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Biochars were prepared by pyrolyzing mango peel waste at 300, 400, 500, 600 and 700 °C. Various
characterizations were carried out to explore the effect of pyrolysis temperature on the biochars. The
data indicated that the physical and chemical properties of biochar such as pH, element ratio, specific
surface area and functional groups changed with the increase of pyrolysis temperature. The yield and
contents of hydrogen, nitrogen and oxygen decreased, while contents of the ash and carbon, pH and
specific surface area of the biochars increased. In addition, the molar ratios of H/C, O/C and (O + N)/C
decreased. In this study, batch adsorption experiments for Cd(i) adsorption were performed with initial
Cd(n) concentrations of 10-300 mg L™, contact times of 0-2880 min, various pH (2-8) and biochar
dose (1-20 g L™Y). Langmuir isotherm and pseudo-second-order kinetics models were better fits than
other models, suggesting the dominant adsorption of mango peel biochars is via monolayer adsorption.
Biochar derived at 500 °C was found to have the highest adsorption capacity of 13.28 mg g~* among all
biochars and the adsorption efficiency was still 67.7% of the initial adsorption capacity after desorption

for 4 times. Based on adsorption kinetics and isotherm analysis in combination with EDS, FTIR and XRD
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precipitation with minerals were the dominant mechanisms responsible for Cd adsorption by mango

DOI: 10.1035/d0ra06586b peel biochar. The study suggested that mango peel can be recycled to biochars and can be used as
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Introduction

With the rapid advance of industrialization and urbanization,
heavy metal pollution has become one of the most serious
environmental problems."? Cadmium (Cd) is one of the most
toxic heavy metals, which is released into the aquatic ecosystem
through different anthropogenic activities including
manufacturing, mining, battery, metal plating, plastic and
paper industries.>* Due to its high immobility, long persistence,
easy accumulation and high toxicity, Cd pollution poses serious
threats to aquatic ecological environment and human health.
Cd can damage human organs like the kidneys and liver, and
cause renal failure, liver damage, and osteal disorders. It also
has a carcinogenic effect.>” Therefore, the ecofriendly and
sustainable removal of Cd from water is of great importance.
Many techniques have been developed to remove Cd from
wastewater such as chemical precipitation, ion exchange,
membrane filtration, adsorption, and coagulation-flocculation.
However, these techniques have their inherent limitations, such
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a low-cost adsorbent for Cd(i) removal from wastewater.

as high cost, non-recyclability limit and sludge disposal.®®
Adsorption has been proved to be an excellent method to
remove Cd(u) from wastewater due to its significant advantages
such as the low cost, easy operation, high efficiency, and envi-
ronmentally friendly nature.*®

Adsorbent is the core of adsorption technology. Common
adsorbents including zeolite, diatomite and activated carbon
have been widely used to adsorb heavy metal in wastewater. Piri
et al. reported that diatomite could adsorb Cd, Cu and Pb
successfully.” Pu et al. found the adsorption capacity of NaP
zeolite for Cu(n) in solution was 62.3 mg g '.*> Adsorbents,
especially prepared from renewable sources, brought about the
widespread attention in wastewater treatment recent years.
Igbal et al. reported mango peel waste could be used to adsorb
Cd(n) and Pb(n) in solutions.* He et al. found dry biofilms from
biotrickling filters could remove Cd(u) in synthetic wastewater.**
The adsorption capacity of dried biomass for Pb(u), and the
maximum Pb(u) biosorption capacity of a dried biomass
prepared from biotrickling filters was 160.0 mg g ' fitted by
Langmuir model.”® Huang et al. reported nitrilotriacetic acid
anhydride modified ligno-cellulosic material could be used to
remove Cd(un) and Pb(u) in solutions successfully.’® Biochar is
a carbon-rich material obtained by pyrolysis of biomass under
anaerobic or anoxic conditions.'” Biochar can be prepared from
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a variety of industrial and agricultural organic wastes, such as
sewage sludge, animal manure, crop straw, and other plant or
animal waste.*** Due to its low cost, wide range of raw mate-
rial, superior surface properties and rich functional groups,
biochar can be used as a potential sorbent to remove many
kinds of heavy metal pollutants like Cd, As, Pb and organic
pollutants in water.*>>® Our previous study indicated that bio-
char produced from wheat straw had a good adsorption capacity
for Cd(u).”® The adsorption capacity and mechanisms of heavy
metal by biochar could be influenced by the physical and
chemical properties of biochar determined by original feed-
stock and pyrolysis temperature.>” Chen et al. investigated that
the pyrolysis temperature (500 °C to 900 °C) had a great influ-
ence on properties and heavy metal adsorption potential of
municipal sludge biochar.?® Kim, et al. demonstrated that the
Cd removal capacity of biochar produced from a giant Mis-
canthus increased with the increasing of pyrolytic tempera-
tures.> However, the exact removal mechanism of Cd has not
been fully understood until now, and the relationship between
Cd removal and biochar properties under different preparation
conditions is still unclear. Therefore, the mechanisms of Cd
removal by biochar pyrolyzed at different pyrolysis tempera-
tures need to be further investigated.

Mango (Mangifera indica L.) is an important tropical and
subtropical fruits for its delicious flavour, nutritional and
medicinal value.** According to FAO, the world's mango
production is about 50.6 million tons every year, which ranks
the 2nd among the tropical and subtropical fruits. The pulp of
mango account for 33-85% of the fresh fruit, which means
a large amount of mango waste will be produced in industrial
processing or consumption of the fruit. Mango peels contribute
to 7-24% of the total mango.** With the increasing yield of
mango, the waste is also increasing and thus becoming a source
of pollution. Mango peel contains high content of pectin,
cellulose, hemicellulose, polyphenols, carotenoids etc. There-
fore, using mango peel waste as raw material to prepare biochar
is not only an environmentally friendly method to solve waste
problem, but also a potential of use as adsorbent for the
removal of toxic metals in wastewater. However, there was no
available literature on performance of mango peel biochars for
specifically Cd(u) adsorption until now. The aim of present work
was thus to investigate the physicochemical properties and Cd
removal potential of biochar prepared at different pyrolysis
temperatures ranged from 300 to 700 °C in a limited-oxygen
environment, examine adsorption kinetics and isotherms of
Cd(u) and explore the possible adsorption mechanism of bio-
char. This study could provide a reference for the resource
utilization of mango peel and heavy metal removal from
wastewater.

Materials and methods
Experiment reagents

The reagents used in experiments were all analytical grade.
Cdcl,-2.5H,0, NaOH, NaNO;, HCI, and CaNO; were purchased
from Sinopharm Chemical Regent Co., Ltd, Shanghai, China.
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Biochar preparation

Mango peels wastes were collected from fruit market in
Changzhou, China. Collected mango peels were washed with
distilled water several times to remove the dust and other
soluble impurities. Washed peels were oven dried at 80 °C till
constant weight. Then, peels were grinded into powder and
passed through a 40 mesh sieve for subsequent use.

The biochar was prepared by a bench top quartz tube electric
furnace (temperature range 1200 °C). Mango peel sample (MK)
was put into a ceramic sample boat and kept into the quartz
tube. Then sample was pyrolyzed at 300, 400, 500, 600 and
700 °C for 2 h under nitrogen atmosphere with a heating rate of
10 °C min~ ", respectively. The obtained mango peel biochars
(MP) were grinded into powder and passed through a 100-mesh
sieve, named as MP300, MP400, MP500, MP600 and MP700,
respectively, in accordance with the pyrolysis temperature.

Physicochemical characterization of the biochar

Biochar yield. The yield of MP was calculated as the following
equation:

MP weight (g)

Yield of MP = m

x 100%

Characterization of the biochar

Ash contents of MP were measured by heating it in a muffle
furnace at 800 °C for 4 h. The pH values of MP were measured in
deionized water at the ratio of 1 : 20 (w/v) after shaken for 10 h
at 150 rpm. Contents of C, H, O and N in MP and MK were
measured by elemental analyzer (Vario Microcube, Elementar,
Germany). Volatile matter content of MP and MK were
measured by Thermal Gravimetric analyzer (TGA) (Labsys Evo,
Seteram, France) and the weight loss of MK and MP from 100 °C
to 900 °C at 10 °C min~ " heating rate under a nitrogen atmo-
sphere was considered as the volatile matter content. The
surface areas and pore size distribution were determined by
using the Brunauer-Emmett-Teller (BET) method with
a surface area pore analyzer (ASAP2020, Micromeritics, USA).
The morphology and structure of MP was observed by scanning
electron microscope (SEM) (Supra55, Carl Zeiss AG, Germany).
Surface functional groups of MP were measured by Fourier
Transform Infrared (FT-IR) spectrometer (IS50, Thermo Fisher
Scientific, USA) in the range of 400-4000 cm ™. X-ray diffraction
(D/MAX2500, Rigaku, Japan) was used to analyse the crystalline
structure of biochars.

Batch adsorption experiments

Adsorption experiments. Adsorption experiments were
carried out to compare the adsorption capacity for Cd of bio-
chars derived from 300, 400, 500, 600 and 700 °C. As a back-
ground electrolyte, Ca(NO;), solution was prepared by
dissolving 2.3165 g Ca(NO3), in 1 L deionized water, and stock
solution of Cd (1000 mg L™ ") was prepared by dissolving 2.031 g
of CdCl,-2.5H,0 in 1 L Ca(NOj3), solutions. 0.05 g of the biochar

sample was added into polyethylene centrifuge tubes
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containing 25 mL of 100 mg L™ Cd solution, and kept with
constant shaking (150 rpm) at 25 °C in constant temperature
vibrator incubator for 24 h, respectively. After adsorption,
samples were collected and filtered through 0.45 pm
membrane. Cd concentrations were determined by flame
atomic absorption spectrometry (AA-300, PerkinElmer Ltd,
USA). The amount of Cd adsorbed on the biochar (Q.) was
calculated according to following eqn:

Q. =(Co— C) x VIM

where C, is the initial Cd concentrations and C. (mg L") is the
Cd concentrations at adsorption equilibrium, M (g) is the
weight of MP, V (L) is the volume of the Cd solution.

Adsorption kinetics and isotherms

The adsorption kinetics of the biochars for Cd(u) were deter-
mined by adding 0.05 g of the biochar to 50 mL polyethylene
centrifuge tubes containing 25 mL of the Cd solution
(100 mg L™" Cd(u)). The centrifuge tubes were kept with
constant shaking (150 rpm) at room temperature (25 °C) in
a constant temperature vibrator. Samples were collected and
filtered through 0.45 um membrane at different time intervals
(0, 5,10, 15, 30, 60, 120, 240, 480, 720, 1440 and 2880 min), then
determined adsorption capacity for Cd(u).

The dynamic curve is fitted by first-order kinetic equation
and second-order dynamic equation.

Pseudo-first-order kinetic model:

ln(Qm - Qe) =In Qm - klt

Pseudo-second-order kinetic model:

L b
Qe kZsz

where Q. (mg g~ ") is the adsorption capacity at time ¢ (min) and
Qm (mg g™ is the theoretical adsorption capacity by fitting at
equilibrium, k; (min~') is the rate constant of pseudo-first-
order kinetics model and k, (g mg ' min~') is the rate
constant of pseudo-second-order kinetics model.

The adsorption isotherms of Cd(u) on the biochars were
investigated by adding 0.05 g of the biochars to 50 mL poly-
ethylene centrifuge tubes containing 25 mL of the Cd solution,
the Cd concentration ranged from 10 to 300 mg L' The
centrifuge tubes were kept with constant shaking (150 rpm) at
room temperature (25 °C) in a constant temperature vibrator for
24 h. After adsorption, samples were collected and filtered
through 0.45 pm membrane and determine the Cd adsorption
capacity using the same method.

The isotherm adsorption curves were fitted by Freundlich
and Langmuir model.

Langmuir adsorption isotherm model:

_ QmKLCe
1+ KCe

+1/0Qe

Q.

Freundlich adsorption isotherm model:

Qe = KFCe”n
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where C. (mg L") is the equilibrium aqueous concentration of
Cd(u), Q. (mg g™') is the adsorption capacity of MP at equilib-
rium, Q. (mg g~ ') is the theoretical maximum adsorption
capacity by fitting, Ky (L mg ™) is the Langmuir constant, K
(mg~™ 1" g~1) and 1/n are Freundlich constants that represent
the adsorption density and intensity respectively.

Effects of biochar dose and initial solution pH on Cd
adsorption

In order to explore the effect of biochar dose on adsorption,
different biochar dose (1, 2, 10 and 20 g L") were added to
100 mg L~' Cd solution and shaken at 25 °C for 24 h. The
effect of initial solution pH on Cd(u) adsorption by biochar
was carried out by adjusting the Cd(u) solution pH from 2 to 8
with adding 0.1 M HCI or 100 mg L' NaOH, the other step
and measurement of Cd concentration were the same as
above.

Desorption and recycling adsorption experiments

To explore the stability of Cd(u) on biochar after adsorption,
the 100 mg biochar (MP500), which had adsorbed Cd(u)
completely in different initial Cd(u) concentrations (10-
300 mg L"), was mixed with 20 mL 0.01 mol L™" NaNO; under
constant shaking (150 rpm) in a flask at 25 °C for 24 h after
washing and drying, and then analysed the concentration of
Cd(u) in solution.

For recycling adsorption experiment, 0.1 mol L' HCI was
used as the desorption reagent. 200 mg saturated MP500
(100 mg L™ " Cd(u)) was mixed with 20 mL 0.1 mol L™" HCl with
constant shaking (150 rpm) at 25 °C in constant temperature
vibrator incubator for 2 h. The adsorbent washed with distilled
water to constant pH and dried for constant weight, and were
used in next adsorption experiment (100 mg L~ Cd(u)). The
desorption-adsorption experiment was repeated four times.
The concentrations of remaining Cd (i) were measured using
flame atomic absorption spectrometry (AA-300, PerkinElmer
Ltd, USA).

Adsorption mechanism

To further investigate the Cd adsorption mechanisms, MP500
was characterized after adsorption using EDS, XRD and FTIR
spectroscopy. The EDS spectra of MP500 before and after
adsorption were measured by energy dispersive X-ray spectros-
copy (E1462-C2B, EDAX, USA). The crystallographic structures
of both before and after adsorption were analysed using an X-
ray diffractometer. The surface functional groups on MP500
before and after Cd adsorption were analysed by a FTIR spec-
trometer (IS50, Thermo Fisher Scientific, USA).

Statistical analyse

Each treatment was conducted in triplicate. Data were
statistically analysed using SPSS 16.0 and plotted using Origin
8.0, and the data was expressed as the mean + standard
deviation.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Yield, ash contents, elemental analysis and atomic ratio of MP and MK

Elemental analysis

Atomic ratio

Yield o+
Biochars (%) Ash (%) pH C (%) H (%) N (%) 0 (%) H/C o/C N)/C
MK — — — 51.33 5.03 0.79 39.66 1.18 0.58 0.59
MP300 43.2 5.75 6.87 73.64 4.32 1.34 14.95 0.70 0.15 0.17
MP400 36.3 6.68 7.32 76.48 3.48 1.09 12.27 0.55 0.12 0.13
MP500 34.7 8.49 7.86 77.03 2.55 1.03 10.90 0.40 0.11 0.12
MP600 30.0 8.81 8.58 77.89 2.03 0.89 10.38 0.31 0.10 0.11
MP700 27.0 9.04 9.06 78.61 1.62 0.80 9.93 0.25 0.09 0.10

Results and discussion
Characterization of biochar

Physicochemical characterization. Tables 1 and 2 showed
that pyrolysis temperature exerted a great effect on the proper-
ties of MK and MP. The yield decreased with increasing pyrol-
ysis temperature from 43.2% at 300 °C to 27.0% at 700 °C (Table
1). The most obvious yield loss during pyrolysis was in the range
of 300-400 °C. However, the ash content increased from 5.75%
at 300 °C to 9.04% at 700 °C, which is closely related to the
volatile organic compounds during the pyrolysis.**** The pH
values of the MP increased from 6.87 at 300 °C to 9.06 at 700 °C.
Previous studies have also showed that biochar produced at
higher temperatures exhibited a higher pH.**** This is due to
the degradation of acidic functional groups and the accumu-
lation of inorganics during pyrolysis.** As the pyrolysis
temperature increased, C content increased from 51.33% in MK
to 78.61% in MP700, but contents of O, H and N and ratios of H/
C, O/C and (O + N)/C in MP decreased, suggesting that the
volatile components, which form a large fraction of the surface
functional group elements (H, N, and O), were gradually lost
during pyrolysis. Similar results have been reported earlier.*”
Atomic ratio H/C reflects the aromaticity of biochar. The values
of O/C and (O + N)/C represent the level of hydrophilicity and
polarity, respectively. These results implied that the pyrolysis of
mango peel biochars was a dehydroxylation, dehydrogenation
and aromatization process and the biochar was more aromatic
and less hydrophilicity and polarity at high pyrolysis
temperature.*

The surface and pore structure of the biochars greatly
influences the physical adsorption process, and the diffusion
rates for Cd(u) transport from the biochar surface to the internal
pores are inconsistent because of the presence of different pore

Table 2 Microstructure properties of MP

BET Surface Total pore volume Average pore

Biochars area (m* g ) (107% em?® g ™) diameter (nm)
MP300 2.09 1.82 3.49
MP400 3.74 1.91 2.04
MP500 5.58 7.48 5.36
MP600 5.67 4.96 3.50
MP700 5.74 3.66 2.56

This journal is © The Royal Society of Chemistry 2020

structures.*® Table 2 showed specific surface area, total pore
volume and average pore diameter of the MP. The BET surface
area increased from 2.09 m* g ' to 5.74 m”> g~ " as the pyrolysis
temperature increased from 300 °C to 700 °C. A higher surface
area is beneficial for the adsorption of heavy metals by biochar.
The surface structure of biochar was not well developed at lower
pyrolytic temperature. The increase in surface area is mainly
due to the destruction of organic functional groups and the
formation of micropores in biochars at high temperature
pyrolysis.*® However, there was no significant difference in the
BET surface area when the pyrolysis temperature ranged from
500 °C to 700 °C (Table 2). Total pore volume and the average
pore diameter of biochars increased firstly and then decreased
with the increase of the pyrolysis temperature. Among the
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Fig. 1 (a) TG and (b) DTG curves of MP and MK.
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Fig.2 The SEM images of MP [(a) MP300, (b) MP400, (c) MP500, (d) MP600, (e) MP700].

biochars derived at various pyrolysis temperatures, MP500 had
the biggest total pore volume and the average pore diameter
(Table 2), which indicate that micropore structures formed
more easily in the mango peel biochar obtained at 500 °C.
However, Liu et al. reported that the pore volume of wheat straw
biochar increased, while the average diameter decreased with
increasing pyrolysis temperature.* Xian et al. also found the
surface area and pore volume in mushroom substrate biochars
increased with the pyrolysis temperature increased, and the
average number of pores decreased.*® Such a different result
may be related to the type and property of feedstock.*

Thermogravimetric analysis

The effect of temperature on MK and MP were analyzed by
thermogravimetric analysis. As shown in Fig. 1, the weight loss
of MK and MP increased gradually with the increasing pyrolysis
temperature (Fig. 1a), which was consistent with the yield (Table

Transmittance (%)

c=cV
C=0 1 yC=0
1 1 1

1 ' 1 vi—CHZ 1
4000 3500 3000 2500 2000 1500
Wave number (cm™)

1000 500

Fig. 3 The FTIR spectra of MP.
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1). The MK contains high content of pectin, cellulose, hemi-
cellulose etc. The weight loss up to 125 °C was due to moisture
loss. The weight loss between 125 °C and 190 °C might be due to
the removal of bound water and small molecule residues.*
From the DTG curve, the peaks at 232.5 and 332.9 °C might be
due to the decomposition of hemicelluloses and cellulose, the
peaks at 432 °C and 534 °C might be related to the decompo-
sition of lignin.**** The decomposition patterns of MK and MP
were obviously different, implying significant transformation
from feedstock with the increase of pyrolysis temperature.
Compared to MK, the peaks on the DTG curve of all MP at
232.5 °C and 332.9 °C disappeared, indicating that the hemi-
cellulose and cellulose were broken down during pyrolysis
process from 200 °C to 380 °C (Fig. 1b). For MP300 and MP400,
the temperature range of hemicellulose degradation was
slightly overlapped with cellulose degradation, resulting in
a curve rather than a clear peak. However, there were clear peaks
at 432 °C and 534 °C in the DTG curve of MP300 and MP400,
respectively, indicating lignin decomposition. MP500, MP600
and MP700 showed high heat resistance and stability steady as
compared to MK. The results of present study were in line with
the previous reports.**

Surface morphology

SEM images of biochars were shown in Fig. 2. There were
obvious differences in surface morphology among the biochars
derived from different pyrolysis temperature. The biochars were
smooth and the pores were not obvious at 300 °C. It displayed
irregular structure with folding phenomenon at 400 °C. This
might be related to insufficient pyrolysis. When the pyrolysis
temperature reached to 500 °C, it had a loose and porous
structure, which was also confirmed by the larger specific
surface area and pore volume for biochars at this pyrolysis
temperature. The well-developed porous structure was due to

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 X-ray diffraction spectra of MP.

the rapid volatilization of organic components in the biomass
and this structure was beneficial to the attachment of metal
ions.” With the further increase of pyrolysis temperature, pore
structure gradually appeared to be destroyed and the surface of
biochar appeared to be layered stacks, especially at 700 °C. It
was consistent with the results from pineapple peel biochar.*®

Fourier transform infrared (FT-IR) analysis

The FTIR spectra of MP300, MP400, MP500, MP600 and MP700
were shown in Fig. 3. The surface of MP contained a large
number of functional groups (Fig. 3), which were beneficial to
the adsorption by biochar. The broad peak from 3200 cm™" to
3700 cm~ " was attributed to -OH stretching vibrations, which
was found in all biochars, and the peak weakened with increase
of pyrolysis temperature. This was mainly due to the alcohols,
phenols and bound-water started to detach causing the hydroxyl
groups bound by the hydrogen and oxygen to be broken when
the pyrolysis temperature increased.?” The peak near 2900 cm ™~
corresponds to the -CH, groups stretch in biopolymers. This
peak decreased or latter disappeared at high pyrolysis temper-
ature, which implied cellulose and hemicelluloses (aliphatic

compounds) decreased and converted to carbon dioxide,
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21
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Dose of MP (g-L™")
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methane and other gases with the increase in temperature.***®
The peak from 1600 cm ™" to 1650 cm ™" corresponded to the
presence of -COOH and C=O0 stretching.*>** At high pyrolysis
temperature, C=0 can be broken down and produced by-
product gas or liquid, so the peak near 1600 cm
decreased.” The peak at 1400 cm™ ' may be associated with the
carboxylate C=0 stretching.>* The new peak appears near 1150
is corresponded to the C-O group when the pyrolysis tempera-
ture ranged from 500 to 700 °C.”* With the increase in
temperature, the functional groups gradually weakened and
partly disappeared, which proved that biochar had better
adsorption at low temperature. The new peak at 875 cm ™" was
corresponded to aromatic C-H branching when the pyrolysis
temperature was above 500 °C.** These FT-IR results were
consistent agreed with the changes observed in elemental
composition, indicating that proper pyrolysis temperature
produces biochar with higher aromatic structure and fewer
polar functional groups. These results imply that pyrolytic
temperature significantly influence the surface functional
groups of the biochars.

X-ray diffractometer (XRD) spectral analysis

XRD patterns of biochar derived at different pyrolysis temper-
atures were shown in Fig. 4. The broad peak near 23° is a char-
acteristic peak of the disordered graphite layer structure.*® As
the pyrolysis temperature increased, the peak at 25° dis-
appeared, while the peak at 30°, 36°, 39°, 43°, 47°, 48° became
more pronounced, which indicate that CaCO; are well
crystallized.®>°

Effect of biochar dose

The effect of the dose of MP on the Cd(u) adsorption capacity in
aqueous solution was shown in Fig. 5a. Biochar dose had an
obvious influence on the adsorption of Cd(u). Cd(u) adsorption
capacity decreased with increasing biochar doses. With biochar
dose increased from 1 g L™ " to 20 g L™, the adsorption capacity
(mg g™ ") decreased from 7.18 + 0.21 mg g~ to 2.08 + 0.12 mg
g ! for MP300, from 9.65 & 0.23 mg g " to 2.23 + 0.08 mg g *
for MP400, from 11.62 + 0.26 mg g~ * to 2.43 + 0.09 mg g~ * for

(b)

—e— MP300

—a— MP400
| —=— MP500

—e— MP600 -
"—v— MP700 -

Q. (mg-g™)
o o o o =
T T

N
T

[\
T

Initial pH

Fig. 5 The effect of biochar dose (a) biochar dose 1-20 g L™, pH (b) (2-8) on the adsorption of Cd(i) by different MP.
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Fig. 6 Adsorption isotherms of Cd(i) by MP: Langmuir and Freundlich
models.

MP500, from 9.73 4 0.43 mg g ' to 2.33 £ 0.04 mg g ' for
MP600, from 9.67 4+ 0.26 mg g ' to 1.98 + 0.02 mg g ' for
MP700. The results were similar to those reported in other
studies.®*” This may be due to the remaining unsaturated
adsorption sites during the adsorption process or excess active
sites and lower metal ion concentration at higher biochar
dose.* Significant differences in the Cd(u) adsorption capacity
could be observed between the biochars prepared at different
temperatures and the adsorption capacity of MP500 was higher
than other biochars. At a constant Cd concentration, while at
lower biochar dose, all adsorption sites are occupied by Cd(u)
completely leading to high adsorption capacity. While at higher
biochar dose, excessive adsorption sites lead to Cd(u) can not
occupy all sites resulting in lower adsorption capacity.*>*
Combined with the amount and adsorption capacity of biochar,
all the subsequent studies were carried out with 2 g L™" of
biochar dose.

Effect of initial solution pH

The initial pH of the solution in adsorption experiments
strongly affects the adsorption process of heavy metals ion.”® As
shown in Fig. 5b, the adsorption capacity of Cd(u) increased
with the increased of initial pH ranged from 2 to 8. The
adsorption capacity increased rapidly when the initial solution
pH increased from 2 to 4 for all biochars, and then tended to be
stable when the initial solution pH increased from 4 to 6. When
the pH ranged from 6-8, the adsorption capacity reached
equilibrium and had no obvious difference. With the initial pH
of the solution from 2 to 8, the adsorption capacity increased

Table 3 Adsorption isotherm constants for the Cd(i) by MP
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from 1.85 mg g~ t0 5.53 mg g~ ' for MP300, from 3.83 mg g ' to
8.64 mg g~ for MP400, from 5.67 mg g~ to 10.65 mg g~ ' for
MP500, from 3.81 mg ¢ ' to 9.18 mg g ' for MP600, from
3.71mgg "t09.08 mg g ' for MP700. The results are similar to
those in previous studies.*>* The low adsorption capacity at low
solution pH was mainly attributed to some functional groups on
the surface of biochar which showed positive charges and
repelled the polar attraction of Cd(u) in aqueous solution, and
a large amount of H' in the solution which may compete with
Cd(u) for adsorption.>® At a constant pH, the adsorption capacity
of MP500 was the most among the biochars. In this study, the
optimum pH is obtained from 6-8.

Adsorption isotherm

The adsorption isotherm of Cd(u) by MP were shown in Fig. 6.
As the initial Cd(u) concentration increased, the adsorption
capacity of MP at different temperatures gradually increased
and the trend slowed down. As initial concentration increased,
the Cd(u) equilibrium adsorption capacity of MP500 was larger
than that of other MP, which was related to the microstructure
(Table 2) and surface functional groups (Fig. 3). The maximum
adsorption capacities (Qmax) were 8.10, 11.48, 13.73, 12.00 and
10.65 mg g~ * for MP300, MP4500, MP500, MP600 and MP700,
respectively, when the highest initial Cd®>" concentration was
300 mg L~ " (Fig. 6). Results suggested that the Langmuir model
fitted the Cd(u) adsorption data better than the Freundlich
model, this indicates that the adsorption process is a monolayer
adsorption.*®

Among all biochars, MP500 exhibited the highest theoretical
adsorption capacity. According to the Langmuir model, Ry, (R;, =
1/(1 + K, x Cy)) is a dimensionless constant separation factor
which can be used to predict whether an adsorption system is
favorable or unfavorable.®* The value of Ry, indicates the type of
isotherm. When 0 < Ry, < 1, it is conducive to adsorption; when
Ry, = 1, the adsorption process is a linear adsorption; when Ry, >
1, it is not conducive to adsorption; when Ry, = 0, the adsorption
process is irreversible. In this study, the Ry, values for all MP fell
in the range of 0-1, indicating that adsorption of Cd(m) by
mango peel biochar was favorable process (Table 3).3*%7

Adsorption kinetics

The adsorption kinetics of MP300, MP400, MP500, MP600 and
MP700 were shown in the Fig. 7. The adsorption of Cd(u) on MP
over time included two processes: a rapid adsorption process in
the first 240 min and a slow adsorption process until the

Langmuir model

Freundlich model

Biochars Qm (mgg™) Ky, (min™1) R? Ky (mgt™ 1" g™} 1/n R

MP300 11.90 0.0084 0.9933 0.4037 0.5470 0.9644
MP400 14.09 0.0174 0.9932 1.1408 0.4278 0.9357
MP500 16.01 0.0237 0.9904 1.7436 0.3857 0.9217
MP600 14.86 0.0171 0.9899 1.1556 0.4349 0.9223
MP700 12.87 0.0197 0.9912 1.1921 0.4078 0.9213
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Fig.7 Adsorption kinetics of Cd(i) onto MP: pseudo-first-order model
and pseudo-second-order model.

equilibrium of adsorption. The adsorption equilibrium for
MP300, MP400, MP500, MP600 and MP700 occurred at 240,
480, 120, 480, and 240 min, respectively. At the beginning, the
adsorption mainly occurred on the outer surface of biochar, its
adsorption mechanism was assumed to be related to physical
and chemical adsorption. At the next stage, Cd(u) entered into
the pores of biochar and combined with active sites, the
adsorption capacity reached saturation gradually. The Cd(u)
equilibrium adsorption capacity for MP300, MP400, MP500,
MP600 and MP700 was 5.08, 8.22, 9.93, 9.38 and 9.03 mg g~ *,
respectively, and adsorption capacity for MP500 was larger than
that of other MP, which were consistent with the description of

RSC Advances

FTIR and elemental analysis. Experimental data were fitted by
pseudo-first-order and pseudo-second-order kinetics models to
analyze adsorption kinetics mechanism. The calculated
parameters for two kinetic models were shown in Table 4. The
value of R* for pseudo-second-order model was larger than
pseudo-first-order model, which indicated that the adsorption
fitted by pseudo-second-order was better than pseudo-first-
order model. Furthermore, the adsorption capacity (Q.,) ob-
tained by pseudo-second-order model was more consistent with
experimental data (Q.). Hence, as per the assumption of
pseudo-second-order model it could be inferred that chemi-
sorption is the rate limiting step.®” Similar results have been
reported for mushroom substrate and water hyacinth biochars
for Cd(u) adsorption.*®*

Desorption and recycling adsorption

To better understand the binding affinity for Cd(u) for MC500,
desorption of Cd(u) was conducted in NaNOj solution. Fig. 8a
revealed that the amount of Cd(u) desorption increased with the
initial adsorption capacity of biochar increased, and the
maximum desorbed amount of Cd(n) was 1.34 mg g~ * (9.76%).
This indicated that MP could bind Cd(u) effectively. The
regeneration of the materials is an important parameter to
maintain low operation cost during adsorption process. Fig. 8b
showed the adsorption capacity of MP500 for Cd(u) after four
cycles were 88.2%, 76.6%, 70.0% and 67.7% of initial adsorp-
tion capacity (10.5 mg g~ ). This result indicated that MP had
a potential of regeneration for Cd(u) adsorption. Gradual

Table 4 Fitting parameters of the pseudo-first-order and pseudo-second-order kinetics models by MP

Pseudo-first-order

Pseudo-second-order

Biochars Q. (mgg ) Qm (mg g™ ky (min™") R Qm (mgg™) k, (g mg™" min~") R
MP300 5.08 4.84 0.1224 0.9619 5.19 0.2464 0.9979
MP400 8.22 8.05 0.0261 0.9015 8.38 0.1291 0.9872
MP500 9.93 9.74 0.1275 0.8516 9.86 0.3387 0.9960
MP600 9.38 8.47 0.0298 0.8345 10.02 0.1220 0.9970
MP700 9.03 8.39 0.0286 0.8725 9.26 0.2973 0.9780
¢ The actual adsorption capacity of MP.
(b)
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Fig. 8 Desorption (a) and recycling adsorption capacity (b) of MP500 for Cd(i).
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Table 5 Maximum adsorption capacity of different biochars for Cd(i)

Biochar Qm (mgg™) References
Giant miscanthus-derived biochar 13.24 29

Rice straw pristine-derived biochar 12.17 63
Household biowaste-derived biochar 6.22 64

Sewage sludge with tea waste-derived biochar 20 65

Wheat straw-derived biochar 69.8 40

Poplar bark-derived biochar 19.998 66

Poplar sawdust-derived biochar 9.631 66
Lucerne-derived biochar 6.28 10
Municipal sewage sludge-derived biochar 15-25 67
Hickory wood-derived biochar 28.1 68

Mango peel-derived biochar 13.28 This study

decrease in re-adsorption might be due to the partial saturation
of surface active sites or depletion of surface functional groups.

Application of mango peel biochar

Above results indicated that MP could be used to treat waste-
water. Table 5 summarized the comparative analysis of
adsorption capacities of biochars of the present study with
those in previous studies. As can be observed that MP exhibited
the moderate capacity in Cd adsorption. Moreover, mango peel
wastes as agriculture residues are low-cost and easily achieved.
In the future, we will study to improve the adsorption capacity of
biochar by modification.

1 2 3 4 5 6 7 8
Energy (keV)

Fig.9 EDS spectra of MP500 before (a) and after (b) Cd(i) adsorption.
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Mechanism of Cd(i) adsorption

Multiple mechanisms are involved in heavy metal adsorption
onto biochar. From the findings of the adsorption kinetics and
isotherms of the biochars, the Cd(u) adsorption onto MP was
primarily controlled by chemical adsorption. To further reveal
the mechanism of MP adsorption, EDS, XRD and FTIR spectra
were utilized to analyze the characteristics of MP500 before and
after adsorption. Ion exchange is one of the adsorption mech-
anisms of biochar. Trakal et al. had proved that K*, Na*, Ca*",
and Mg>" in biochar could be replaced by Cd*".*® As shown in
EDS spectra (Fig. 9), there was the existence of Cd after
adsorption, indicating that Cd(u) had been adsorbed on the
MP500. Peaks represent K, Ca, and Mg decreased or even dis-
appeared after Cd adsorption, implying that these cations were
released from the biochar surface. A similar phenomenon was
observed in swine-manure biochar for Cd** adsorption.” The
chemical interactions between Cd(u) and the surface of MP500
were analyzed by the FT-IR spectra. As shown in Fig. 10, the
adsorption bands of MP500-Cd changed obviously compared
with MP500, which indicate that some functional groups
participated in the chemical adsorption process. The peak at
3448 cm™ " and 1629 cm™ " weakened obviously, suggesting ~OH
and -COOH were involved in Cd(u) adsorption process. Similar
results have been obtained by many researchers, who reported
that the removal of heavy metals was mainly attributed to

MP500-Cd

_;‘_____-1
e b |

MP500

D (O

Transmittance (%)

1 1 1 1 1 1 1
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Fig. 10 FTIR patterns of MP500 before and after Cd(i) adsorption.
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Fig. 11 XRD patterns of MP500 before and after Cd(i) adsorption.

surface complexation with ionized phenolic -OH or -COOH
groups, for the biochars derived from chicken manure and rice
straw.”” The intensity of the peak (1120 cm ') decreased
indicating that C-O group also react with Cd(u). Peaks at
2919 cm™ " and 2850 cm " were also found to decrease after
adsorption, which correspond to —-CH,. On the other hand,
Harvey et al. demonstrated that heavy metals were adsorbed to
an oxygen-free biochar surface due to delocalized m electrons
from other functional groups (y-CH, C=C).”® This coordination
of Cd** with Cm electrons might occur in MP500, since the
intensities of -CH aromatic group changed significantly
following adsorption, providing m electrons.*® The observations
were supported by H/C and O/C atomic ratios (Table 1).

To identify the chemical precipitation for Cd adsorption,
MP500 was comparatively analyzed before and after Cd sorption
by XRD. As shown in Fig. 11, the small new peaks at 23 degrees
were observed in MP500-Cd, which indicated the precipitation
of CdCO; on the surface of MP500.*® This is in accordance with
the results obtained by Xu et al. who indicated that the
precipitation with CO5;>~ was mainly responsible for the metal
removal by dairy-manure biochar.” Combined with all results,
the proposed mechanism involved in Cd(u) adsorption by MP in
this study include ion exchange, chemical precipitation and
complexation reaction of Cd(u) with oxygen-containing func-
tional groups.

Conclusions

Biochar was derived from mango peel waste biomass and
successfully utilized for Cd(u) adsorption. The properties of MP
were significantly affected by pyrolytic temperature. Among all
biochars obtained at different pyrolysis temperature, MP500
had a maximum adsorption capacity of Cd(n) which was
13.28 mg g~ ', indicated that the mango peel biochar can be an
effective adsorbing material for removing Cd(u) from waste-
water. The adsorption data of biochar fitted well with the
pseudo-second-order model and Langmuir adsorption
isotherm model. The optimal dose of MP was 2.0 g L', pH was
6-8, and adsorption time was 480 min. Mango peel biochar also
had a re-adsorption potential. The analysis of EDS, FT-IR and
XRD before and after Cd(u) adsorption by MP indicated that
cation exchange, complexation reaction of Cd(u) with oxygen-

This journal is © The Royal Society of Chemistry 2020
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containing functional groups and surface precipitation of Cd
carbonates were main mechanism of adsorption. Combined
with all of the above results, mango peel waste could be used for
biochar production and the produced biochar could be used as
an alternative adsorbent for Cd(u) removal form heavy metal
wastewater. It could also be helpful for preventing environ-
mental pollution caused by agricultural waste.
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