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egeneration of leaf-based biochar
for p-nitrophenol adsorption from aqueous
solution

Hongfang Ma, *ab Zhaogui Xu,b Wenyu Wang,b Xiang Gaoc and Huifang Mab

As an environmentally friendly and low-cost adsorbent, biochar has great potential in wastewater

treatment. This study investigated biochar derived from Platanus orientalis L. leaves (PLB) activated by

KOH in terms of its capacity and reusability to adsorb p-nitrophenol (PNP). PLB had a large specific

surface area and total pore volume, and exhibits good PNP removal with a maximal adsorption capacity

of 622.73 mg g�1 at 298 K. Batch experiments showed that PLB had a high PNP adsorption capacity

under acidic conditions. Experimental results were well described by the pseudo-second-order kinetic

model and the Langmuir adsorption isotherm model. The thermodynamic study showed that PNP

adsorption was a spontaneously exothermic process, and increasing temperature was not conducive to

adsorption. In addition, PNP adsorption was mainly attributed to hydrophobic interaction. The

regeneration experiment showed that PLB had good reusability. After the fifth regeneration, the

adsorption capacity of PLB still reached 557.05 mg g�1. The deactivation of oxygen-containing

functional groups and pore blockage were the causes for the decrease in adsorption capacity of the

recycled PLB. Moreover, the biochar showed good adsorption efficiency and reusability, thereby

suggesting its potential to serve as an efficient PNP adsorbent for wastewater treatment.
1. Introduction

As a common aromatic compound, p-nitrophenol (PNP) is used
extensively in the production of ne and speciality chemicals,
such as pesticides, medicines and petrochemicals.1,2 PNP is
a refractory pollutant and highly poisonous to the environment,
and is listed as a priority pollutant due to the conjugation of its
hydroxyl and nitro groups with the benzene ring.3 Long-term
exposure to low PNP concentrations can have a serious impact
on human health, such as methemoglobinemia, liver and
kidney damage, and other diseases.4,5 In addition, PNP can
enter the soil and groundwater with the discharge of industrial
and agricultural wastewater, which results in serious environ-
mental problems. Therefore, PNP removal from industrial and
agricultural effluents is urgent. At present, many removal
methods, such as extraction,6 oxidation,7 biodegradation,8

adsorption,9–11 and photodegradation,12 have been used to
remove PNP from wastewater. Among these methods,
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adsorption by an appropriate adsorbent has shown excellent
effect of PNP removal.

Carbon materials have received considerable attention in
PNP removal due to their surface functional groups and well-
developed porosity,13 which can be produced from all types of
carbon-containing substances, including biomass waste,14

coal,15,16 b-cyclodextrin,17 resin,18 and petroleum waste.19 Among
these materials, the preparation of biomass carbon materials is
attractive in terms of cost and environmental management,
including pollutant and solid waste treatments. In the past few
years, many biomass carbon materials have been prepared to
remove PNP from wastewater. For example, Fe/Zn biochar made
from sawdust with a maximal PNP adsorption capacity of
170.0 mg g�1 showed good adsorption performance compared
with P–biochar, Zn–biochar and Fe–biochar.20 Zheng et al.21

found that microalgal biochars prepared from Chlorella sp.
Cha-01 showed higher PNP adsorption capability (204.8 mg g�1)
than two other types of microalgal biochars. Various efforts
have been undertaken to remove PNP with biochar. On this
basis, it is still necessary to actively explore a technology that
has a wider source of raw materials and a more simplied
preparation process to further improve the adsorption capacity.
In this research, Platanus orientalis L. (Platanus) leaves, with the
advantage of easy availability and large quantity, were used to
prepare biochar for wastewater treatment.

The activation of biomass plays a crucial role in the
improvement of porosity and specic surface area. Chemical
This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra07943b&domain=pdf&date_stamp=2019-11-28
http://orcid.org/0000-0002-0797-2289
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra07943b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009067


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

/1
4/

20
26

 1
:5

7:
02

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
activation is widely used because of its short activation time,
low activation temperature and simple control process. In
addition, there will be gases or compounds generated in the
reaction between activator and biomass during the chemical
activation process, and the porous structure of biochar will be
formed aer leaching.22 For the preparation of high porosity
and large specic surface area biochars, researchers have
investigated many chemical activation agents, such as KOH,
NaOH, K2CO3, ZnCl2, H3PO4 and H2SO4, etc.23,24 Among these
available activation agents, KOH is more suitable for making
biochar with high microporosity, and the prepared biochar has
a larger specic surface area.24–26 Hence, KOH was selected as
activation agent.

In addition, the extent of adsorbent regeneration is impor-
tant in adsorption due to its low cost and sustainability.
Common regeneration techniques of carbon materials in
industries are based on thermal and chemical methods.27

Thermal regeneration is a widely used method, but it has
several drawbacks, such as high energy consumption, high cost
and signicant deterioration of the pore structure.28 By contrast,
chemical regeneration usually leads to zero carbon attrition,
which results in high recovery of adsorption capacities.29 Alkali
is a type of traditional chemical reagent used in the regenera-
tion of carbon materials. The adsorption capacity of regen-
erated carbon materials by alkali solution will decrease,30 but
the causes for the decline are not well investigated. Thus,
considerable research should be conducted to determine the
causes of the reduction of the adsorption capacity of chemical-
recycled biochars.

In this study, Platanus leaves were used as the precursor in
preparing carbon materials (PLB) through KOH chemical acti-
vation to minimize the energy consumption during biochar
preparation. The biochar was characterized to explain its
physicochemical properties and illustrate its adsorption char-
acteristics for PNP. The kinetics, isothermal adsorption and
thermodynamics were evaluated to explain the adsorption
mechanism. In addition, the reproducibility and causes for the
decrease in PNP adsorption of the chemical-recycled biochar
were investigated.

2. Materials and methods
2.1 Materials

The leaves were collected and thoroughly washed to remove the
attached soils and plant residues, and then they were dried in
an oven and ground into powder. The powder was mixed with
KOH (activating agent) at an impregnation ratio of 1 : 1 (g
KOH : g leaves powder) in a certain amount of distilled water.
The mixture was oscillated to a homogeneous phase and dried
in the oven for several hours at 80 �C, and then transferred to
porcelain boats and heated in a tube furnace under a N2 ow.
The heating procedure was abided by the following stages at
a heating rate of 5 �Cmin�1: rst at 450 �C for 30 min, second at
650 �C for 30 min, and nally at 800 �C for 1 h.31 Aer cooling to
room temperature, the resulting mixture was washed with
diluted HCl, and then cleaned with boiled distilled water until
the pH of the ltrate became neutral. Moreover, the nal
This journal is © The Royal Society of Chemistry 2019
product was dried and marked as PLB. The leaves biochar was
prepared with the same pyrolysis procedures and labeled was
marked as LB.
2.2 Characterization methods

The surface morphology of the biochar was characterized by
using a scanning electron microscope (SEM, Regulus8220,
Japan). A Fourier transform infrared spectrometer (FTIR,
IRAffinity-1S WL, Shimadzu Corporation, Japan) was used to
show the functional groups presented on the biochar surface in
wave number ranging from 4000 cm�1 to 400 cm�1. The
chemical composition and element states of the biochar surface
were identied through X-ray photoelectron spectroscopy (XPS,
Escalab 250Xi, USA). Nitrogen adsorption–desorption isotherm
measurement was performed by using a volumetric adsorption
analyzer (JW-BK300C, JWGB SCI. & TECH., Beijing) at 77 K. The
specic surface area calculated by using Brunauer–Emmett–
Teller (BET) method, and the pore size distributions evaluated
by using Horvath–Kawazoe and Barrett–Joyner–Halendamodels
for micropores and mesopores, respectively.

The point of zero charge (pHPZC) of PLB was determined
using 0.1 M NaCl at pH 2, 4, 6, 8, 10, and 12, and the pH values
were adjusted with 0.1 M HCl and 0.1 M NaOH. Each NaCl (20
mL) with different values of pH was mixed with 0.02 g of PLB,
and the mixture was stirred for 24 h. Aer standing for 30 min,
the pH of the supernatant was measured. The pHPZC value was
obtained from a plot of the supernatant pH (pHf) against the
initial pH value (pHi).32
2.3 Adsorption experiments

Various batch experiments investigated the effects of pH, PLB
dosage, reaction time, initial PNP concentration, and system
temperature on PNP adsorption. To evaluate the pH effect,
20 mL of PNP solution (300 mg L�1) and 20 mg of PLB were
mixed. The pH was adjusted with 0.1 M HCl or 0.1 M NaOH.
Then, the mixture was sealed and oscillated at a constant speed
of 150 rpm in a reciprocating oscillator (THZ-82, Hualin
Industrial Co., Ltd. Shanghai) at 298 K. Aer ltration, the PNP
concentration in the ltrate was measured by a UV spectro-
photometer (723PC, Phoenix Optical Instrument Co., Ltd.
Shanghai) at a wavelength of 317 nm. The removal efficiency (u)
and the amounts of PNP adsorbed (q, mg g�1) on PLB were
calculated using eqn (1) and (2).

u (%) ¼ (C0 � Ct)/C0 � 100% (1)

q ¼ (C0 � Ct) � V/m (2)

where C0 (mg L�1) and Ct (mg L�1) represent PNP concentra-
tions in the solution at initial and time t, respectively. V (L) is the
volume of the solution, and m (g) is the weight of PLB. An
optimum pH condition was selected on the basis of the results
to conduct other experiments.

The effect of PLB dosage on the removal of PNP was con-
ducted by adding various amounts (0.010–0.035 g) of PLB into
PNP solution (300 mg L�1, pH ¼ 3) at a constant speed of
RSC Adv., 2019, 9, 39282–39293 | 39283
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150 rpm at 298 K for 240 min. To evaluate the reaction time
effect, the mixture was sealed and oscillated at a constant speed
of 150 rpm at 298 K for 10–720 min before ltration. The
experiment procedure and other conditions were the same as
the study on pH effect. Different initial concentrations of PNP
and reaction temperature were assessed in conducting the
adsorption isotherm and thermodynamic studies. The mixture
of 20 mg PLB and 20 mL PNP with different concentrations
(100 mg L�1 to 2000 mg L�1, pH ¼ 3) was oscillated at desired
temperatures (298, 313, and 328 K) at a speed of 150 rpm and
reaction time of 180 min. The experiment procedure and other
conditions were the same as the study on pH effect.

2.4 Regeneration experiment

The solid–liquid (PLB and PNP solutions) ratio was set to 1
(g L�1), with an initial PNP concentration of 1800 mg L�1. The
adsorption reached equilibrium aer 3 h at 298 K with a shaking
speed of 150 rpm. The equilibrium concentration was measured,
and the PLB was separated from the solution with a lter (0.22
mm). The collected PLB was washed several times with 1 M NaOH
and distilled water until neutral. Aer drying at 80 �C, the recy-
cled biochar was used for the next adsorption process (Fig. 1). In
total, 7 times of biochar regeneration with the original biochar
(PLB) were performed to determine the adsorption capacity of
PNP. Moreover, the rst generation of recycled biochar was
denoted as R1, and the next six generations were noted as R2, R3,
R4, R5, R6, and R7, respectively. Several typical generations, such
as PLB, R4, and R6 for the textural parameters and PLB and R6
for the FTIR spectra, were used and analyzed the causes of
decline in adsorption capacity aer regeneration.

2.5 Statistical analysis

The gures for pH effect on PNP removal rate and the recycle
times on adsorption effect presented the mean value of
Fig. 1 The demonstration of the adsorption and regeneration process
of PLB.

39284 | RSC Adv., 2019, 9, 39282–39293
triplicate, and statistical analyses (ANOVA) and LSD test for
mean comparisons were conducted in SPSS 17.0. Differences at
P # 0.05 were considered signicant.
3. Results and discussion
3.1 Characterizations of biochar

The leaf-based biochar prepared in this study had a porous
structure (Fig. 2a), which could be explained by the following
reaction (eqn. (3)–(8)) of KOH with the leaf powder during
pyrolysis:33,34

6KOH + 2C / 2K + 3H2 + 2K2CO3 (3)

K2CO3 + C / K2O + 2CO (4)

K2CO3 / K2O + CO2 (5)

2K + CO2 / K2O + CO (6)

K2CO3 + 2C / 2K + 3CO (7)

CO2 + C / 2CO (8)

Hydrogen, carbon monoxide, potassium vapor, and carbon
dioxide were generated during sintering, which resulted in
a large number of pores on the biochar surface. In addition,
K2CO3 and other compounds were washed away with diluted
HCl and the micropores formed on biochar. Therefore, this
process increased the specic surface area and pore volume of
the biochar, which can be benecial for PNP adsorption.

The FTIR spectra of PLB and PLB aer PNP adsorption
(PNP@PLB) were shown in Fig. 2b. The bands of PLB at
1744 cm�1 and 1690 cm�1 were the C]O stretching vibration,
and the band at 1524 cm�1 was the aromatic C]C stretching
vibration.35 The band at 1134 cm�1 might have contributions
from C–O telescopic vibration in ester group, ether group,
aliphatic ether and carboxylic acid groups. Moreover, the band
at 1003 cm�1 could be assigned to O–H bending vibration in
alcoholic, phenolic and carboxylic acid groups. These results
indicated that PLB surface existed some oxygen-containing
functional groups of –OH, –COOH and –C–O–C. The peaks of
the ring C–H vibrations appeared at 798 cm�1 and 675 cm�1.36

The broad band of PNP@PLB at 3456 cm�1 was related to the
O–H stretching vibration peak of phenolic hydroxyl.37 The band
of the symmetrical stretching vibration of aromatic –NO2

appeared at 1331 cm�1.38 In addition, no peak was observed at
1134 cm�1 of PNP@PLB compared to PLB, which might be
attributed to the hydrogen bonding between the oxygen-
containing functional groups of PLB and PNP. The FTIR
spectra of PNP showed the broad band at 3321 cm�1 was related
to the O–H stretching vibration peak, and the peak at 1218 cm�1

was related to the aromatic –NO2.39 The peaks at 3321 and
1218 cm�1 shied to 3456 and 1331 cm�1 of PNP@PLB,
respectively, which indicated the hydrogen bonding between
PNP and PLB.32 These characteristics indicated the successful
adsorption of PNP molecules on PLB through hydrogen
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 SEM image of PLB (a), The FTIR spectra of PLB and PNP@PLB (b), the XPS spectra of PLB and PNP@PLB (c), N 1s XPS spectra of PNP@PLB
(d), C 1s XPS spectra of PLB (e) and PNP@PLB (f).
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bonding between the hydroxyl groups or carboxyl groups on
PLB and the hydroxyl, nitro groups of PNP.

The XPS spectra of PLB and PNP@PLB were shown in
Fig. 2c–f. The survey scan spectra of PLB and PNP@PLB
demonstrated the existence of O 1s and C 1s, and a new peak
corresponding to N 1s was generated in PNP@PLB (Fig. 2c). Two
new peaks at 401.1 eV and 405.9 eV, which corresponded to C–N
and nitro group,40,41 were generated in the N 1s spectra of
PNP@PLB (Fig. 2d). The C 1s spectra of PLB (Fig. 2e) could be
tted into three peaks, including 284.8 eV (C–C), 286.2 eV (C–O),
and 289.0 eV (O]C–O).42 The peaks of C–C, C–O, and O]C–O
This journal is © The Royal Society of Chemistry 2019
remained essentially unchanged in the C 1s spectra of
PNP@PLB (Fig. 2f), with a new peak generated at 285.5 eV (C–N)
compared with that of PLB.43 These observations conrmed the
PNP adsorption on PLB, which was consistent with the discus-
sion in the FTIR analysis.

Adsorption/desorption isotherm analysis showed that LB,
PLB and PNP@PLB exhibited a type-IV isotherm (Fig. 3 and
Fig. 4a and b, respectively). The curves rapidly increased at low
relative pressure, which demonstrated the existence of micro-
pores. Moreover, hysteresis loops could be found at medium
relative pressure, indicating the presence of mesopores.44 The
RSC Adv., 2019, 9, 39282–39293 | 39285
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Fig. 3 N2 adsorption/desorption isotherm of LB, the inset is the cor-
responding pore size distribution.

Table 1 The textural parameters of LB, PLB and PLB after PNP
adsorption (PNP@PLB)

Carbon
material

SBET
a

(m2 g�1)
Smic

b

(m2 g�1)
Smac&mes

c

(m2 g�1)
Vtot

d

(cm3 g�1)
Vmic

e

(cm3 g�1)
Vmac&mes

f

(cm3 g�1)

LB 52.05 42.25 9.80 0.05 0.02 0.03
PLB 1792.38 1582.13 210.25 0.94 0.71 0.23
PNP@PLB 375.75 261.32 114.43 0.33 0.15 0.18

a SBET: BET surface area. b Smic: micropore surface area. c Smac&mes:
macropore and mesopore surface area. d Vtot: total pore volume.
e Vmic: micropore volume. f Vmac&mes: macropore and mesopore volume.
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most probable apertures of LB, PLB and PLB@PNP were
0.68 nm, 0.60 nm and 0.45 nm, as shown in the insets. In
addition, the average pore diameters of LB, PLB and PLB@PNP
were 3.91 nm, 2.23 nm and 2.24 nm, respectively. Table 1
showed that the BET surface area and the total pore volume of
LB were 52.05 m2 g�1 and 0.05 cm3 g�1, which were 1792.38 m2

g�1 and 0.94 cm3 g�1 for PLB, respectively. The activation
process greatly improved the specic surface area and pore
volume of biochar, and provided more adsorption sites for the
removal of PNP. Hence, PLB was selected as adsorbent to
conduct adsorption experiments. In addition, the proportion of
micropore surface area and micropore volume reached to
88.27% and 75.53%, causing micropores greatly improved the
BET surface area of PLB. Furthermore, compared with the PLB,
the BET surface area and micropores volume of PNP@PLB
remarkably changed, whereas macropores and mesopores only
showed a slight change. This indicated that the micropores
played a major role in PNP adsorption, and the macropores and
Fig. 4 N2 adsorption/desorption isotherm of PLB (a) and PNP@PLB (b),

39286 | RSC Adv., 2019, 9, 39282–39293
mesopores had a minor effect. These results indicated that the
proportion of micropores in biochar had the better PNP
adsorption.
3.2 Effect of pH on PNP adsorption

The removal efficiency of PNP decreased with the increase of
pH, and the highest point was occurred at pH 3 (Fig. 5a). On this
basis, other adsorption and regeneration experiments were
conducted with optimized pH of PNP at 3. At low pH condition,
PNP in the solution mainly existed in a molecular form, and
PNP removal might be ascribed to the hydrogen bond, hydro-
phobic interaction, and p–p interaction.45 From Fig. 5b, pHPZC

was approximately 4.77, which was higher than the optimized
pH for PNP adsorption, illustrating that the main interaction
between PNP and PLB were not hydrogen bonding. In addition,
the electron acceptor –NO2 of PNP and the small amount of
oxygen-containing functional groups on the PLB surface
reduced the electron density of aromatic ring and basal planes,
which led to a weak p–p interaction.46 These observations
suggested that PNP adsorption on PLB was mainly attributed to
hydrophobic interaction. However, the removal rate sharply
decreased at high pH condition. The reason was that the surface
charge of the biochar was negative when pH was higher than
pHPZC, and considerable PNPs were ionized as the pH
increased. Thus, electrostatic repulsion occurred between the
surface of PLB and PNP ions, resulting in a sharp decrease.
the inset is the corresponding pore size distribution.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Effect of initial pH of PNP removal efficiency (a), determination of the pHPZC for PLB via pH drift method (b).
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3.3 Effect of PLB dosage on PNP adsorption

Fig. 6 showed that the removal efficiency of PNP obviously
increased when the PLB dosage ranged from 0.01 to 0.02 g. As
the PLB dosage increased, the increase of adsorption sites
caused the increase of adsorption efficiency. Subsequently, the
removal efficiency maintained basically unchanged when the
PLB dosage ranged from 0.02 to 0.035 g. This may be related to
the adsorbent aggregation. The adsorption capacity of PNP
decreased from 444.46 to 163.34 mg g�1 when the PLB dosage
ranged from 0.01 to 0.035 g. According to as the factor of cost,
adsorption capacity and removal rate, the optimum dosage of
PLB was selected to be 0.02 g.
3.4 Adsorption kinetics

Fig. 7a showed that the adsorption capacity of PNP rapidly
increased within 5min. And the adsorption capacity remarkably
increased with the extension time of 180 min, adsorption
capacity of 291.80 mg g�1, and removal rate of 97.27%. Subse-
quently, the adsorption capacity approximately leveled off,
Fig. 6 Effect of PLB dosage (0.010–0.035 g) on PNP removal.

This journal is © The Royal Society of Chemistry 2019
which indicated the adsorption experiment reached equilib-
rium at 180 min.

Adsorption kinetics is a fundamental aspect for evaluating
the adsorption process. The kinetic models for PNP adsorption
on PNP were investigated by using pseudo-rst-order kinetic (9)
and pseudo-second-order kinetic models (10),47 and the diffu-
sion mechanism was described by using an intra-particle
diffusion model (11).48

ln(qe � qt) ¼ ln qe � K1t (9)

t/qt ¼ 1/(K2q
2
e) + t/qe (10)

qt ¼ Kidt
1/2 + Ci (11)

where qe (mg g�1) is the amount of PNP adsorbed at equilib-
rium, and qt (mg g�1) represents the amount of PNP adsorbed at
time t (min). K1 (min�1) and K2 (g (min mg)�1) are the rate
constants for the pseudo-rst and pseudo-second order
adsorption kinetic models, respectively. Kid (mg (g�1 min�1/2))
is the diffusion rate constant, and Ci is a constant related to the
boundary layer thickness.

The correlation coefficients of the dynamic model for PNP
adsorption on PLB were obtained from Fig. 7b and c, and Table
2 listed the dynamic tting parameters. The correlation coeffi-
cient showed that the experimental data tted better with the
pseudo-second-order kinetic model (R2 ¼ 0.9998) than with the
pseudo-rst-order kinetic model (R2 ¼ 0.9887). In addition, the
adsorption capacity calculated from the pseudo-second-order
kinetic model (qe2,cal ¼ 294.12 mg g�1) was approximately
consistent with qe,exp, which were considerably higher than that
calculated from the pseudo-rst-order kinetic equation (qe1,cal¼
38.64 mg g�1). Therefore, PNP adsorption followed the pseudo-
second-order kinetic model.

Fig. 7d showed that PNP adsorption could be described by
three linear sections, indicating the occurrence of multiple
stages during adsorption. In the rst stage, the adsorption
mainly occurred on the external surface, where approximately
90% of PNP molecules were adsorbed from the solution to the
external surface. In the second stage, the adsorption reaction
RSC Adv., 2019, 9, 39282–39293 | 39287
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Fig. 7 Effect of reaction time on PNP adsorption (a); Pseudo-first-order kinetic model (b); Pseudo-second-order kinetic model (c); Intra-particle
diffusion model (d).
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rate decreased, and the PNP molecules on the external surface
diffused into PLB pores as the adsorption process progresses. In
the last stage, the adsorption reaction reached equilibrium.
3.5 Adsorption isotherm and thermodynamic studies

Three adsorption isotherms (Langmuir, Freundlich, and Tem-
kin models) were used to investigate the reaction behavior
between the PNP molecules and PLB. The Langmuir isotherm
model assumes that the adsorbate molecules form a monolayer
on adsorbents with homogeneous surface, and Freundlich
Table 2 Adsorption kinetic parameters of PNP adsorbed on PLB

Model

Parameter

qe,exp (mg g�1) 292.81

Pseudo-rst-order kinetics model qe1,cal (mg g�1) 38.64
K1 (min�1) 0.0206
R2 0.9887

Pseudo-second-order kinetics
model

qe2,cal (mg g�1) 294.12
K2 (g (min�1 mg�1)) 0.0021
R2 0.9998

Intra-particle diffusion model K1d (mg (g�1 min�1/2)) 13.6532
K2d (mg (g�1 min�1/2)) 2.9048
K3d (mg (g�1 min�1/2)) 0.2141

39288 | RSC Adv., 2019, 9, 39282–39293
isotherm model describes a multilayer adsorption on hetero-
geneous surfaces.49 The Temkin model has a factor that reveals
the interaction between the adsorbate and adsorbent.45 The
equations of Langmuir (12), Freundlich (13), and Temkin
models (14) are expressed as follows:35,50

qe ¼ qmKLCe/(1 + KLCe) (12)

qe ¼ KFCe
1/n (13)

qe ¼ B ln KT + B ln Ce (14)

where qm (mg g�1) is the maximum adsorption capacity; Ce (mg
L�1) is the equilibrium concentration of the solution; and n is
the empirical index. KL (L mg�1) and KF are the indicators of
adsorption capacity for Langmuir and Freundlich models,
respectively. B and KT (g L�1) are the parameters of Temkin
model.

Fig. 8a–c showed the linear tting of the isothermal
adsorption models of PNP on PLB. Table 3 showed the tting
results of isothermal adsorption equations. The correlation
coefficients of Langmuir isotherm adsorption model (R2 ¼
0.9948–0.9981) were higher than those of Freundlich isotherm
adsorption model (R2 ¼ 0.9329–0.9647) and Temkin isotherm
adsorption model (R2 ¼ 0.9922–0.9948), and the difference of
qm,cal and qm,exp was small. Thus, the PNP adsorption on PLB
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Linear fitting of the isothermal adsorption models of PNP on PLB: Langmuir isothermal adsorption model (a), Freundlich isothermal
adsorption model (b), and Temkin isothermal adsorption model (c); ln Kd vs. T�1 for PNP adsorption on PLB (d).
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was more consistent with the Langmuir isotherm adsorption
model in the range of the experimental concentration, sug-
gesting that the PNP adsorption on PLB occurred in a mono-
layer. In addition, Table 3 showed that the maximum
adsorption was affected by reaction temperature. As the
temperature increased from 298 K to 328 K, the adsorption
capacity of PNP decreased from 622.73 mg g�1 to 547.68 mg g�1.
Table 3 Parameters of Langmuir, Freundlich and Temkin model for
the PNP adsorption on PLB

Model

Temperature

298 K 313 K 328 K

Langmuir qm,exp (mg g�1) 622.73 590.09 547.68
qm,cal (mg g�1) 621.12 602.41 534.76
KL (L mg�1) 0.0285 0.0273 0.0403
R2 0.9948 0.9958 0.9981
RL 0.0191 0.0199 0.0136

Freundlich 1/n 0.2075 0.2060 0.1907
KF 152.36 147.76 149.83
R2 0.9329 0.9647 0.9462

Temkin KT (g L�1) 7.998 8.447 13.953
B 65.8179 62.9563 54.8176
R2 0.9922 0.9928 0.9948

This journal is © The Royal Society of Chemistry 2019
Thus, the adsorption process was an exothermic reaction, and
increased the temperature could be unprotable for adsorption.

In addition, an essential factor of Langmuir isotherm is
separation factor (RL), which could be used to conrm whether
adsorption is favorable. RL is expressed as follows:51

RL ¼ 1/(1 + KLC0) (15)

where KL represents the Langmuir adsorption isotherm
constant, and C0 (mg L�1) represents the maximum concen-
tration of adsorbate in the original solution before adsorption
treatment. RL reveals the adsorption tendency: unfavorable (RL >
1), favorable (0 < RL < 1), and linear (RL¼ 1).52 The smaller the RL

had the greater affinity between the adsorbent and adsorbate.53

In this study, RL values were between 0 and 1 (Table 3), indi-
cating that the adsorption reaction proceeded favorably, and
the affinity between PNP and PLB was strong.

To investigate the effect of temperature on adsorption, the
thermodynamics of adsorption processes were estimated by
using eqn (16)–(19):54

DG ¼ �RT ln Kd (16)

DG ¼ DH � TDS (17)

Kd ¼ qe/Ce (18)
RSC Adv., 2019, 9, 39282–39293 | 39289
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Table 4 Thermodynamic parameters for PNP adsorption on PLB

T (K)
DG
(kJ mol�1)

DH
(kJ mol�1)

DS
(J (mol�1 K�1)) R2

298 �5.811 �6.969 �3.872 0.9993
313 �5.752
328 �5.694
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ln Kd ¼ DS/R � DH/RT (19)

where R (J (mol�1 K�1)) is the gas constant with the value of
8.314, T (K) is the absolute temperature, and Kd (L g�1) is the
adsorption equilibrium constant.

The correlation coefficient of the thermodynamic study was
obtained from Fig. 8d. Table 4 illustrated that DH was negative,
conrming that PNP adsorption was an exothermic process and
in agreement with the results from Table 3. DH value could be
divided into physical adsorption (2.1–20.9 kJ mol�1) and
Fig. 10 Schematic diagram for the adsorption mechanism of PNP on PL

Fig. 9 The UV adsorption spectra of PNP and mixed solution
(PNP&PLB).

39290 | RSC Adv., 2019, 9, 39282–39293
chemical adsorption (20.9–418.4 kJ mol�1).55 In this experi-
ment, DH (6.969 kJ mol�1) was relatively small, indicating that
no strong force (such as chemical bond force) existed in
adsorption, and the main participating forces might be p–p

interaction, hydrogen bonding force, and hydrophobic inter-
action. This was consistent with the discussion in Section 3.2. In
addition, the value of DS was negative, indicating that the
activity of PNP aer adsorption on PLB was limited, and the
arrangement between molecules became orderly, then the
degree of chaos was reduced. Therefore, PNP adsorption on PLB
was an entropy reduction process. Furthermore, DG with
a negative value, which embodied the adsorption driving force,
indicated that the adsorption process was spontaneous. Then
the adsorption was unfavorable at high temperature, because
the absolute value of DG decreased with the increase of
temperature, suggesting that adsorption was unfavorable at
high temperature.
3.6 Adsorption mechanism

The PLB provided a larger specic surface area and abundant
pores, thus there existed enough hydrophobic sites for PNP
adsorption by hydrophobic interaction.45 In addition, based on
the FTIR analysis of PLB, there existed some functional groups
on the PLB, such as ether groups, hydroxyl groups, aromatic
rings and carboxyl groups. These functional groups may offer
additional sites for PNP removal, which through hydrogen
bonding between the hydroxyl groups or carboxyl groups on
PLB and the hydroxyl, nitro groups of PNP, and through p–p

interaction between the aromatic rings on PLB and PNP. The UV
adsorption spectra conrmed the p–p interaction between PNP
and PLB (Fig. 9). The main adsorption peak of PNP was pre-
sented at 317 nm, and the peak shied from 317 nm to 320 nm
as PLB was added. The red-shi of the main adsorption peak
indicated that there existed p–p interaction between PNP and
PLB.56 However, the p electrons from the basal planes of PLB
could be removed by the carboxyl groups, which led to a weaker
p–p interaction.35 Furthermore, if the hydrogen bonding was
the main interaction, the pH of the maximum PNP adsorption
capacity should be around pHPZC.20 Consequently, the
B.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra07943b


Fig. 11 The relationship between recycle numbers and adsorption capacity (a); The FTIR spectra of PLB and the sixth regeneration PLB (R6) (b).
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optimized pH was lower than pHPZC, causing PNP adsorption
on PLB was mainly attributed to hydrophobic interaction.
Therefore, the adsorption mechanism of PNP on PLB was pre-
sented in Fig. 10.
3.7 Regeneration

Fig. 11a showed the PNP adsorption capacity of each recycled
generation. The adsorption capacity initially decreased from
622.73 mg g�1 (original biochar) to 571.98 mg g�1 (R4). Then,
PLB still performed high adsorption capacity for the h
regeneration (557.05 mg g�1), and the adsorption capacity was
approximately 90% of the original biochar. Nevertheless, the
PNP adsorption had a sharp decline to 485.01 mg g�1 as the
number of regenerations increased, leading to a decrease in
adsorption capacity (78% of the original biochar).

The textural parameters and FTIR spectra were analyzed to
determine the causes for the decrease in adsorption capacity
aer regeneration. Table 5 showed that the micropores pore
volume of R4 and R6 were similar but small compared with that
of PLB. These results suggested that the blockage of PLB's
micropores could be a cause for the decrease in adsorption
capacity of the recycled biochar. However, the substantial drop
for R6 could not be explained. There may be other reasons that
affect the adsorption capacity of recycled biochar. Fig. 11b
showed that the band at 3456 cm�1 of R6 was related to the O–H
stretching vibration peak of phenolic hydroxyl, and the bands at
1631 cm�1 and 1524 cm�1 was the aromatic C]C stretching
Table 5 The textural parameters of original PLB and recycled PLB (R4
and R6)

Carbon material

Pore volume, (cm3 g�1)

Vtot Vmac&mes Vmic

PLB 0.94 0.23 0.71
R4 0.88 0.26 0.62
R6 0.85 0.25 0.60

This journal is © The Royal Society of Chemistry 2019
vibration,38 respectively. This indicated that some PNP mole-
cules blocked the pores and could not be washed away by NaOH
and distilled water during the regeneration process. In addi-
tion, the band at 1003 cm�1 of R6 disappeared compared with
that of PLB (Fig. 11b), indicating that hydroxyl groups and
carboxyl groups were deactivated during the cleaning process.
This might be the reason for the signicant decrease in the
adsorption of the recycled biochar. Therefore, these results
indicated that a part of the micropores on the biochar was
gradually blocked with each regeneration, and the deactivation
of oxygen-containing functional groups became the main cause
aer several times of regeneration.
4. Conclusions

In this research, Platanus leaves were successfully produced into
a biochar with good adsorption capacity and high reusability.
The biochar had a well-developed porous structure with large
specic surface area (1792.38 m2 g�1). There were oxygen-
containing functional groups such as –OH, –COOH and –C–
O–C on the biochar surface, which were benecial to the
adsorption of PNP. Furthermore, the study on adsorption
mechanism indicated that PNP adsorption was mainly attrib-
uted to hydrophobic interaction, followed by the role of
hydrogen bonding and p–p interaction. In adsorption process,
PNP adsorption on PLB was a spontaneous exothermic reaction
which was more in line with pseudo-secondary kinetic model
and Langmuir model, and the maximum adsorption capacity
for PNP was 622.73mg g�1 at 298 K. In regeneration process, the
adsorption capacity of PLB still reached 485.01 mg g�1 aer the
seven regenerations. In addition, pore blockage and deactiva-
tion of oxygen functional groups could be the causes for the
decrease in PNP adsorption of the recycled biochar.
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