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A B S T R A C T

In this work, the cellulose-enriched mesocarp of tangerine peels (TP) and the lignin-enriched epicarp of the peels
(e-TPs) were used as examples to unveil the link between the basic components (cellulose, hemicellulose and
lignin) in lignocellulosic biomass and catalytic activity of biochar towards peroxymonosulfate (PMS) activation.
The TP biochar exhibits sheet-like morphology and high porosity, while the e-TPs biochar shows a bulk mor-
phology. Accordingly, the former outperformed the latter in terms of catalytic degradation of phenol with PMS,
attributing to the higher content of cellulose than lignin in the TP precursor, which was further supported by
comparing the catalytic activity of biochar prepared from binary mixtures containing different proportions of
cellulose and lignin. Nonradical oxidation pathway based on singlet oxygen (1O2) and electron-transfer me-
chanism was involved in the TP biochar/PMS system and the key role of C]O group in biochar for 1O2 gen-
eration was computationally demonstrated. Additionally, the unique porous structure and surface chemistry of
TP biochar endows it an excellent adsorbent for various organic pollutants. Herein, this work provides an insight
into the effect of lignocellulosic biomass source on the catalytic property of biochar, which would be beneficial
to screen lignocellulosic biowastes to prepare high-performance biochar for water remediation.
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1. Introduction

The universal detection and presence of hazardous organic com-
pounds in aquatic environment has caused severe environmental pro-
blems, whereas the remediation of the organic pollutants is challenging
(Duan et al., 2018b; Malaj et al., 2014). Activating persulfate to gen-
erate reactive oxygen species (ROS) like sulfate radicals (SO4

%−) or
singlet oxygen (1O2) for degrading organics has been a popular ad-
vanced oxidation processes (AOPs) technique used in water remedia-
tion (Duan et al., 2018b). Persulfates like peroxymonosulfate (PMS) and
peroxydisulfate (PDS) are stable solid oxidants, making them cost-ef-
ficient for storage and transport in commercial applications (Tsitonaki
et al., 2010). PMS and PDS can be activated by various methods, in-
cluding heat (Hu et al., 2020), UV (Mahdi-Ahmed and Chiron, 2014),
ultrasound (Cai et al., 2015), chemical catalysts, etc. Among them,
catalytic activation method, which shows the merits of simplicity and
low demand in equipment, has attracted extensive attention (Duan
et al., 2018b).

At the early stage, metals and oxides were widely employed for
persulfate activation with high efficiency, whereas metal-based cata-
lysts show detrimental drawbacks of scarcity and metal leaching. In the
pursuit of sustainability and green catalysis, exploring metal-free cat-
alysts for persulfate activation is very attractive. In recent years, carbon
materials involving graphene (Sun et al., 2012), carbon nanotubes
(CNTs) (Guan et al., 2017a, b; Nie et al., 2019), mesoporous carbon
(Zhu et al., 2017), nanodiamond (Duan et al., 2018a), biochar (Huang
et al., 2018), etc. have been commonly employed as persulfate activa-
tors due to their biocompatibility, source richness and tunable catalytic
activity. Among these carbon materials, biochar shows the most pro-
mising practicability because it is obtained by simple thermal pyrolysis
of the ubiquitous biomass wastes on Earth, which makes it low-cost and
eco-friendly (Mohan et al., 2014).

Lignocellulosic biomass, which is widely produced by the agri-
cultural and food industries, accounts for the majority of the diverse
sources of biowastes. The primary components in lignocellulosic bio-
mass are lignin, cellulose and hemicellulose (Wan et al., 2020). Due to
the unique porous structure and surface chemistry, lignocellulosic
biomass-derived biochars have been widely used as excellent ad-
sorbents and catalysts for environment remediation, such as bamboo
biochar (Deng et al., 2019; Wang et al., 2018), sludge biochar (Wang
et al., 2017), reed biochar (Zhu et al., 2018), spent coffee ground (SC)
biochar (Oh et al., 2018). Owing to the differences of plant structure
and chemical compositions in various biomass sources, the resultant
biochar exhibits discrepant catalytic property. For instance, Huang
et al. found that the pig manure biochar possesses higher concentration
of persistent free radicals and higher catalytic activity towards H2O2

activation than the bamboo biochar and corn stalk biochar (Huang
et al., 2019). Additionally, rice straw biochar was reported to efficient
for activating PDS to degrade aniline (Wu et al., 2018), while the reed
biochar shows poor activity towards PDS activation (Zhu et al., 2018).
To understand the effect of biomass sources on the catalytic perfor-
mances of biochar for persulfate activation, several studied were con-
ducted. Shi et al. compared the PDS activation efficiency of wheat straw
biochar, chicken manure biochar and rice husk biochar for p-ni-
trophenol degradation (Shi et al., 2017) and discovered that the rice
husk biochar showed best catalytic activity among them. Oh et al.
comparatively studied the structural characteristics and catalytic ac-
tivity of nitrogen-doped biochars derived from SC, banana peel, orange
peel, saw dust and dry leaves, respectively (Oh et al., 2019) and sug-
gested that the nitrogen-doped SC biochar and nitrogen-doped saw dust
biochar showed better PMS activation efficiency than the other two
biochars. However, in their studies, the link between the lignocellulosic

components (i.e., proportions of lignin, cellulose and hemicellulose) in
biomass and catalytic activity of resulting biochar was still unclear, e.g.
is higher content of cellulose than lignin and hemicellulose in the
biomass beneficial to catalytic activity of biochar over persulfate acti-
vation or should higher content of lignin than cellulose and hemi-
cellulose do? Thereby, more efforts on understanding how the varia-
tions of lignocellulosic components in biomass sources impact the
catalytic property of biochar are of necessity, which will better help
screen biomass to fabricate biochar catalysts with desirable perfor-
mances for water remediation. Especially, in previous studies chemical
modifications on biochars like doping with heteroatoms or loading with
metallic oxides were needed to improve their catalytic performances
(Rong et al., 2019; Zhu et al., 2018), while these additional treatments
increase the cost of biochar, limiting their practical applications. In this
regard, gaining insight into the link between the lignocellulosic com-
ponents in biomass and catalytic activity of resulting biochar can also
help reduce the cost of biochar.

Citrus reticulata, which is also called as tangerine, as popular fruit,
has been heavily consumed in the world. The global production of ci-
trus in 2019 is reported to be 31.4 million tons with the biggest pro-
ducers of China, Spain and Turkey (Rueda et al., 2020). As a result,
large amounts of citrus peels as biowastes are globally produced, which
are promising precursors of biochar. The citrus peels mainly consist of a
peripheral surface as epicarp (e-TPs) and a white soft middle layer as
mesocarp (citrus pith, TP), whereas the chemical compositions in the
two tissues are quite different. Therefore, the epicarp and mesocarp of
citrus peels may be good candidates to study the link between the
biomass components and catalytic properties of the derived biochar.

Herein, we comparatively studied the structural characteristics and
catalytic activity towards PMS activation of the TP-derived biochar and
e-TPs-derived biochar, respectively. To understand the influence of
biomass sources on the biochar, the chemical compositions and mac-
rostructures of the biomass precursors were investigated by a series of
characterization techniques. The extrinsic (e.g. morphology, specific
surface area, etc.) and intrinsic (e.g. graphitization level, surface
chemistry, etc.) properties of TP-derived and e-TPs-derived biochars
were examined. The catalytic activity of the two biochars towards PMS
activation were evaluated by using phenol as the target organic pollu-
tant. It was observed that TP-derived biochar surpassed e-TPs-derived
biochar in PMS activation stemming from the higher content of cellu-
lose than lignin in the TP precursor compared to e-TPs. Meanwhile,
control experiments using biochars prepared from binary mixtures of
cellulose and lignin with different proportions as PMS activators were
also conducted to disclose the link between the biomass components
and catalytic properties of biochar. Additionally, because of the re-
markable enlarged specific surface area (SSA = 922.13 m2 g−1) of TP-
derived biochar, its adsorption capacity toward diverse organic pollu-
tants was also evaluated. Furthermore, the involved mechanism of PMS
activation catalyzed by TP-derived biochar and the influence of pyr-
olysis temperature on the catalytic performances were elaborated. In
this way, a guideline for screening lignocellulosic biowastes to prepare
high-performance biochar catalysts for water remediation was pro-
vided.

2. Materials and methods

2.1. Reagents and biochar preparation

Details of the chemicals and preparation of solutions in this work
can be found in Supporting Information (Text S1). To prepare biochar,
the citrus peels were cut into small strips and then washed with water
and ethanol to remove the dirt and soluble organic compounds.
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Subsequently, the clean peels were continuously stirred in ultrapure
water for 12 h to separate the TP from the e-TPs and a yellow colloidal
solution was obtained. The colloidal solution was filtrated and both the
e-TPs residues on the membrane and the filtrate containing TP were
collected. The TP filtrate was centrifuged at 10,000 rpm min−1 for 15
min and the resultant precipitates were dried by a freeze dryer to obtain
TP powders. The e-TPs residues were also dried by a freeze dryer.
Afterwards, the TP powders were carbonized at different temperatures
(350−900 °C) for 90 min in N2 atmosphere. The as-prepared samples
were named as TP-X, where X refers to the carbonization temperature.
Similarly, dried e-TPs was treated at 900 °C to obtain e-TPs-900. To
investigate the influence of metal impurities in the biochar on the
catalytic activity, TP-900 and TP were treated with 50 % (v/v) HCl
solution to etch the metals, the resulted samples were named as TP-
900(HCl) and TP(HCl)-900, respectively.

2.2. Experimental procedures

To evaluate the adsorption performance of biochar, several organic
dyes including rhodamine B, methyl orange, methylene blue, malachite
green, tetracycline as a common antibiotic and phenol were chosen as
the target contaminants and their initial concentration is 20 mg L−1.
The adsorption experiments were carried out by dispersing the biochar
into the solution of organic pollutant and sonicating the suspension to
ensure the homogeneous adsorption. More details are described in Text
S2. For catalytic activity tests, 50 mg L−1 phenol was selected as the
model pollutant. The removal of phenol was conducted in a 150 mL
conical flask at room temperature. Briefly, a certain amount of catalyst
was added into the organic pollutant solution and sonicated for 40 min
in order to achieve the adsorption-desorption equilibrium of organic
pollutant onto the biochar. Afterwards, a certain amount of PMS was
added into the mixed solution and magnetically stirred to launch the
degradation process. Then 0.8 mL sample solution withdrawn from the
reaction suspension at given time intervals was mixed with 0.2 mL
ethanol which was used to quench the free radicals and then filtered
through a syringe filter with polyether sulfone membrane of 0.22 um
pore size into a high-performance liquid chromatography (HPLC) vial.
The pH of the organic pollutant solution was not buffered unless spe-
cified. All the experiments were conducted in duplicate, and the mean
and its standard deviations were presented. The removal efficiency of
organic compounds and the pseudo-first-order reaction employed to
estimate the degradation kinetic are described as follows:
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2.3. Analytical methods

The concentration of dyes was determined by a UV–vis spectro-
photometer (Agilent Cary 300). The concentrations of phenol and tet-
racycline were measured using HPLC (Elite EC1assical3100) with a C18
column (Waters, Atlantis T3 Column, 4.6 mm × 50 mm, USA). Total
organic carbon (TOC) was measured with a TOC analyzer (Shimadzu
TOC-VCPH). The solution pH was measured by a pH meter (Leici,
Shanghai). Electron paramagnetic resonance (EPR, Bruker EMXPlus-
10/12) spectra were recorded to analyze the generated reactive species
using 5,5-dimethyl-1-pyrroline-n-oxide (DMPO) and 2,2,6,6-tetra-
methylpiperidine (TEMP) as the spin-trapping agents. Details on the
characterization instruments are provided in Text S3.

3. Results and discussion

3.1. Characterizations of biochar

It is well-established that the thermolytic behaviors of cellulose,
pectin, hemicellulose and lignin are totally different (Dou et al., 2017).
Therefore, thermogravimetric (TG) and differential thermogravimetric
(DTG) curves were acquired to understand the difference of fractions of
these components in TP and e-TPs. As shown in Fig. 1a, the pyrolysis of
both precursors could be divided roughly into three stages. The small
weight loss in stage I (30∼150 °C) was mainly caused by the volatili-
zation of moisture in the biomass, which accounted for the peak cen-
tered at ∼83 °C in DTG curves (Fig. 1b). During stage II (151∼380 °C),
the pectin, cellulose, hemicellulose and lignin in the biomass started to
decompose, resulting in considerable weight loss based on the TG
curves of both precursors. Especially for the first three components,
their decompositions were completed in the above temperature range
(Alvarez et al., 2018). Meanwhile, the peaks locating at 241 °C and 342
or 351 °C in the DTG curves were attributed to the decompositions of
pectin and cellulose, respectively (Alvarez et al., 2018). Note that the
shoulder peak at 241 °C in the DTG curve of TP was very faint, in-
dicating that the content of pectin in TP is much lower than that in e-
TPs. The intensity of the peak corresponding to cellulose in the DTG
curve of TP was much higher than that of e-TPs, which can be explained
by the reason that the content of cellulose in TP was much higher
compared to e-TPs. Additionally, the positions of cellulose for the two
precursors were slightly different, possibly because the significant di-
vergence of chemical compositions between them may somehow affect
the thermal-decomposition temperature of cellulose. An extra peak lo-
cated at ∼271 °C appearing in the DTG curve of TP was attributed to
the decomposition of hemicellulose. At stage III (381∼900 °C), the
mass of the biomass declined slowly over a broad range of temperature
and a flat tail between 381 and 600 °C was observed in the DTG curves,
ascribed to lignin as well as a small amount of protein and fats in the

Fig. 1. (a) TG curves and (b) DTG curves of the TP and e-TPs precursors. The main peaks and one shoulder peak present in the DTG curves in panel (b) are indicated
by ＊ and +, respectively.
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biomass (Alvarez et al., 2018).
The morphology of e-TPs and TP precursors was examined by

scanning electron microscopy (SEM). It can be seen from the SEM mi-
crographs that the epicarp contains massive wrinkled and depressed
blocks, which are constructed by large macrofibrils with thick and
flattened walls (Fig. 2a and Figure S1a), indicating the presence of
abundant lignin (Dou et al., 2017; Khanna et al., 2017). Unlike the
epicarp, TP contains small and large fragments, which are mainly
composed of cellulose fibrils with diameters of several hundreds of
nanometers (Fig. 2b and Figure S1b). The SEM observations are con-
sistent with the TG analysis. After carbonizing e-TPs at 900 °C, the re-
sulted e-TPs-900 sample still manifested a bulk morphology containing
fibrous macrostructures (Fig. 2c), whereas the massive blocks in e-TPs
were broken into relatively smaller pieces with irregular shapes after
the carbonization (Figure S2a). On the contrary, the pyrolysis of TP
precursor at the temperature above 700 °C can result in the collapse the
fibrous structure of TP and sheet-like carbon layers are formed (Figure
S2b-2d). It is observed that the pyrolysis temperature has a marginal

influence on the morphology of the obtained biochar samples. A typical
low-magnification SEM micrograph of TP-900 in Fig. 2d shows that the
TP-derived biochar is mostly constituted by carbon sheets with thick-
ness of several hundreds of nanometers and dimensions up to several
micrometers. Meanwhile, abundant thinner nanoflakes, which are
scattered on the surface of large sheets, also present in the biochar. The
formation of carbon sheets from pyrolysis of precursors enriched in
cellulose fibrils are also observed for biochar derived from catkin and
hemp (Li et al., 2016; Wang et al., 2013). The significant difference in
morphology between TP-900 and e-TPs-900 is attributed to higher
content of lignin in the e-TPs precursor; this is because lignin is more
stable at high temperature and it may serve as a “hard” carbon to
prevent the evolution of equilibrium graphite at high temperature
(Deng et al., 2016; Yeo et al., 2019). By enlarging the SEM image,
abundant pores on the surface of carbon sheets in TP-900 are clearly
displayed (Fig. 2e), suggesting the high porosity of the as-prepared
biochar. Notably, several bright dots are also observed in TP-900 as
well as in the other two TP-X samples, which may be attributed to metal

Fig. 2. SEM images of (a) e-TPs, (b) TP, (c) e-TPs-900, (d) TP-900, (e) TP-900; (f) TEM image of TP-900 with the abundant pores in the sample; (g) HRTEM image of
the carbon sheet in TP-900; (h) HRTEM image of the metallic impurities in TP-900.
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impurities (e.g. K, Ca, Mg) present in the plant-based precursor. The
microstructures of TP-900 are further investigated by transmission
electron microscopy (TEM). Porous carbon sheets containing pores with
different sizes are present in the sample as shown in Fig. 2f, in ac-
cordance with the SEM observation in Fig. 2e. The high-resolution TEM
(HRTEM) image of TP-900 in Fig. 2g reveals that the carbon sheets are
composed of small graphite-like domains oriented anisotropically.
Meanwhile, the metal impurities are also observed in TEM images and
the nanocrystals show unambiguous lattice fringes embedded in the
carbon matrix in Fig. 2h.

Furthermore, X-ray diffraction (XRD) and Raman spectroscopy were
employed to understand the structures of as-prepared biochar samples.
Two peaks located at 2θ of ∼15.68° and ∼22.64° appear in the XRD
pattern of both TP and e-TPs precursors (Fig. 3a), corresponding to the
cellulose I lattice (Zhang et al., 2014) and the (002) planes of graphitic
carbon structure in the biomass, respectively (Zhu et al., 2018). Note
that the two peaks recorded for TP precursor are slightly sharper than
those for e-TPs, which may be related to the higher content of cellulose
in TP precursor. After carbonization of the biomass, the 2θ peak at
15.68° vanishes and the peak located at 2θ of ∼22.64° becomes wider
and weaker for TP-derived biochar and e-TPs-900, suggesting the
thermolytic transformation of cellulose fibrils and graphitic carbon in
TP into amorphous carbon (Cazetta et al., 2018). Additionally, another
peak located at 2θ of ∼44° for (100) planes of carbon structure present
in the XRD pattern of e-TPs-900 sample rather than TP-900, revealing
the effect of different biomass sources on the structures of the resultant
biochar. The poor crystallinity of the as-prepared biochar demonstrated
by XRD results agrees with the TEM observation. Fig. 3b shows the
Raman spectra of TP-900, TP-800, TP-750, TP-700 and e-TPs-900, re-
spectively. A broad D band (centered at ∼1327 cm−1) is ascribed to
carbon structures with defects, and a G band located at ∼1600 cm−1

relates to the vibration of sp2-bonded graphitic carbon. The ratio of the
integral intensity of G band over D band (IG/ID) can be adopted to index
the graphitic degree (Duan et al., 2018a; Hildago-Oporto et al., 2019).
and the corresponding values for various biochar samples, which were
obtained by fitting the Raman spectra (Figure S3a and b), are listed in
Table S1. It is found that the IG/ID value of the TP-derived biochar raises
with the increased pyrolysis temperature, indicating that higher gra-
phitization could be attained at higher temperature (Nath and
Sahajwalla, 2012). Meanwhile, the IG/ID value of TP-900 is higher than
that of e-TPs-900, attributed to the different chemical compositions in

the two biomass precursors.
The textural structures of biochar obtained at different temperatures

were assessed by nitrogen sorption. Typical hybrid-type I/IV adsorp-
tion-desorption isotherms with H3/H4 hysteresis loops showing a high
N2 uptake at both low and high pressure are observed for TP-700, TP-
800, TP-900 and e-TPs-900 (Fig. 3c), disclosing the simultaneous pre-
sence of micropores (< 2 nm) and mesopores (2–50 nm), as confirmed
by the pore size distributions in Fig. 3d. However, the N2 uptake at high
pressure of e-TPs-900 is much lower compared to the three TP-derived
biochar samples, revealing the smaller SSA of e-TPs-900. Accordingly,
the porosity characteristics of biochar listed in Table S1 demonstrate
that e-TPs-900 shows the lowest SSA of 245.66 m2 g−1 whereas TP-900
possesses the highest SSA up to 922.13 m2 g−1. Remarkably, the SSAs
possessed by the TP-derived biochar samples in this work are much
higher than those reported for the integral citrus peels-derived carbon
materials without being chemically activated; the SSAs of TP-800 and
TP-900 are even close to those of activated carbons derived from citrus
peels (Fernandez et al., 2014). The much higher SSA of TP-900 than
that of e-TPs-900 may originate from the higher content of cellulose in
TP than in e-TPs. Previous work reported that SSA of the product by
pyrolyzing pure cellulose at 900 °C was much higher than that of the
sample prepared from the pyrolysis of lignin at the same temperature,
and the SSA of the porous carbon deriving from the mixed precursors of
cellulose, hemicellulose and lignin was also enlarged with the increased
content of cellulose in the mixture (Deng et al., 2016). Additionally, the
increased percentage of micropores in TP-derived biochar with the
pyrolysis temperature in Table S1 suggests that the higher temperature
favors the formation of micropores during the carbonization of TP
precursor.

To understand the surface chemistry of the TP-derived biochar,
high-resolution X-ray photoelectron spectroscopy (XPS) analysis was
performed. The full-scan surveys (Figure S3c) indicate that the starting
TP biomass and the resultant biochar are primarily composed of C and
O while trace amounts of S, K, N, Ca, Si and Mg are also observed,
agreeing with the previous study (John et al., 2017). The relative
proportions of C, N and O in the TP precursor and three biochar samples
are summarized in Table S2. Compared to raw TP, the contents of C in
TP-750, TP-800 and TP-900 raised remarkably and the contents of O in
the three samples decreased, implying the effective decomposition of
organic compounds in biomass during the pyrolysis process. Moreover,
deconvolutions of C 1s bands of the above four samples are displayed in

Fig. 3. (a) XRD patterns of TP, e-TPs, TP-X and e-TPs-900; (b) Raman spectra of TP-X and e-TPs-900; (c) N2 adsorption − desorption isotherms; (d) pore size
distributions of TP-X and e-TPs-900; (e) deconvoluted C1 s peaks of TP-900, TP-800 and TP-750.
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Fig. 3e. As shown, the C 1s band can be subdivided into four sub-bands
at 284.8, 285.5± 0.04, 286.81±0.06 and 289.36±0.13 eV, assign-
able to C]C, CeO, C]O and O-C=O respectively, revealing that the
surface of TP precursor and TP-derived biochar are both enriched with
oxygenated groups. Table S2 details the percentages of these sub-bands
in each sample. Fourier transform infrared spectrum of TP-900 further
validates the presence of oxygenated groups in the biochar (Figure
S3d).

3.2. Adsorption ability of TP-900

Given that TP-900 has a remarkable large SSA, it was employed as
an adsorbent for removing aqueous organics such as rhodamine B,
methyl orange, methylene blue, malachite green, tetracycline and
phenol. The results in Fig. 4a illustrate that over 90 % dyes or around
80 % tetracycline were rapidly adsorbed onto TP-900 within 10 min.
Rhodamine B, methylene blue and malachite green were completely
removed by adsorption onto TP-900 within 16 min, while 100 % re-
moval of methyl orange was reached within 60 min. An adsorption-
desorption equilibrium of tetracycline over TP-900 was established
within 60 min and the removal efficiency of the antibiotic was 85 %.
However, only 39 % phenol were adsorbed onto TP-900 within 60 min,
which was possibly related to affinity between phenol and the surface
functionalities of TP-900. As reported, surface oxygenation of carbon
materials especially the presence of carboxylic groups is not beneficial
to the adsorption of phenol onto carbon materials because the car-
boxylic groups show stronger affinity to water molecule than phenol,
thus hindering the phenol adsorption due to the withdraw of π electrons
from the carbon matrix (Li et al., 2020). According to the XPS results,
the surface of TP-900 contains various oxygen groups including car-
boxylic groups, which hinders the adsorption of phenol onto biochar. In
additionally, the lower percentage of micropore than mesopore in TP-
900 may also be responsible for low adsorption capacity of phenol,
because the small molecular kinetic diameter of phenol (0.6 nm) makes
it suitable for micropore filling, while mesopores just provide channels
for the adsorption process (Hao et al., 2018; Kowalczyk et al., 2018).

3.3. Comparison of Catalytic Performances between TP-derived and e-TPs-
derived biochar

Due to the low adsorption ability of TP-900 for phenol, persulfate-
based advanced oxidation processes (AOPs) was applied for degrading
phenol in order to improve the abatement of organic pollutant.
Pyrolysis temperature is demonstrated to be a key factor governing the
structure and catalytic activity of biochar towards persulfate activation
(Zhu et al., 2018). Therefore, the catalytic activities towards PMS ac-
tivation of a series of TPeX samples prepared at different temperatures
were first evaluated by phenol oxidation with a high initial con-
centration (50 mg L−1) (Fig. 4b). As shown, the adsorption-desorption
equilibrium of phenol onto TP-derived biochar was established in 40
min, and the adsorptive removals for these samples were in the range of
2.1–21 %. Meanwhile, the degradation efficiency achieved by the
TPeX/PMS systems increased with the pyrolysis temperature, espe-
cially TP-750, TP-800 and TP-900 exhibited much higher degradation
efficiency than the other samples, confirming the crucial influence of
pyrolysis temperature on the catalytic performance of biochar. A
complete removal of phenol was reached within 10 min and 20 min
after the addition of PMS for TP-900 and TP-800 accordingly. To ex-
clude the contribution of phenol adsorption onto TPeX surface after the
addition of PMS to the promoted removal efficiency, an extraction
treatment with methanol (MeOH) on the used biochar after the de-
gradation process was conducted. The signal of phenol was not detected
by the HPLC analysis, revealing that the adsorption effect in TPeX/PMS
system could be neglected (Huang et al., 2018). The improved catalytic
performance of TP-900 than TP-800 and TP-750 is ascribed to the dif-
ferences in carbon structure and amount of ketonic group of the bio-
char. Raman and XPS results show that the graphitic level and the re-
lative proportion of ketonic groups of the three samples increase with
the pyrolysis temperature, while these two factors play important roles
in PMS activation (Zhu et al., 2018). Therefore, 900 °C was also adopted
as the optimal temperature for preparing e-TPs-derived biochar.

In addition, the marginal contribution of metallic impurities in TP-
900 to PMS activation was also validated by comparing the degradation

Fig. 4. (a) Adsorption of different organic
pollutants onto TP-900. Conditions: [TP-900]
=0.2 g L−1, [organic pollutant]0 = 20 mg
L−1; Phenol removal by (b) different TP-X/
PMS systems (X refer to pyrosis temperature) ;
(c) TP-900/PMS system and e-TPs-900/PMS
system; (d) Lig-900, Cel-900 and Cel-X-900-
catalyzed PMS activation (X refers to the mass
ratio of cellulose in the mixture). Conditions:
[catalyst]=0.2 g L−1, [phenol]0 = 50 mg L−1,
[PMS]0 = 3.2 mM.
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performance of phenol between TP-900/PMS and TP-900(HCl)/PMS
systems and the XPS (Table S2) and TEM results (Figure S4). Both the
XPS and TEM results imply that metallic impurities were removed from
the TP-900 after HCl washing. Figure S5 shows that phenol degradation
efficiency of TP-900(HCl)/PMS system slightly declined compared to
the TP-900/PMS system during the initial 1 min of the degradation
process, but 100 % degradation of phenol was still achieved within 10
min in TP-900(HCl)/PMS system. This suggested that the metallic im-
purities in TP-900 play a minor role in the PMS activation and carbons
in TP-900 intrinsically act the catalytic centers for PMS activation.
Furthermore, to find out whether metal impurities in TP account for the
formation of active sites in TP-900 during the pyrolysis process, the
biomass precursor was initially treated with HCl solution in order to
dissolve the metals prior to carbonization. The resultant TP(HCl)-900
was observed to manifest a similar catalytic activity as TP-900 (Figure
S5), suggesting that the trace metals residue in TP precursor makes no
contribution to the catalytic activity of TP-derived biochar and the
main active sites are resulted from the decomposition of organic com-
pounds in the precursors.

The TP-900/PMS system was also found to be effective for de-
grading other bisphenol A and acyclovir. As evidenced by Figure S6a, a
removal efficiency of 89 % and 100 % was reached for bisphenol A and
acyclovir after a total reaction time of 60 min. Figure S6b depicts the
mineralization ability of TP-900/PMS system for phenol, bisphenol A
and acyclovir. As seen, the TOC removal for phenol and bisphenol A
reached 87.9 % and 63.9 % respectively, indicating the good miner-
alization ability of TP-900/PMS system for them. The TOC removal of
acyclovir by TP-900/PMS system was only 39.8 %, possibly because the
intermediates from the acyclovir degradation process were difficult to
be oxidized.

Furthermore, the stability of TP-900 was assessed. As shown in
Figure S7, TP-900 deactivated sharply since only a removal efficiency of
27 % for phenol was attained after two runs. The deactivation of TP-
900 may be attributed to the coverage of intermediates onto the cata-
lyst surface since the adsorption ability of TP-900 for phenol was de-
creased significantly in the 2nd run. Additionally, the loss of active sites
and the partial oxidation of the catalyst during the activation process
because of the amorphous carbon structure may also account for the
poor stability of TP-900 (Duan et al., 2015). However, the passivated
TP-900 could be completely regenerated by annealing at 900 °C for 10
min in N2 atmosphere (Figure S7).

The degradation performance of 50 mg L−1 phenol for e-TPs-900/
PMS system was also shown in Fig. 4c. The adsorption-desorption
equilibrium of phenol onto e-TPs-900 was established in 20 min and
16.7 % phenol was absorbed by e-TPs-900, lower than that by TP-900
(22 %). After adding PMS, the concentration of phenol was barely
abated in e-TPs-900/PMS system, indicating the poor activity of e-TPs-
900 towards PMS activation. The much worse catalytic performance of
e-TPs-900 than TP-900 is ascribed to its bulk structure with less reactive
edges (Duan et al., 2015) and the lower content of surface ketonic

groups which might activate PMS (Table S2). Moreover, the fibrous
macrostructure of e-TPs is partially retained in e-TPs-900, indicating
the incomplete decomposition of aromatic organic compounds during
the pyrolysis process, such architecture is unfavorable for electron
transportation, thus impeding the PMS activation and the oxidation of
phenol (Duan et al., 2018b). Comparatively, the sheet-like micro-
structure of TP-900 with porous nanoflakes is beneficial to the electron
transfer via the carbon matrix as well as the exposure of defective edges
and vacancies, hereby boosting the catalytic performances (Duan et al.,
2016). Meanwhile, the larger pore volume of TP-900 than e-TPs-900
can improve the adsorption of persulfate ion onto biochar, which also
favors the PMS activation (Solis et al., 2020).

The above results reveal that the different relative fractions and
distributions of cellulose, hemicellulose and lignin in the different tis-
sues of citrus peels have profound influences on the catalytic activity of
resultant biochar. It appears that biochar derived from the cellulose-
enriched biomass is more desirable for PMS activation compared with
the lignin-enriched biomass.

Furthermore, the average PMS utilization rate (mol pollutant per
mol oxidant per hour) that is also proposed as an indicator of the cat-
alytic activity of persulfate activator (Huang et al., 2018) of TP-900 for
phenol removal was calculated to be 0.62 mol phenol per mol PMS per
hour at a catalyst dosage of 0.2 g L−1, which was much higher than
those of other catalysts documented in the literature (Table S4), de-
monstrating the practicability of TP-900 for water remediation.

3.4. Effects of cellulose and lignin on the catalytic activity of biochar

To unveil the influence of fractions of cellulose and lignin in bio-
mass on the catalytic activity of resulted biochar, a series of samples
were prepared by pyrolysis of a binary mixture of cellulose and lignin
with various mass ratios at 900 °C. Their catalytic properties were
evaluated in Fig. 4d. It was found that samples obtained from the
mixtures containing 60 wt.% (Cel-0.6–900) or 80 wt.% (Cel-0.8–900)
cellulose show better adsorption capacity of phenol and catalytic ac-
tivity towards PMS activation than the other three samples starting
from 20 wt.% cellulose (Cel-0.2–900), pure cellulose (Cel-900) and pure
lignin (Lig-900) respectively; especially, Cel-0.8–900 is the best catalyst
among the five samples. Surprisingly, Cel-900 exhibits poor adsorption
of phenol and catalytic activity towards PMS activation, while Lig-900
possesses slightly higher adsorption capacity and catalytic activity than
Cel-900; this is probably attributed to the fact that different surface
functional groups on the carbonaceous material are resulted from the
carbonization of cellulose and lignin (Deng et al., 2016). This pre-
liminary study confirms that the fractions of cellulose and lignin in
biomass determined the physicochemical property of the resulted bio-
char and a higher content of cellulose is beneficial for improving cat-
alytic activity of the biochar toward PMS activation. To gain more in-
sight into the impact of chemical compositions of biomass on the
structural and catalytic properties of biochar, further studies are

Fig. 5. (a) Effects of pH on phenol removal by the TP-900/PMS system. Conditions: [catalyst]=0.2 g L−1, [phenol]0 = 50 mg L−1, [PMS]0 = 3.2 mM. (b) Phenol
removal by TP-900/PMS system under various dosages of PMS; (c) The fitting curve of phenol removal efficiency versus [PMS]/[pollutant] dosage with TP-900/PMS
system. Conditions: [catalyst]=0.2 g L-1, [phenol]0 = 50 mg L-1.
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warranted.

3.5. Influences of pH, PMS dosage, catalyst dosage and anions on the
phenol removal by TP-900/PMS system

Fig. 5a describes the influence of pH values on the phenol removal
by TP-900/PMS system. NaOH and HCl are used as pH regulators to
adjust the initial pH of phenol solution. As shown, the adsorption of
phenol varies marginally in the pH range from 4 to 10, and TP-900 can
effectively degrade phenol under various conditions, indicating the
effectiveness of TP-900/PMS system in a wide pH range. The applica-
tion of persulfate in AOPs for water remediation can inevitably produce
sulfate ions while the presence of sulfate ions in water is undesirable
which can lead to the corrosion of sewage systems (Zhu et al., 2018). As
a consequence, minimization of the persulfate dosage in AOPs is ne-
cessary for reducing the potential environmental risk of sulfate ions.
The phenol removal efficiency over TP-900/PMS system under a fixed
catalyst concentration of 0.2 g L−1 and various PMS concentrations
(0.2−5 mM) were assessed in Fig. 5b. It was observed that 100 %
phenol removal was realized under the PMS dosage ranging from 1.0–5
mM, while a further decrease of PMS dosage resulted in the reduced
removal efficiency. By fitting the removal efficiency with the PMS do-
sage, a linear relationship was obtained (Fig. 5c) and a minimal [PMS/
Phenol] mol ratio is 1.7 for complete removal of phenol. Figure S8
displays the performance of TP-900/PMS system under different
loading of biochar and the corresponding degradation kinetics. It ap-
pears that the increased biochar addition from 0.006 to 0.1 g L-1 en-
hances both the adsorption of phenol and the degradation efficiency
and pseudo-first-order reaction constant (kobs) (Figure S8a and 8b). A
further increase of biochar to 0.2 g L-1 barely affect the phenol ad-
sorption but promotes the phenol oxidation and kobs as well. The im-
proved removal of organic pollutant at a higher biochar concentration
was due to the introduction of more adsorption and active sites which
accelerates the overall phenol removal.

The ubiquitous inorganic anions in surface, subsurface and under-
ground water system may react with persulfate or the generated re-
active species, interfering the abatement of organic contaminants by
persulfate-based AOPs (Duan et al., 2016). In this work, the impacts of
Cl−, H2PO4

2- and HCO3- on degradation performance of TP-900/PMS
system were studied. As shown in Fig. 6a and b, the presences of various
amounts of Cl− or H2PO4

2- (2.5−10 mM) have little impact on phenol
removal, suggesting that the oxidative system did not depend on free
radicals (Grebel et al., 2010; Nie et al., 2018, 2019). However, the
presence of HCO3- shows a remarkable impact in the TP-900/PMS
system. Fig. 6c depicts that phenol cannot be completely removed in 60
min with the addition of HCO3

− at the level of 2.5−10 mM. Mean-
while, control experiment revealed that 10 mM HCO3- could also ac-
tivate PMS (Duan et al., 2016) while only 58 % phenol was removed by
the HCO3-/PMS system, indicating a lower PMS activation efficiency of
HCO3- compared to TP-900. Therefore, we deduced that the competi-
tive reaction between HCO3- and TP-900 with PMS resulted in a faster

consumption of PMS but production of less ROS in the TP-900/PMS
system, thus suppressing the phenol degradation.

3.6. Nonradical mechanism in PMS activation process driven by TP-derived
biochar

MeOH and furfuryl alcohol (FFA) are used as quencher for free ra-
dicals (SO4

%− and %OH) (Luo et al., 2019) and 1O2 (Yang et al., 2018)
accordingly in the TP-900/PMS system. Fig. 7a depicts that the system
maintains a high removal rate in the presence of excess MeOH (molar
ratio of MeOH:PMS = 2000:1), revealing that the free radicals (SO4

%−,
%OH) were not responsible for the phenol oxidation. However, the
presence of FFA significantly inhibited the degradation of phenol. Re-
cently, it has been suggested that the inhibitory effect on degradation of
organics in carbon/persulfate system exerted by FFA may also reveal
the formation of carbon-persulfate complexes (electron-transfer me-
chanism) as the primary ROS from persulfate activation rather than the
generally proposed 1O2 (He et al., 2019; Jia et al., 2019). Several stu-
dies demonstrated that the addition of FFA with much lower con-
centration than that of target pollutant barely inhibited the degradation
efficiency by electron-transfer mechanism dominated nonradical
carbon/persulfate system, whereas further increasing the FFA con-
centration would result in the competitive oxidation between FFA and
target pollutant by the carbon-persulfate complexes, thus suppressing
the performance of the nonradical system (Yun et al., 2018). In our
work, even the addition of FFA at a level (0.08 mM) much lower than
that of phenol (0.53 mM) suppressed the degradation performance of
TP-900/PMS system, while a removal efficiency around 90 % was still
reached by the TP-900/PMS system after a degradation process of 60
min. This phenomenon revealed that both 1O2 and the biochar-PMS
complexes primarily took part in the phenol oxidation by the non-
radical TP-900/PMS system.

To further identify the ROS involved in the TP-900/PMS system,
EPR analysis was performed. DMPO is commonly adopted as the spin
trapping agent for SO4

%− and %OH by forming specific adducts (DMPO-%

OH: a typical four-line EPR spectrum with the relative intensity ratio of
1:2:2:1; DMPO-SO4

%−: αN = 13.2 G, αH = 9.6 G, αH = 1.48 G, αH =
0.78 G) (Chen et al., 2018). As shown in Fig. 7b, signals of DMPO-%OH
and DMPO-SO4

%− were not detected in the TP-900/PMS system,
whereas a prominent narrow seven-line (1:2:1:2:1:2:1) EPR spectrum
corresponding to 5,5-dimethylpyrroline-(2)-oxyl-(1) (DMPOX) was ob-
served for the TP-900/PMS system but not for the PMS alone system.
The formation of DMPOX should be attributed to the direct oxidation of
DMPO by nonradical species in the TP-900/PMS system (Verstraeten
et al., 2009). TEMP is a typical spin trapping agent for 1O2 via forming
stable TEMP-1O2 adducts with a characteristic triplet-line EPR spectrum
with equal height. It can be seen from Fig. 7c that a signal of TEMP-1O2

adducts was monitored in both PMS alone system and TP-900/PMS
system while the intensity of the triplet line dramatically increased with
the presence of TP-900, confirming that 1O2 was produced in the TP-
900/PMS system. Combining the quenching tests and EPR analysis, it

Fig. 6. Effects of (a) Cl−, (b) H2PO4
− and (c) HCO3

− on phenol removal by the TP-900/PMS system. Conditions: [catalyst]=0.2 g L−1, [phenol]0 = 50 mg L−1,
[PMS]0 = 3.2 mM.
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was proposed that both the singlet oxygenation and electron-transfer
mechanism account for the phenol oxidation by nonradical TP-900/
PMS system.

1O2 is deduced to be generated from the reaction between ketonic
group on the edges of biochar and PMS as described by Eq. (3)–(6)
(Huang et al., 2018):

(3)

(4)

(5)

(6)

Moreover, each reaction step as listed above was confirmed by
density functional theory (DFT) calculations. Theoretical methodology
is described in Text S4. As shown in Fig. 7d, an amorphous carbon
sphere containing ketonic group is used to represent the biochar.
Firstly, the PMS molecule was adsorbed onto the C]O group. Then the

Fig. 7. (a) Effects of the presence of MeOH and FFA on phenol degradation in the TP-900/PMS system. Conditions: [catalyst]=0.2 g L−1, [phenol]0 = 50 mg L−1,
[PMS]0 = 3.2 mM, [MeOH]0 = 6.4 M, [FFA]0 = 1.06 mM, 0.32 mM, 0.08 mM; EPR spectra of TP-900/PMS system using (b) DMPO and (c) TEMP as trapping agents
(◆: DMPO-X adducts; ●: TMMP-1O2 adducts). Conditions: [catalyst]=0.2 g L−1, [PMS]0 = 3.2 mM, [DMPO]0 = 100 mM, [TEMP]0 = 10 mM. (d) Specific steps of
PMS decomposition and the corresponding reaction energies. Color codes: the white, gray, red and yellow are hydrogen, carbon, oxygen and sulfur atoms, re-
spectively (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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reaction in Eq. (3) occurred with exothermic energy of 2.35 eV, pro-
moting the formation of intermediate Ⅰ, where the H atom of PMS
molecule was bonded to the O atom in C]O group while the SO5

−

moiety was bonded to the C atom of C]O group. The acidic proton in
intermediate Ⅰ is metastable and can easily react with hydroxide ion in
water, producing intermediate II with exothermic energy of 1.79 eV
(Eq. (4)). With an intramolecular reaction in intermediate II, the OeO
bond of SO5

− moiety was cleaved and the dioxirane intermediate Ⅲ
accompanying with a free SO4

2- were generated (Eq. (5)), which was an
endothermic process of 0.29 eV. The intermediate Ⅲ could react ra-
pidly with a free SO5

2- ion in the water environment to generate 1O2

and regenerate the C]O group within an exothermic process of 4.19 eV
(Eq. (6)). Obviously, each reaction step (except Eq. (6)) was en-
ergetically favorable in thermodynamics. Moreover, the small 0.29 eV
endothermic of Eq. (6) is also thermodynamically feasible (Jiang et al.,
2014) and this step is regarded as the rate-determining step to generate
1O2. Considering the whole reaction process, a total exothermic of 8.04
eV indicates that 1O2 could be easily generated from the interaction
between PMS and the biochar with C]O group. Therefore, the DFT
calculations verify the role of C]O for decomposing PMS to generate
1O2 over the biochar.

4. Conclusions

In this work, the influence of lignocellulosic biomass source on the
structural characteristics and catalytic activity for PMS activity of bio-
char was deeply investigated by using TP and e-TPs as examples. The
cellulose-enriched TP precursor mainly consists of nanofibrils or mi-
crofibrils, thus producing porous biochar with sheet-like morphology;
whereas the lignin-enriched e-TP precursor mainly consists of large
macrofibrils with thick and flattened walls, thus producing biochar with
bulk morphology and much lower SSA. In addition, the surface chem-
istry of resultant biochar was also disparate due to the differences in the
biomass precursors. The TP-900 contains less oxygen content but higher
content of ketonic group compared to e-TPs-900. As a result, the TP-900
manifests excellent ability in PMS activation and phenol degradation,
while e-TPs shows poor ability for activating PMS, suggesting that
higher proportion of cellulose than lignin in the lignocellulosic biomass
promotes the catalytic activation of PMS by biochar. Moreover, binary
mixtures of cellulose and lignin were implemented to preliminarily
disclose the effect of different proportions of the two components on the
catalytic property of biochar. The results confirmed that higher pro-
portion of cellulose than lignin in biomass results in biochar with en-
hanced catalytic property. Additionally, the highly porous TP-900 also
serves as an excellent adsorbent for a diversity of organic contaminants.
The catalytic performance of TP-derived biochar was found to be im-
proved with the pyrolysis temperature and TP-900 is the best biochar
catalyst among all the samples due to its highest graphitic level, SSA
and relative proportion of ketonic group. 1O2 and biochar-PMS com-
plexes are validated to be the primary ROS responsible for the oxidation
of phenol by TP-900/PMS system. In summary, the current study gives
a clue on the selection of suitable lignocellulosic biomass to prepare
high-performance biochar and also proposes a novel environmental-
friendly adsorbent and carbocatalyst for PMS activation.
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