2-8-16 High Temperature Box Resistance Furnace 
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(Longkou Electric Furnace Factory, China) with the follow-
ing conditions: heating rate was 15°C/min, and final tem-
perature was controlled 400°C for 120 min. A black granular 
MWBC was obtained, and then was crushed and sealed.

Preparation of SBC and BPBC. The peel powder and sludge 
powder were respectively pyrolyzed under the same con-
ditions as MWBC. A black granular SBC and BPBC were 
obtained, and then were crushed and sealed, respectively.

Preparation of H-MWBC. 0.4 L HCl solution (1 mol/L, 
analytical grade) was introduced rapidly into 2 g MWBC 
under medium stirring for 24 h at room temperature, fol-
lowed by several times of rinsing to make the pH of rins-
ing water stable, and was then filtrated and dried. A black 
granular H-MWBC was obtained, and then was crushed and 
sealed.

2.1.2. Preparation of MWBC and H-MWBC 
after adsorbing heavy metals

The three test water samples of heavy metals (Pb(II), 
Cu(II) or Zn(II)) were made as follows, respectively. 1.599 g 
PbNO3 or 3.969 g CuSO2·5H2O was dissolved in a certain 
amount of deionized water under stirring, respectively, in 
which 10 mL HNO3 solution (w(HNO3) = 65%–68%, ana-
lytical grade) was added to PbNO3 solution. After that, 
the PbNO3 or CuSO2 solution was adjusted to 1,000 mL to 
obtain the Pb(II) stock solution and Cu(II) stock solution, 
respectively. 1 g solid zinc (w(Zn) = 99.9%) was dissolved 
in 50 mL HCl solution (2 mol/L, analytical grade), and then 
was adjusted to 1,000 mL to obtain a Zn(II) stock solution. 
A certain amount of the three stock solutions were diluted 
to 200 ± 5 mg/L as the initial concentrations, and then the 
pH was respectively adjusted to 1.97–2.04, 4.01–4.05 and 
4.01–4.05 (determined according to the relevant test results) 
using HCl solution (w(HCl) = 36%, analytical grade) or 
NaOH solution (2 mol/L, analytical grade), used as the test 
water samples.

Six 250 mL conical flasks were used for the adsorp-
tion tests, in which the three for MWBC, and the other 
three for H-MWBC. In the adsorption tests, 100 mL of the 
test water samples were first introduced into the conical 
flasks, respectively. And then a certain dosage of MWBC 
and H-MWBC were respectively added to the test water 
samples for the adsorption tests which were carried out 
on SPX-250B-D constant temperature culture oscillation 
chamber (Changzhou Guowang). The dosage of MWBC 
and H-MWBC in each flask was selected as 5 g/L accord-
ing to the relevant test results in the following section 3.2.1. 
And the adsorption temperature, oscillator frequency and 
adsorption time were selected as 25°C, 160 rad/min and 
120 min, respectively. After the adsorption processes, the 
vacuum filtration was conducted for each sample, and 
then each filtration residue was rinsed three times with 
deionized water, respectively. And then each filtration 
residue rinsed was dried in GZX-9140 MBE Electric Heat 
Forced Air Drying Oven (Shanghai Boxun, China) for 12 h 
at 105°C and passed through mesh screen with 200 meshes 
to obtain the “MWBC or H-MWBC after adsorbing heavy 
metals”, respectively, and finally sealed after crushed. 
The “MWBC after adsorbing heavy metals” was recorded 
as MWBC + Pb(II), MWBC + Cu(II), and MWBC + Zn(II) 

and the “H-MWBC after adsorbing heavy metals” was 
recorded as H-MWBC + Pb(II), H-MWBC + Cu(II) and 
H-MWBC + Zn(II), respectively.

2.2. Characterization of BC

2.2.1. Specific surface area and pore structure 
with BET method

V-Sorb 2800P BET Analyzer (Beijing Jinaipu Technology 
Co., Ltd., China) was used to analyze the specific sur-
face area and pore structure of MWBC, SBC and BPBC, in 
which varies porous area and distribution, volume and 
distribution, and adsorption capacity were analyzed with 
single-point/multi-point BET, T-graph and Barrett–Joyner–
Halenda (BJH) methods, respectively.

2.2.2. Functional groups with FTIR method

The FTIR spectra of MWBC, SBC, BPBC, and H-MWBC 
were analyzed with Nicolet IS10 Fourier Transform Infrared 
Spectrometer (Nicolet, USA) under 10 MPa, and 400–
4,000 cm−1 with a resolution of 4 cm−1. And the FTIR spec-
tra of MWBC and H-MWBC after adsorbing heavy metals 
(Pb(II), Cu(II) and Zn(II)) were also studied, in which the 
adsorption tests were the same as Section 2.1.2. Three runs 
were performed, and the results represented the averages 
of the tests.

2.2.3. Surface morphology with SEM method

The surface morphology of MWBC, SBC, BPBC, and 
H-MWBC were analyzed by QUANTA FEG 250 Field emis-
sion Scanning Electron Microscope (FEI, USA) at 10,000 
(scale bar of 5 µm) times magnification, 10 kV accelerating 
voltage and 5 nm resolution, respectively. And the sur-
face morphology of MWBC and H-MWBC after adsorbing 
heavy metals (Pb(II), Cu(II) and Zn(II)) were also studied, 
in which the adsorption test was the same as Section 2.1.2 – 
Preparation of MWBC and H-MWBC after adsorbing heavy 
metals.

2.2.4. Characteristics of charge with zeta potential method

Some MWBC, SBC, BPBC, and H-MWBC were passed 
through the mesh screen with 200 mesh to obtain sifted 
materials, respectively. 5 g sifted materials of the above 
BC were added to 100 mL deionized water and then put 
in KQ-500DE CNC Ultrasonic Cleaner (Shanghai Suiou, 
China) for dispersing 30 min, respectively. And then a 
Zetasize Nano ZS 90 Malvern Laser Particle Size Analyzer 
(Malvern, UK) was used to analyze the zeta potential 
of the dispersing samples. Likewise, the zeta potential 
of MWBC and H-MWBC after adsorbing heavy metals 
(Pb(II), Cu(II) and Zn(II)) were also studied using the same 
method. Each sample was measured 3 times in parallel, 
and the results represented the averages of the tests.

2.3. Adsorption behavior of BC for heavy metals 
with atomic absorption method

Both the test water samples and adsorption tests were 
the same as Section 2.1.2 – Preparation of MWBC and 
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H-MWBC after adsorbing heavy metals, in which the ini-
tial concentrations of Pb(II), Cu(II), and Zn(II) were all 
200 ± 20 mg/L, the pH was 1.97–2.04 for Pb(II), and 4.01–4.05 
for both Cu(II) and Zn(II).

After the adsorption processes, a certain amount of 
samples were taken out and were allowed to stand for 
3–5 min, and followed by a filtration with a 0.45 µm fil-
ter membrane to obtain Pb(II), Cu(II), and Zn(II) filtrates, 
respectively. Pb(II), Cu(II), and Zn(II) concentrations in the 
filtrates were measured with TAS-990 Atomic Absorption 
Spectrophotometer (Beijing General Instruments, China), 
respectively. Finally, the adsorption efficiency was calcu-
lated according to the difference of the heavy metal levels 
before and after adsorption processes, and the adsorp-
tion capacity was calculated according to the concentra-
tion difference and dosage. Each sample was measured 
three times in parallel, and the results represented the 
averages of the tests.

2.3.1. Influence of adsorption factors on 
MWBC adsorption behavior for heavy metals

The factors mainly included the pH values of test water 
samples, adsorption time, MWBC dosage, adsorption tem-
perature and heavy metal concentrations, in which the 
MWBC dosage was selected as 5 g/L except for the test of 
“dosage”, and the adsorption temperature was selected as 
25°C except for the test of “adsorption temperature”.

The pH values of test water samples: the pH values were from 
1.7 to 6, and the adsorption time was selected as 24 h.

Adsorption time: the adsorption time was from 0 to 
480 min.

Dosage: the dosage of MWBC was from 1 to 9 g/L, and 
the adsorption time was selected as 120 min.

Adsorption temperature: the adsorption temperature was 
from 10°C to 50°C, and the adsorption time was selected as 
120 min.

Initial concentration of heavy metals: the initial concentra-
tion of Pb(II), Cu(II), and Zn(II) were all from 10 to 500 mg/L, 
the adsorption time was selected to be 120 min, and the 
MWBC dosage was selected to be 5 or 7 g/L, respectively.

2.3.2. Adsorption behavior of MWBC, SBC, BPBC and 
H-MWBC for heavy metals

The adsorption temperature and adsorption time were 
selected as 25°C and 120 min, respectively.

Comparison of adsorption performance between MWBC, 
SBC and BPBC: Cu(II) was selected as the metal ion, and 
the dosage was from 1 to 9 g/L.

Comparison of adsorption performance between MWBC 
and H-MWBC: The dosage was selected as 5 g/L, and 
the adsorption time was set to be 120 min.

2.4. Adsorption kinetics of MWBC for heavy metals

According to the test results in Section 2.3.1 – Influence of 
adsorption factors on MWBC adsorption behavior for heavy 
metals, the linear fitting processes of MWBC adsorption for 
the above heavy metal ions were carried out by using the 
pseudo-first-order kinetic Eq. (1) and pseudo-second-order 
kinetic Eq. (2) [57], respectively.

ln lnQ Q Q K tm t m−( ) = − 1  (1)

t
Q K Q

t
Qt m m

= +
1

2
2  (2)

where K1 and K2 are the pseudo-first-order and pseudo- 
second-order adsorption rate constants, t is the adsorption 
time, and Qt and Qm are the adsorption capacity at t and 
equilibrium states, respectively. During the linear fitting 
processes, t was used as the abscissa for Eqs. (1) and (2), and 
ln(Qm – Qt) and t/Qt were used as the ordinates in Eqs. (1) 
and (2), respectively.

3. Results and discussion

3.1. Characterization of BC

3.1.1. Specific surface area and porous structure

The relevant results obtained from the BET analysis of 
MWBC, SBC, and BPBC are summarized in Table 1. The 
specific surface area of MWBC was basically equivalent 
to the sum of the surface area of SBC and BPBC, and was 
almost 2.36 times that of SBC and 1.60 times that of BPBC, 
respectively. MWBC and BPBC almost gave no microp-
ore structures, and SBC had a little micropore structures. 
The total pore volume, adsorption or desorption volume 
of MWBC was almost similar to that of BPBC, but smaller 
than that of SBC. As displayed in Table 1, MWBC posed 
much smaller average pore diameter than SBC or BPBC, 
but had similar adsorption/desorption pore diameter 
to BPBC or SBC. Therefore, it can be preliminarily esti-
mated that MWBC’s adsorption for heavy metals maybe 
mainly relies on the adsorption sites on its larger surface 
area, while only assisted by the adsorption of pore struc-
tures, which was consistent with the saturated adsorption 
amount of the multi-point BET single layer (Table 1), and 
also with the following test results about characterization 
(Figs. 1–3) or adsorption behavior (Figs. 4–6).

3.1.2. Functional groups

Fig. 1 presents the comparison of FTIR spectra between 
MWBC, H-MWBC, SBC and BPBC (Fig. 1a), and between 
MWBC and H-MWBC before and after adsorbing heavy 
metals (Fig. 1b and c). To make the changes in the FTIR 
spectra of BC before and after adsorbing heavy metals 
clearer, the FTIR spectra of both MWBC and H-MWBC 
before adsorbing heavy metals were also displayed again 
in Fig. 1b and c.

As shown in Fig. 1, MWBC appeared to be a kind of 
typical aromatic ring characteristics consisting of a series of 
peaks of 3,412–3,455 cm–1, 1,421–1,443 cm–1, 693–878 cm–1, 
and 1,622–1,623 cm–1. Generally, BC changes from soft 
materials to hard substance during its preparation pro-
cess. During this process, the alkalinity of carbonaceous 
substance and the amount of both ash and carbon-type 
substance will increase, and the aromatic properties will 
be enhanced, what’s more, the addition of the banana peel 
(as one type of biomass) reinforced the aromatic properties 
[58–60].
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As seen in Fig. 1, the skeleton structure of MWBC was 
more similar to that of SBC, but, the corresponding rela-
tionships of the amount of functional groups between 
MWBC and BPBC/SBC was complex: some in MWBC were 
similar to that in SBC, while the others were the superpo-
sition of SBC and BPBC. This further inferred that some 
essential changes occurred in MWBC structures, so MWBC 
was a complex combination of SBC and BPBC, instead of a 
simple mixture of the two, which was consistent with the 
inference in Section 3.1.1.

For H-MWBC, the peak of 1,421–1,443 cm–1 disappeared 
and the intensity of the other peaks were also weakened 
due to the reaction between acid and some substances in 
MWBC, weakening the aromatic characteristics. Compared 
with MWBC, the asymmetry of some both molecules and 

structures in H-MWBC was weakened, or the number of 
hydrogen bonds was reduced, but the half-peak width of 
some individual peaks were slightly increased (such as 
1,622–1,623 cm–1 and 3,412–3,455 cm–1), that is, the above 
phenomena occurring at some peaks was a little opposite. 
In a word, compared with MWBC, the skeleton structure of 
H-MWBC almost gave no change, but the internal structures 
and surface properties have changed.

The strong absorption peak at 3,412–3,455 cm–1 can be 
mainly attributed to the stretching vibration of the hydro-
gen bond formed by hydroxyl group (–OH) on the carbon 
surface [61,62]. For MWBC, the intensity of 3,412–3,455 cm–1 
was MWBC + Cu(II) > MWBC + Pb(II) > MWBC > MWBC + 
Zn(II), and this peak gave a narrower width in “MWBC 
after adsorbing metals” than in MWBC. This suggested that 

 

 
Fig. 1. Comparison of FTIR spectra between (a) MWBC, SBC, BPBC and H-MWBC, (b) MWBC before and after adsorbing heavy 
metal ions and (c) H-MWBC before and after adsorbing heavy metal ions.

Table 1
Comparison of specific surface area, pore volume and size between MWBC, SBC and BPBC

Biochar Multi-point/
single-point BET 
specific surface 
area (m2/g)

T-plot 
micropore 
specific 
surface 
area (m2/g)

Total pore 
volume 
(mL/g)

BJH adsorption/
desorption pore 
volume (mL/g)

Average 
pore 
diameter 
(nm)

BJH mesopore 
adsorption/
desorption average 
pore diameter (nm)

Multi-point BET 
single-layer 
saturated 
adsorption 
capacity Vm (mL)

MWBC 3.539/3.372 0.00 0.0885 0.0973/0.0961 99.98 31.40/26.28 0.813
SBC 1.497/1.443 0.582 0.1846 0.2159/0.2106 493.3 30.70/31.24 0.344
BPBC 2.208/1.988 0.000 0.0806 0.0919/0.0925 146 31.32/27.93 0.507

MWBC: Mixed waste biochar; SBC: Sludge biochar; BPBC: Banana peel biochar.
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the hydrogen bonds on the carbon surface of MWBC gave 
the strongest adsorption ability for Zn(II) and the weakest 
for Cu(II). Moreover, the adsorption of MWBC for Zn(II) 
almost exceeded the normal adsorption ability of hydrogen 
bonds, that is, the chemical adsorption may be accompanied 
by physical adsorption in MWBC. While for H-MWBC, the 
hydrogen bonds gave the strongest adsorption for Pb(II) and 
the weakest for Zn(II), moreover, the intensity of the peaks 
in “H-MWBC after adsorbing metals” were all lower than 
that in MWBC.

2,848–2,927 cm–1 can be assigned to the stretching vibra-
tion of C–H or C–CH groups [63]. This bond made some 
contribution to the adsorption of MWBC for metals, while 
almost having no any contribution to H-MWBC in absorb-
ing metals. 1,622–1,623 cm–1 can be corresponded to the 
shear vibration of hydroxyl group (–OH). Combined with 
1,421~1,443 cm–1, this peak can also be attributed to the 
vibration absorption peak of C=C skeleton. This peak inten-
sity in MWBC was far greater than that in H-MWBC, indi-
cating that the amount of hydroxy groups on the surface of 
MWBC was greater than that on H-MWBC. In addition, the 
peak at 1,622–1,623 cm–1 was slightly split in MWBC, indi-
cating that MWBC probably contained some amino bonds 
(–NH2). For MWBC, the peak intensity of 1,622–1,623 cm–1 

was MWBC + Cu(II) > MWBC + Pb(II) = MWBC > MWBC + 
Zn(II), also suggesting that the hydrogen bonds in MWBC 
gave the strongest adsorption for Zn(II) and the weakest for 
Cu(II). While for H-MWBC, just like the hydrogen bonds 
located on the carbon surface, the peak at 1,622–1,623 cm–1 
gave quite weaker adsorption for Zn(II) and had no 
adsorption for both Cu(II) and Pb(II), so, there almost had 
no any change in the intensity of this peak in “H-MWBC 
before and after adsorbing metal ions”. The peaks at 
1,421–1,443 cm–1 and 1,622–1,623 cm–1 may be assigned to 
the stretching vibration of C–N [61] or to the stretching 
vibration of C=C skeleton vibrational absorption. The dif-
ferent changes in 3,412–3,455 cm–1 and 1,622–1,623 cm–1 in 
both MWBC and H-MWBC after adsorbing metals further 
indicated that the chemical adsorption of the hydrogen 
bonds and hydroxyl groups in MWBC was much stronger 
than that in H-MWBC. Moreover, the hydroxy groups in 
H-MWBC almost gave no chemical adsorption for Cu(II) 
and Pb(II), only giving weak absorption for Zn(II).

The peaks at 1,023–1,037 cm–1 originated from the stretch-
ing vibration of C–O [64] or the characteristic peak of Si–O. 
The intensity changes in this peak indicated that the C–O 
bonds in MWBC almost gave the similar adsorption for 
Zn(II) and Pb(II), all greater than that for Cu(II), while the 
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Fig. 2. Comparison of surface morphology between (a) BC (10,000×), (b) MWBC after adsorbing heavy metals (10,000×) and 
(c) H-MWBC after adsorbing heavy metals (10,000×). (a1) SBC, (a2) BPBC, (a3) MWBC and (a4) H-MWBC; (b1) MWBC + Pb(II), 
(b2) MWBC + Cu(II) and (b3) MWBC + Zn(II); (c1) H-MWBC + Pb(II), (c2) H-MWBC + Cu(II) and (c3) H-MWBC + Zn(II).
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C–O bonds in H-MWBC had the strongest adsorption for 
Cu(II) and the weakest for Zn(II), almost having no adsorp-
tion for Pb(II).

693–878 cm–1 can be attributed to the stretching vibra-
tion of C–H or out-of-plane bending vibration of C–H in 
aromatic ring or out-of-plane bending vibration of O–H. 
For MWBC, this peak appeared to have complex action 
during adsorbing metal ions. This peak became wider in 
MWBC + Cu(II), indicating that the number of this peak 
increased after adsorbing Cu(II), that is, this bond gave 
some adsorption for Cu(II). This peak almost disappeared 
after MWBC adsorbing Zn(II) and Pb(II), also indicating 
that some chemical adsorption occurred, that is, C–H and 
O–H had adsorption for both Zn(II) and Pb(II). But for 
H-MWBC, the bond at peak of 693–878 cm–1 almost gave no 
any adsorption for metals.

3.1.3. Surface morphology

Fig. 2 presents the comparison of SEM images among 
SBC, BPBC, MWBC and H-MWBC (Fig. 2a), and between 
MWBC (Fig. 2b) and H-MWBC (Fig. 2c) before and after 
adsorbing heavy metal ions.

Generally, BC is a type of densely packed and twisted 
structure mainly composed of aromatic sheet. As shown 

in Fig. 2a, SBC (Fig. 2a1) was mainly composed of a large 
amount of uniform pore structures, planar-like structures 
having smaller surface area with less pores, and disor-
dered structures. BPBC (Fig. 2a2) consisted of flocculent 
lamellar structures having smaller surface area with less 
pores and fluffy structures having a larger surface area 
with more pores. Some uniform porous surface in BPBC 
with diameter which was significantly larger than that in 
SBC and MWBC were distributed in the above fluffy struc-
tures. The surface morphology of MWBC (Fig. 2a3) gave 
large difference from that of H-MWBC (Fig. 2a4): MWBC 
(Fig. 2a3) mainly consisted of more disordered struc-
tures, less pore structures and sheet structures, and pla-
nar structures, in which lots of disordered ditch-like struc-
tures with larger diameters were distributed.

However, the surface structure of H-MWBC changed 
greatly after acid leaching (Fig. 2a4). H-MWBC appeared to 
be a type of much looser structure consisting of more pore 
structures with various sizes, less disordered structures 
and planar-like surface structures. There appeared to be 
lots of pore structures in H-MWBC, mainly because MWBC 
was mainly a kind of hydroxyl-based carbon skeleton mate-
rial (Fig. 1) composed of inorganic, organic substances, ash, 
etc., so, H+ reacted with these substances to generate some 
soluble substances. After the soluble substances entered 

Fig. 3. Comparison of zeta potentials between (a) MWBC, SBC, BPBC and H-MWBC, (b) MWBC before and after adsorbing 
heavy metal ions, and (c) H-MWBC before and after adsorbing heavy metal ions.
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to the acid solution (used for acid leaching), a type of net-
work-like carbonaceous structure composed of relatively 
loose acid-insoluble solids was left. Fig. 2 showed that the 
surface area of H-MWBC should be much larger than that 
of MWBC.

After adsorbing Pb(II), Cu(II) or Zn(II), the surface mor-
phology of MWBC was very different from that of H-MWBC. 
After adsorbing heavy metal ions, MWBC (Fig. 2b) appeared 
to be a large number of pore structures (Fig. 2b), while 
lots of pore structures in H-MWBC (Fig. 2c) were filled.

As seen in Fig. 2b, after adsorbing Pb(II), Cu(II) 
and Zn(II), MWBC gave both similar and different sur-
face morphology characteristics. The similarity was that 
MWBC + Pb(II), MWBC + Cu(II) and MWBC + Zn(II) all 
exhibited more porous structures, because the acidity 
increased during the process of adsorbing heavy metals, 
which was similar to the acid leaching process (Fig. 2a4). 
The difference was as follows. The surface morphology 
of MWBC + Pb(II) appeared to be some pore structures 
which have been filled or unfilled and some larger pla-
nar structures, on which some adsorbates could be clearly 
observed. The filled pore structures were probably caused 
by the following two reasons: (1) the pore structures 
were filled by heavy metal substances, and (2) the acid-
ity of the Pb(II) solution was not enough to completely 
remove the substances in the pores that could react with 
the acid or not enough to completely wash away the orig-
inal ash substances in the pores. The surface morphology 
of both MWBC + Cu(II) and MWBC + Zn(II) presented to 
be more porous structures: more adsorbates appeared to 
be particulate substances in the former and flocculent sub-
stances in the latter. While for H-MWBC (Fig. 2c), the sur-
face morphology changed greatly after adsorbing heavy 
metals, basically was composed of more pore structures 
(had been filled), disordered structures, less pore struc-
tures (unfilled) and less planar structures.

3.1.4. Charged characteristics

Fig. 3 displays the comparison of the change in the 
charged characteristics between MWBC, SBC, BPBC and 
H-MWBC (Fig. 3a), and between MWBC (Fig. 3b) and 
H-MWBC (Fig. 3c) before and after adsorbing heavy metals.

As seen in Fig. 3a, MWBC, SBC and BPBC were all neg-
atively charged. SBC had more negatively charged particles 
than MWBC and gave slightly lower intensity of negatively 
charged particles than that of MWBC. BPBC gave less neg-
atively charged particles and lower intensity than MWBC. 
The amount of negative charges in MWBC was not a sim-
ple addition of that of SBC and BPBC. Pb(II), Zn(II) and 
Cu(II) are positive divalent ions, so, the above-mentioned 
biochars had electrostatic adsorption for metal ions, thus 
leading to some reduction of zeta potentials of BC after 
adsorbing metal ions. As also seen from Fig. 3a, the zeta 
potential of MWBC was from –80 to –10 mV, almost concen-
trating around –60 – –40 mV, in which the span of the zeta 
potential distribution was wider, that is, there were more 
particles having large negative potential. The zeta poten-
tial of H-MWBC was from –60 to –0 mV, almost concentrat-
ing around –40 – –20 mV, in which there were less parti-
cles having large negative potential. This can be explained 
as follows. (1) As seen from both FTIR (Fig. 1) and SEM  

(Fig. 2), MWBC was mainly a type of a hydroxyl-based 
carbon skeleton material which consisted of inorganic, 
organic substances, ash, etc., some of which negatively 
charged (Fig. 3a) reacted with much H+ in acid solution 
during the acid leaching process, leading to that the dis-
solved substances entered into the acid solution and the 
acid-insoluble substances remained in the carbonaceous 
solid, causing a right shift of the zeta potential during the 
changing process from MWBC to H-MWBC. (2) The addition 
of the banana peel prompted the further formation of net-
work-like structures in H-MWBC (composed of acid-insoluble 
substances) which was much looser than that in MWBC.

The zeta potential of both MWBC (Fig. 3b) and 
H-MWBC (Fig. 3c) after adsorbing heavy metals shifted 
to the right due to the electrostatic neutralization/adsorp-
tion, but the right shift amplitude of the former was much 
larger than that of the latter, suggesting that the electro-
static neutralization/adsorption played a larger role in 
MWBC for adsorbing heavy metals, which was consistent 
with the previous analysis (Figs. 1 and 2). For MWBC 
(Fig. 3b), the right shift amplitude was the largest and 
the number of the particles charged higher potential was 
also the greatest after adsorbing Pb(II), but almost giving 
a similar right shift amplitude in Cu(II) and Zn(II), how-
ever, the number of the particles charged higher potential 
after adsorbing Zn(II) was obviously less than that after 
adsorbing Cu(II), further suggesting that MWBC gave the 
strongest chemical adsorption for Zn(II) and the weakest 
for Cu(II). As also seen in Figs. 3b and c, the number of the 
particles charged higher potential was MWBC + Pb(II) > 
MWBC + Zn(II) > MWBC + Cu(II), while basically the same 
in H-MWBC + Cu(II) as that in H-MWBC + Zn(II). This 
suggested that the neutralization/adsorption function in 
H-MWBC for adsorbing heavy metals decreased, and the 
selectivity in adsorbing heavy metals also reduced, com-
pared with that in MWBC.

3.2. Adsorption behavior of BC for heavy metal ions

3.2.1. Adsorption behavior of MWBC

Fig. 4 shows the impact of different factors (Fig. 4a: pH; 
Fig. 4b: adsorption time; Fig. 4c: dosage; Fig. 4d: adsorption 
temperature; Fig. 4e and f: concentration of heavy metal ions, 
and dosage was 5 g/L in Fig. 4e and 7 g/L in Fig. 4f) on the 
adsorption behavior of MWBC for Pb(II), Cu(II) and Zn(II), 
respectively.

PH is closely related to the chemical behavior of aque-
ous solutions, such as hydrolysis, complexation, precipita-
tion and oxidation of heavy metal ions, and also related to 
the properties of adsorption sites on biochar surface and 
the affinity between biochars and heavy metal ions, so pH 
is one of the important factors influencing the adsorption 
result and behavior mode of biochars for heavy metal ions.

As seen in Fig. 4a, MWBC had different adsorption 
behavior for different metal ions within the experimental 
pH ranges (flocs will be formed if the pH is higher than the 
values in this experiment). The preferred pH values were 
2–4, 4–5 and 4–5 for Pb(II), Cu(II) and Zn(II) respectively, 
which were consistent with the original pH of the test water 
samples, so, 2–4, 4–5 and 4–5 were used as the pH values 
of the following experiments. When the water sample pH 
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changed from the initial lowest values (Fig. 4a: 1.71–2.04) to 
the preferred values (Fig. 4a: 2, 4 or 4), MWBC gave a larger 
changes in the adsorption capacity and efficiency for Pb(II) 
and Zn(II) (the lower the dosage, the greater the change) and 
a smaller changes for Cu(II), indicating that MWBC adsorp-
tion had large sensitivity to the acidity changes in Pb(II) and 
Zn(II) solutions and a small sensitivity to Cu(II) solution’s 
acidity. When the original pH of the water samples were 
2, 4, and 4, the adsorption capacity of MWBC for Pb(II), 
Cu(II) and Zn(II) were almost the same, with 40.1, 40 and 
39.6 mg/g respectively, all the adsorption efficiency almost 
reaching 100%.

The adsorption capacity of MWBC for Cu(II) and Zn(II) 
basically remained stable with the increasing of pH, except 
for Pb(II) (first increased and then decreased). This was 

because MWBC gave different adsorption mode for differ-
ent metal ions at different pH. When the pH was at acid 
side, the heavy metals basically existed as soluble ions, such 
as Pb2+, Cu2+ or Zn2+, respectively. It is generally believed 
that H+ was dominant competitively in adsorption process 
compared with metal ions at this moment [64], resulting in 
lower adsorption of MWBC for metal ions, which was con-
sistent with the FIIR spectra (Fig. 1a): the surface functional 
groups were weak base in MWBC, giving stronger adsorp-
tion for H+ having the smallest radius of hydrated ions (RH

+ 
hydration = 2.82) in stronger acidity and giving weaker 
adsorption for metal ions having larger hydrate ion radius 
[65]. As the pH increased, the following situation occurred. 
(1) Protonation reaction occurred on the surface functional 
groups in MWBC, so, the electronegativity of MWBC was 

 

 

 
Fig. 4. Impact of (a) pH, (b) adsorption time, (c) dosage, (d) adsorption temperature, (e) concentration of heavy metal ions 
(dosage = 5 g/L), and (f) concentration of heavy metal ions (dosage = 7 g/L) on adsorption behavior of MWBC for Pb(II), 
Cu(II) and Zn(II).
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weakened and the potential density was decreased, thus 
leading to an increasing of the adsorption for metal ions. The 
amount of [Pb(OH)]+, [Cu(OH)]+ or [Zn(OH)4]2– in the water 
samples increased due to the increase of pH at the same time, 
leading to an electrostatic complex adsorption of MWBC for 
[Pb(OH)]+, [Cu(OH)]+ or [Zn(OH)4]2–. (2) MWBC also posed 
physical adsorption for metal ions: MWBC probably have 
more macro-porous and trench-like structures having differ-
ent diameters which were dispersed in its adsorption sites 
brought about by its larger surface area, which prompted 
quick transmission of heavy metal ions through the above 
macro-porous and trench-like structures (Figs. 1 and 2).

As seen in Fig. 4b, the adsorption capacity and efficiency 
increased with the increasing of adsorption time. For Pb(II), 
Cu(II) and Zn(II), the adsorption capacity reached 32.1, 38.2 
and 33.9 mg/g at 120 min, and 37.1, 39.7 and 38.9 mg/g at 
480 min respectively, and the adsorption efficiency reached 
79.9%, 95.9% and 85.2% at 120 min, and 92.5%, 99.7% and 
97.7% at 480 min respectively. According to the difference 
of adsorption capacity and efficiency between 120 and 
480 min, it could be seen that the adsorption rate of MWBC 
for metal ions was Cu(II) > Zn(II) > Pb(II), giving the lowest 
speed for Pb(II) and almost completing the adsorption for 
Cu(II) within 120 min.

As shown from Fig. 4c, the adsorption efficiency 
increased with the increasing of dosage, and the adsorp-
tion efficiency all reached a stable value of 100% at dos-
age 7 g/L. The dosage of MWBC was 7, 3 and 3 g/L when 
reaching the maximum adsorption capacity of 28.4, 40 and 
31 mg/g for Pb(II), Cu(II) and Zn(II), respectively, indicat-
ing MWBC gave the smallest adsorption capacity for Pb(II) 
and the largest for Cu(II) at the same dosage. Fig. 4d shows 
that when the adsorption temperature was lower than 25°C, 
the adsorption capacity for the three metal ions all increased 
slightly with the increasing of temperature. When the 
temperature was higher than 25°C, the adsorption capac-
ity for Pb(II) decreased and for Cu(II) and Zn(II) increased, 
indicating that MWBC had larger sensitivity to the tempera-
ture of Pb(II) solution than that of Cu(II) and Zn(II), and 
moreover MWBC was not suitable for higher temperature 
of Pb(II) solution.

As seen from Figs. 4e and f, with increasing the con-
centration of metal ions, the adsorption efficiency first 
increased and then decreased, and the adsorption capac-
ity almost increased first and then tended to be stable. 
For lower concentrations, the adsorption capacity was lower 
for water samples, consisting with the characteristics of gen-
eral adsorbents. With the increasing of concentrations, the 
order of metal ions MWBC gave higher adsorption capac-
ity was Pb(II) > Cu(II) > Zn(II), and the decreasing inflection 
point of the adsorption efficiency moved backward when 
MWBC dosage ranged from 5 g/L (Fig. 4e) to 7 g/L (Fig. 4f). 
Among them, the metal ion concentrations of Pb(II), Cu(II) 
and Zn(II) at which MWBC gave higher adsorption effi-
ciency moved from 20–80 mg/L (dosage of 5 g/L) to 10 and 
50–350 mg/L (dosage of 7 g/L), 10–20 and 80–160 mg/L 
(5 g/L) to 120–150 mg/L (7 g/L), and 10 and 80–160 mg/L 
(5 g/L) to 10–200 mg/L (7 g/L), respectively. From the suit-
able concentration ranges for MWBC to adsorb the three 
metal ions, Cu(II) had the wider concentration range than 
Cu(II) and Zn(II) at dosage 5 g/L, while Pb(II) and Cu(II) 

had the widest and narrowest concentration ranges at dos-
age 7 g/L, respectively. So, from the adsorption efficiency, 
Pb(II) concentration range for MWBC to adsorb effectively 
became wider with the increasing of dosage, while Cu(II) 
became narrower.

As also seen from Figs. 4e and f, with the increasing 
of metal concentrations, the metal concentrations at which 
MWBC began to decrease in adsorption capacity for Pb(II), 
Zn(II) and Cu(II) was as follows. (1) 5 g/L: none (that is, con-
tinuously increasing), none (that is, continuously increasing) 
and 200 mg /L, respectively. (2) 7 g/L: 350, 350 and 250 mg/L. 
That is, the maximum adsorption capacities of MWBC for 
Pb(II), Cu(II) and Zn(II) were 54.9, 47 and 34 mg/g at dos-
age 5 g/L, 48.9, 40.1 and 32 mg/g at dosage 7 g/L, in which 
the maximum adsorption capacity for both Pb(II) and 
Cu(II) occurred at 500 mg/L concentration, while Zn(II) 
at 200–250 mg/L concentration. Therefore, from adsorp-
tion capacity, MWBC can effectively adsorb the narrowest 
concentration range for Zn(II), but can effectively adsorb 
a wider concentration range for both Pb(II) and Cu(II). At 
the same time, the higher dosage of MWBC had negative 
influence on higher concentration of Pb(II) and Cu(II). So, 
when MWBC was used to remove Pb(II) and Cu(II), both 
dosage and metal concentration should be taken into 
account, while for Zn(II), metal concentration was enough.

3.2.2. Comparison of adsorption behavior between MWBC, 
SBC, BPBC and H-MWBC

Fig. 5 displays the comparison of adsorption behavior 
between MWBC, SBC and BPBC for Cu(II) (Fig. 5a), and 
MWBC and H-MWBC for Pb(II), Cu(II) and Zn(II) (Fig. 5b), 
respectively.

As seen from Fig. 5a, the adsorption effect of MWBC for 
Cu(II) was better than that of BC made from the raw mate-
rials (SBC or BPBC), respectively, but not a simple addition 
of SBC and BPBC, further demonstrating that MWBC was 
not a simple mixing of sludge and banana peel. Compared 
with MWBC, H-MWBC showed a large decrease in adsorb-
ing Pb(II), Cu(II) and Zn(II), in which the adsorption for 
Cu(II) reduced the most (with the reduction of adsorption 
efficiency and capacity of 85.9% and 34 mg/g, respectively) 
and for Pb(II) dropped the least (with the reduction of 72.5% 
and 28.7 mg/g, respectively).

3.3. Adsorption dynamic curves of MWBC for heavy metals

Fig. 6 displays the pseudo-first-order (Fig. 6a) and pseu-
do-second-order (Fig. 6b) adsorption dynamic curves of 
MWBC for Pb(II), Cu(II) and Zn(II), respectively.

As seen in Fig. 6, for Pb(II), Cu(II) and Zn(II), the linear 
fitting correlation coefficients of R2 in the pseudo-second- 
order kinetic Eq. (2) were 0.9974, 0.998, and 0.9999, respec-
tively, having larger values than that in the pseudo-first- 
order kinetic of 0.9446, 0.7413 and 0.9692. Therefore, the 
pseudo-second-order kinetic equation can more accurately 
fit the adsorption process of MWBC for Pb(II), Cu(II) and 
Zn(II). At the same time, just as the calculation result from 
Fig. 6, the equilibrium adsorption capacity (Qm) of MWBC 
for Pb(II), Cu(II) and Zn(II) were 13.9, 6.27 and 10.9 mg/g 
in the pseudo-first-order kinetic Eq. (1) and 36.8, 39.1 and 
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37.7 mg/g in the pseudo-first-order kinetic Eq. (2), respec-
tively. It can be seen that the fitting values of Qm in the 
pseudo- second-order kinetic Eq. (1) were closer to the actual 
adsorption capacity of 40.1, 40 and 39.6 mg/g (Fig. 4a), 
indicating that the adsorption of MWBC for Pb(II), Cu(II) 
and Zn(II) was mainly chemisorption.

3.4. Adsorption mechanism of MWBC for heavy metal ions

From the BET characterization analysis (Table 1), the 
following inference can be obtained. (1) The banana peel 
played important role in the other types of surface area in 
MWBC, instead of pore structures. (2) MWBC was a com-
plex combination of the banana peel and sludge, instead 
of a simple mixture of the two materials. Furthermore, 
the structure of MWBC probably has undergone substan-
tial changes during the preparation process from the raw 
materials.

From the corresponding relationship between the peaks 
and bond structures in FTIR spectra, it can be inferred as 
follows. (1) MWBC was a complex combination of the two 
materials, as inferred in BET results. (2) MWBC surface 

was composed of –OH, –O, and a small amount of –H, 
–N, –Si, and –NH2. MWBC was a type of carbon skeleton 
stuff which mainly consisted of hydroxyl groups, in other 
words, MWBC was composed of alkane, lipid, alcohol, phe-
nol, aromatic ring enhancing MWBC stability, amide and a 
small amount of silicate substances. (3) MWBC displayed 
a stronger chemical adsorption for metal ions, giving the 
strongest adsorption for Zn(II) and the weakest adsorption 
for Cu(II). However, H-MWBC basically did not have chem-
ical adsorption, only showing some physical adsorption.

From the comparison of the changes in the surface mor-
phology between all kinds of BC studied in this work, the 
following inference could be obtained. (1) The complex 
reaction of the two materials in MWBC led to the forma-
tion of complex and diverse biochar surface structures, 
lots of which were loosely distributed and three-dimen-
sionally independent, indicating that the surface area of 
MWBC may be much larger than that of SBC and BPBC. 
(2) The surface area of H-MWBC should be much larger 
than that of MWBC, but the latter gave much greater adsorp-
tion capacity or efficiency (Fig. 5) for metal ions than the 
former. This indicated that the disordered structures gave 

Fig. 5. Comparison of adsorption behavior between (a) MWBC, SBC and BPBC for Cu(II) and (b) MWBC and H-MWBC for Pb(II), 
Cu(II) and Zn(II). Dosage = 5 g/L.

  
Fig. 6. (a) Pseudo-first-order and (b) pseudo-second-order adsorption dynamic curves of MWBC for Pb(II), Cu(II) and Zn(II). 
Dosage = 5 g/L.
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both larger surface area and more adsorption sites than the 
pore structures (MWBC performed a type of non-porous 
adsorption which could be obtained from Table 1), and that 
most pore structures in MWBC did not play some role in 
adsorption and MWBC adsorption action mainly derived 
from both more adsorption sites on its larger surface and 
rapid transportation process of metals ions through the dis-
ordered structures. This further proved that the disordered 
structures in MWBC gave much higher adsorption efficiency 
than the pore structures. (3) The pore structures in H-MWBC 
gave poor adsorption ability for metal ions (accord-
ing to the following adsorption behavior Fig. 5) because 
H-MWBC mainly conducted porous adsorption action. 
The above surface morphology possessed by MWBC was 
consistent with the properties displayed in Table 1 and Fig. 1.

According to the zeta potential results (Fig. 3), it can be 
inferred as follows: for positively charged heavy metal ions, 
H-MWBC will give weakened chemical adsorption and 
enhanced physical adsorption, which was consistent with 
the analysis in Figs. 1 and 2.

According to the adsorption effect of MWBC for heavy 
metal ions (Fig. 5a), there are similarities and differences in 
adsorption mechanism of MWBC for different metal ions at 
different pH values, for example, the adsorption mechanism 
almost included surface electrostatic complexation adsorp-
tion, trapping physical adsorption/complexation adsorption, 
and so on, but having different mechanisms over different 
acid or base ranges. In addition, the radius of this three 
hydrate metal ions was Pb2+ (RPb

2+
hydration = 0.265) > Zn2+ 

(RZn
2+

hydration = 0.216) > Cu2+ (RCu
2+

hydration = 0.206) [65]. As seen 
from Fig. 4a, the radius of the metal hydrate ions were 
larger than that of H+ under strongly acidic conditions (that 
is, initial pH in this work). So, the ability of surface elec-
trostatic complexation adsorption conducted by MWBC 
was Cu(II) > Zn(II) > Pb(II), indicating that the adsorption 
strength of MWBC for the three metal ions was inversely 
proportional to their hydrated ion radius (that is, the 
larger the hydrated meal ion radius, the weaker the phys-
ical adsorption ability), so, MWBC probably showed some 
hydrophobic characteristics. However, under weak acid 
conditions (3 < pH < 5), the surface electrostatic complex-
ation adsorption of MWBC for the three metal ions was 
almost the same because the radius of the hydrate metal 
ions were larger than that of H+, moreover, various forms 
of metal ions maybe coexisted in water samples, so MWBC 
was probably a kind of biochar having both hydrophilic and 
hydrophobic properties. From the result of Fig. 5 and SEM 
(Fig. 2), it can be further proved that the porous physical 
adsorption in H-MWBC was much lower than the chemical 
adsorption in MWBC (caused by the non-porous structures), 
which was further consistent with the above analysis: 
banana peel gave positive effect on the adsorption behav-
ior of MWBC although banana peel did not play important 
role in increasing the porous surface area in MWBC.

In summary, based on the above analysis from Table 1,  
and Figs. 1–6, the contribution of banana peel to MWBC 
surface area was demonstrated to be other types of sur-
face area having greater adsorption action for metal ions, 
instead of porous surface area. The adsorption of MWBC 
for heavy metal ions probably mainly relied on much more 
adsorption sites on the large surface and quick transmission 

of heavy metal ions through the macro-porous and trench-
like structures, and its pore adsorption only gave auxiliary 
effect. Some complex reaction appeared between the raw 
materials to form MWBC. The chemical absorption behav-
ior performed by hydrogen bond and hydroxyl in MWBC 
was far stronger than that in H-MWBC. The adsorption 
mechanism of MWBC was basically dominated by chemical 
adsorption (that is, electrostatic neutralization/adsorption), 
assisted by physical adsorption of surface complexation 
and co-precipitation, while the adsorption mechanism of 
H-MWBC was mainly dominated by physical behavior.

This work provides a feasible resource utilization way 
for huge yields and extremely low utilization of banana peel 
and also provides a possibility for solving the phenomenon 
of sludge flooding China cities to a certain extent. In short, 
this work explores a feasible and realistic idea for recycling 
these two solid wastes and making biochars for removing 
heavy metals.

4. Conclusions

MWBC almost had no micropore structures. The sur-
face of MWBC consisted of –OH, –O, and a small amount of 
–H, –N, –Si, –NH2, and MWBC were a negatively charged 
carbon skeleton mainly composed of hydroxyl groups. The 
surface morphology of MWBC was mainly composed of 
more disordered structures, less pore structures and sheet 
structures, and planar structures, in which many disor-
dered ditch-like structures having larger diameters were 
distributed. The zeta potential of MWBC was –80 – –10 mV, 
most of which concentrating around –60 – –40 mV, and 
there were more particles negatively large potential. The 
zeta potential of MWBC after adsorbing heavy metals 
shifted to the right.

The preferred pH for MWBC to adsorb Pb(II), Cu(II) 
and Zn(II) was 2, 4 and 4, in which the adsorption capac-
ity reached 40.1, 40 and 39.6 mg/g at dosage 5 g/L, respec-
tively, all the adsorption efficiency reaching 100%. The 
adsorption rate of MWBC for the three metal ions was 
Cu(II) > Zn(II) > Pb(II). MWBC appeared to be more sensi-
tive to the temperature of Pb(II) solution than that of Cu(II) 
and Zn(II). When adsorbing Pb(II) and Cu(II) by MWBC, 
dosage and metal concentration ranges should be consid-
ered, but only metal concentration for Zn(II). The adsorption 
performance of MWBC for Cu(II) was higher than that of 
raw material BC. The adsorption effect of MWBC for metal 
ions was far higher than that of H-MWBC.

The adsorption of MWBC for Pb(II), Cu(II) and Zn(II) 
can be attributed to the pseudo-second-order kinetic process, 
and their equilibrium adsorption capacity were more closer 
to the actual adsorption capacity.

MWBC was a complex combination of sludge and 
banana peel, and some complex changes took place in 
MWBC structures. The contribution of banana peel to the 
surface area of MWBC was not manifested in the porous 
surface, but giving a positive effect on MWBC adsorption. 
The disordered structures gave more adsorption sites than 
the pore structures in MWBC and the higher adsorption for 
metal ions by MWBC resulted from more adsorption sites 
on the larger surface and rapid transportation of metals ions 
through the disordered structures. Having both hydrophilic 
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and hydrophobic properties, MWBC adsorption was a type 
of non-porous adsorption, showing the adsorption mecha-
nism of chemical adsorption involving electrostatic neutral-
ization/adsorption, supplemented by physical adsorption, 
and giving the strongest chemical adsorption for Zn(II) and 
stronger physical adsorption for Cu(II).
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