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ABSTRACT

Low-cost biochar with a large surface area and enriched oxygen functional groups was prepared
by pyrolysis of orange peel and post-NaOH modification. The modified orange peel-based bio-
char (MOPBC) was examined for its performance in removing quinoline from aqueous solution by
adsorption. As high as 197.53 mg/g of adsorption capacity of MOPBC for quinoline was achieved.
The quinoline adsorption on MOPBC conforms to the pseudo-second-order kinetic model, well-fitted
with the Freundlich isotherm model. Moreover, density functional theory calculation results show
that quinoline is more readily adsorbed on oxygen-containing functional groups on the surface of
MOPBC, especially hydroxyl groups. The plausible chemisorption mechanisms involve hydro-
gen bonding, acid-base interaction, m—m, and n—m interactions. This study proves that modified
biochar is a prospective adsorbent concerning the disposal of quinoline in wastewater.
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1. Introduction

In the past decades, the fast growth of the coking indus-
try has led to the massive generation of coking wastewater,
which contains a large amount of non-biodegradable and
hard-to-degrade organic pollutants, such as phenol, quin-
oline, indole, pyridine, etc. [1,2]. The discharged coking
wastewater without treatment can lead to heavy natural
water contamination and irreparable ecological and envi-
ronmental impacts [3]. As a typical hard-to-degrade organic
compound, quinoline contributes 13.47% of the total organic
carbon in coking wastewater [4]. In addition, quinoline is
often used as raw material and solvent for producing pes-
ticides, pharmaceuticals, and many chemicals. Then, the
development of efficient treatment technology for quino-
line-containing wastewater is imminent.

* Corresponding author.

Adsorption is extensively adopted to decontaminate
diverse organic pollutants from water [5,6]. As the most
attractive adsorbent, activated carbon demonstrates excel-
lent adsorption capacity based on its large surface area and
outstanding hydrophobicity. Recently, the use of bio-waste
materials for biochar production, categorized as a renew-
able and cost-effective alternative to activated carbon, has
been of interest in numerous studies [7,8]. For this pur-
pose, various waste materials such as corn straw [9], sew-
age sludge [10], orange peel [11], wheat husk [12] and palm
shells [13] have been tested as low-cost precursors for pre-
paring biochars via pyrolysis under high temperature in the
absence of oxygen. The large specific surface area, plenti-
ful surface oxygen-containing group, high carbon content,
strong adsorption capacity, and engineering adaptability
have endowed biochars as a promising carbon-based adsor-
bent for organic contaminants removing from wastewa-
ter, showing comparable or even better performance than
activated carbon [14,15].
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Biochar is a multi-porous solid product consisting pri-
marily of microporous architecture and coexisting layered
pores. The removal efficiency of targeted contaminants via
adsorption depends highly on the physiochemical prop-
erties. Therefore, a systematic comprehension of the link
between the physicochemical properties of biochar and the
adsorption mechanisms has been a matter of topical inter-
est [16,17]. Chahinez et al. [18] investigated the adsorption
of crystal violet dye on palm petiole-derived biochar, pro-
posing that pore filling, hydrogen bonding, m—mt interaction,
cation exchange, electrostatic attraction, and van der Waals
force contribute to the adsorption. Li et al. [19] proposed
that the dominant mechanisms of tetracycline in the aquatic
environment on tea waste biochar are the pore-filling effect,
m-7 interactions, hydrogen bonds, and electrostatic inter-
actions. The current researches are primarily concentrated
on the adsorption of dyes, pharmaceuticals, pesticides, and
industrial chemicals on various biochars. Yet, the currently
available information on the adsorption behaviors and
mechanism of quinoline on biochar is limited. Particularly,
no research focuses on the theoretical explanation of the
experimental results by density functional theory (DFT)
for the adsorption of quinoline on biochar.

In this study, the modified orange peel-based biochar
(MOPBC) was prepared by pyrolysis and activated by
post-NaOH treatment, followed by characterization using
N, adsorption, scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), Raman, and Fourier-
transform infrared spectroscopy (FTIR) techniques. The
kinetics, isotherm, and reusability of MOPBC towards
quinoline adsorption were studied in detail. Moreover, the
DFT was combined with experimental studies to clarify
the adsorption mechanism of quinoline over the MOPBC.
The results of this study will provide directions for the
design and preparation of biochar-based adsorbents.

2. Experimental set-up
2.1. Materials and characterization

The materials and characterization methods are pre-
sented in supplementary material (S1 and S2).

2.2. Preparation of orange peel-based biochar

The orange peel was first cleaned with distilled water
to take away the fruit residues left on it and torn into slices
for drying at 100°C for 72 h. Then, they were ground and
sieved through 80 mesh sieves. 6.2 g of orange peel pow-
der was moved into a tube furnace and held at 900°C for
1 h under an N, atmosphere. The obtained carbon was
named orange peel-based biochar (OPBC). Then, OPBC
was soaked in 0.1 M NaOH at a ratio of 100 mL/g at 25°C
for 2 h under stirring. After modification, it was washed
with 0.1 M HCI and distilled water to obtain a neutral pH.
Finally, the biochar was obtained by drying at 110°C for
4 h and named MOPBC.

2.3. Determination of zero point of charge pH,,,,.

The point of zero charge (pH,,) of the adsorbent sur-
face was identified by the powder dosing method. 0.04 g

of MOPBC was added to 10 mL of 0.1 M NaNO, solution
with different pH, values adjusted by 0.1 M H,SSO, and
0.1 M NaOH. The final solution pH was measured after
stirring for 60 min at 25°C.

2.4. Batch adsorption study

Comprehensive details regarding the batch adsorption
study are available in the supplementary materials (S3).

2.5. DFT calculations

Combined with FTIR and XPS characterization, sur-
face structures of biochar containing different functional
groups (BC-COC, BC-CO, BC-COOH and BC-OH) were
constructed based on the surface structure model of 7-ring
stabilized monolayer biochar. These five simplified bio-
char structures and quinoline molecular models were first
geometrically optimized and then subjected to energy cal-
culations. Materials Studio 2020 DMo13 software package
was used for all the DFT calculations.

The adsorption energy (E ) was calculated by using

Eq. (1):
Ey=Es—E,~Ey o))
where E, ,, E,, and E are the single point energies of quin-

oline/biochar system, biochar, and quinoline, respectively.
A negative value of E_; represents exothermic adsorption.

3. Results and discussion
3.1. Characterizations of OPBC and MOPBC

Fig. 1 displays the SEM images of OPBC and MOPBC.
As seen in Fig. 1a, the OPBC comprises aggregated particles
of varied sizes, ranging from tens to hundreds of microns.
The sample displays a sheet-like structure under high mag-
nification (Fig. 1b). After NaOH modification, the particles
became small and uniform (Fig. 1c). In addition, the MOPBC
shows the appearance of 3D interconnected porous chan-
nels with non-uniform honeycomb-like morphologies on
the surface (Fig. 1d). The development of this multi-pore
architecture is due to the release of CO, H,, CO,, and CH,
gases during carbonization [20].

The nitrogen adsorption and desorption measurements
were performed for OPBC and MOPBC, with the textural
data tabulated in Table 1. As displayed in Fig. 2a, both
OPBC and MOPBC exhibit Type-I isotherm curves with the
most N, adsorption at a relative pressure (P/P,) below 0.1,
meaning the microporous nature of these carbon materi-
als. The microspore nature of OPBC and MOPBC was fur-
ther determined by the Barrett-Joyner-Halenda pore size
distribution plots, which show a complete distribution of
particles with sizes less than 2 nm (inset of Fig. 2a). In addi-
tion, the alkaline treatment induced a marked increase in
both specific surface area and pore volume from 784 m?/g
and 0.44 cm’/g for OPBC to 1102 m?/g and 0.64 cm’/g for
MOPBC, respectively. Considering that a weight loss of
20.8% occurred during the alkaline treatment, it is rea-
sonably inferred that NaOH diffused into the micropores
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Fig. 1. Scanning electron microscopy images of OPBC (a,b) and MOPBC (c,d) at different magnifications.

Table 1
Physico-chemical properties of OPBC and MOPBC

Sample Surface area Pore diameter Pore volume
(m*/g) (nm) (em?/g)

OPBC 784 1.49 0.44

MOPBC 1,102 1.69 0.64

of OPBC and reacted with the ash left on the surface [21].
These reactions can cause the generation of more micropores
and thus increase the specific surface area.

Fig. 2b shows qualitative information about the func-
tional groups of OPBC and MOPBC. The similar bands
of both biochars were found as follows: O-H stretching
vibration (3,450 cm™) of hydroxyl groups, asymmetric C-H

stretching vibration (2,926 cm™) and symmetric C-H stretch-
ing vibration (2,853 cm™) of aliphatic groups [22], aromatic
C=0/C=C stretching vibrations (1,632 cm™) [23], C-O bond
of alcoholic groups and carboxylic acids (1,035 cm™), and
aromatic C-H stretching vibration (800 cm™) [24]. A rel-
atively broadband at 1,415 cm™ in OPBC is linked to C-H
stretching of CH, and CH, groups, which became low
intensity after NaOH treatment, indicating a decrease in
the aromatic and aliphatic C-H structures due to the loss of
lignin and carbohydrates [25].

XPS analysis was adopted to determine the elemental
composition and the oxidational states of MOPBC. The sur-
vey spectrum of blank MOPBC shown in Fig. S1 suggests
the presence of C and O. The Cls peaks of MOPBC can be
fitted into four independent sub-bands at 284.8, 285.3, 287.1,
and 290.3 eV (Fig. 3a), which belong to C-C/C=C/C-H, C-0O/
C-O-C/C-OH (i.e., amides, esters, and carboxyl moieties),
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Fig. 2. (a) N, adsorption/desorption isotherms (inset: pore diameter distributions) of OPBC and MOPBC and (b) Fourier-transform
infrared spectra of OPBC, blank MOPBC, and adsorbed MOPBC by quinoline.
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C=0, and O-C=O (i.e., carboxyl or ester functionalities)
bonding states [26,27]. In Ols high-resolution spectra of
MOPBC (Fig. 3b), the peaks at 531.7, 532.8, and 533.9 eV indi-
cate the existence of C=0, C-O-C/C-OH, and O=C-O func-
tional groups [28].

The Raman spectrum of MOPBC (Fig. 3c) displays the
typical broad and overlapping bands of non-graphitic car-
bon materials: D-band (1,348 cm™) associated with struc-
tural defects or disordered graphitic lattices and G-band
(1,600 cm™) related to ideal graphitic lattices. The inten-
sity ratio of the D and G band (I/I) is close to unity,
meaning a medium degree of graphitization of MOPBC,
which is beneficial to the forming m—m bonds during the
adsorption of organic molecules [29].

3.2. Adsorption kinetics

The quinoline molecule measures approximately 0.7 nm
in its longitudinal dimension and 0.5 nm in its axial dimen-
sion, both less than the average pore sizes of OPBC and
MOPBC, and can be captured in the pores of these biochars.
The adsorption capacities of OPBC and MOPBC towards
quinoline were investigated under the conditions: adsorbent
dosage = 2 g/L, initial quinoline concentration = 50 mg/L,
25°C, and natural solution pH = 7.0. As shown in Fig. 4a,
the MOPBC displayed a substantially improved adsorption
capacity compared to OPBC due to its more micropores and
high Brunauer-Emmett-Teller surface area. The adsorption
process is characteristic of three stages. At stage I, quinoline
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molecules transferred from the aqueous solution to the outer
pore tunnel of OPBC and MOPBC and adsorbed quickly on
the unoccupied active sites (large  plane and oxygen func-
tional groups) during the first 15 min. Stage II is reflected
by slow adsorption because of the relatively slow transfer
of quinoline molecules along the pores to access the inte-
rior pores and adsorbed on the unoccupied surface-active
sites. As to the following stage III, the adsorption tends to
equilibrate, with the equilibrium achieved within 100 min
for OPBC and MOPBC. In this study, the highest adsorption
capacity achieved by MOPBC amounted to 197.53 mg/g,
outperforming other carbon-based adsorbents (Table S1).
Three kinetic models were used to fit the experimen-
tal data (Fig. 4b—d). According to the kinetic parameters
in Table 2, the pseudo-second-order model showed higher
R? values (0.993-0.999) than the pseudo-first-order model
(0.892-0.972) for the entire investigated concentration range.
Therefore, the adsorption of quinoline on MOPBC is primar-
ily dominated by chemical adsorption [30]. The intraparti-
cle diffusion model can help to determine the adsorption
rate-controlling step and diffusion mechanism. The intrapar-
ticle diffusion plots show two-linearity correlations, mean-
ing the diffusion and adsorption of quinoline experienced
two sequential stages (Fig. 4d). As shown in Table 3, the
first stage has good correlation coefficients (>0.933), imply-
ing that intraparticle diffusion participated in the adsorp-
tion process [31]. However, none of the C, was zero in both
adsorption stages, demonstrating that intraparticle diffusion
is not the sole rate-limiting process [32]. In general, there
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Fig. 3. X-ray photoelectron spectroscopy Cls spectra (a), X-ray photoelectron spectroscopy Ols spectra (b), and Raman spectra
(c) of MOPBC before and after quinoline adsorption; point of zero charge of MOPBC (d).
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Fig. 4. (a) Adsorption of quinoline onto OPBC and MOPBC (Condition: adsorbent dosage = 2 g/L, initial quinoline concentra-
tion =50 mg/L, T =25°C, natural pH =7.0); linear regression plots of pseudo-first-order (b), pseudo-second-order (c), and intraparticle

diffusion kinetic models (d).

Table 2

Parameters of pseudo-first-order and pseudo-second-order adsorption kinetic models at different initial quinoline concentrations

C, (mg/L) Dorp Pseudo-first-order model Pseudo-second-order model
q, (mg/g) k, (min™) R 9, (mg/g) k, (g/mg-min x 10%) R?
25 120.49 65.43 0.050 0.892 129.53 0.772 0.998
50 197.53 45.20 0.033 0.923 201.61 0.496 0.999
75 242.10 54.06 0.034 0.972 245.70 0.407 0.999
100 317.16 74.89 0.026 0.947 322.58 0.310 0.993
Table 3
Intraparticle diffusion rate constants of quinoline adsorption onto MOPBC
C, (mg/L) k, (mg/g-min'?) C, (mg/g) R, k, (mg/g-min'?) C, (mg/g) R
25 19.535 5.13 0.967 1.850 101.82 0.730
50 13.810 114.37 0.964 2.392 172.20 0.954
75 12.607 161.21 0.955 2.710 213.40 0.934
100 16.641 179.20 0.933 10.627 199.04 0.918

is no speed limit for the diffusion of quinoline molecules
from the liquid phase to the liquid-solid interface since the
adsorption was carried out under strict stirring conditions
[33]. During the adsorption process, boundary layer diffu-
sion could also influence the adsorption process in some
way. Therefore, the adsorption of quinoline on MOPBC
involves both boundary layer diffusion and intraparticle
diffusion [34,35].

3.3. Adsorption isotherm

Isotherm modeling can help elucidate the adsorption
behavior and to understand the adsorption mechanism [36].
Fig. 5a presents the non-linear curves by fitting the exper-
imental data with different isothermal adsorption models
and Fig. 5b fits the linear curve isothermal adsorption mod-
els. As shown in Table 4, the fitted correlation coefficient
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Fig. 5. Non-linear fits of equilibrium data with (a) Langmuir, Freundlich, Redlich-Peterson, Temkin and (b) Dubinin—-Radushkevich

isotherm models.

Table 4
Isotherm parameters for the adsorption of quinoline onto
MOPBC

groups bonded to the surfaces and edges of the aromatic
rings in MOPBC. Therefore, further measuring quino-
line-loaded MOPBC can help elucidate the adsorption

mechanism. It is well known that quinoline is a basic nitro-
gen compound. Therefore, an acidic-basic interaction

might occur between quinoline and acidic groups (i.e., car-

boxyl and phenol groups) on the surface of MOPBC, con-
tributing much to its chemical adsorption onto adsorbent

[41]. Generally, hydrogen bonds can form between quin-

oline molecules and the surface -OH and -COOH groups
of carbon materials [42]. Furthermore, the intensity of the

aromatic C=C peak at 1,632 cm™ also obviously decreased,

revealing a m—m interaction between the aromatic rings in
quinoline and the basal graphite plane in biochar [43]. As

shown in Fig. 2b, a shift of -OH stretching vibration from

3,450 to 3,439 cm™ and a marked decrease in its intensity
occurred after the adsorption test, indicating the existence of

Model Parameters

KL qmax R2 RL
Langmuir

0.96 219.01 0.857 0.034-0.480

K, n R
Freundlich

117.31  0.1992 0.971

Kep o R? B
Redlich-Peterson

1854.66 15.02 0.958 0.816

b A R?
Temkin I L

74949  30.73 0.967

D qmax R2 E

Dubinin—-Radushkevich

m—Tt interaction in the conjugated regions of MOPBC [44]. It

437E-6 23276 0.977 343.64

was suggested that the edge sites and defects on the surface
of biochar could enhance the electron-donating capacity of

(R? of the Freundlich model is the largest, suggesting that
the adsorption occurs on an energetically heterogeneous
surface by multilayer adsorption [37]. The quantity of quin-
oline adsorbed onto adsorbent for unit equilibrium concen-
tration is 117.31 mg/g. The value of the 1/n constant is lower
than unity, indicating that the adsorption of quinoline onto
MOPBC is favorable. Ferreira et al. [38] also found that the
quinoline adsorption onto activated carbon from coconut
shells conforms to the Freundlich isotherm. In the present
study, through Dubinin-Radushkevich adsorption isotherm,
the calculated E-value was greater than 16 kJ/mol, sug-
gesting that the adsorption of quinoline on biochar occurs
through chemisorption [39,40].

3.4. Adsorption mechanism

Previous studies proposed that multiple adsorption
mechanisms might coexist. In this work, FTIR, XPS, and
Raman measurements confirm the presence of potential
adsorptive sites, including defects and diverse functional

biochar and improve the m—m interaction [45]. The signifi-
cant change in intensity of the C=O and C-O bands signified
the key function of n—m interaction, which occurred between
the electron-donated carbonyl oxygen ions on the surface
of the adsorbent and the electron-accepted aromatic ring
of quinoline. It should be emphasized that the peak that
appeared at 800 cm™ is ascertained to be associated with
adsorbed quinoline by comprising it with the infrared spec-
trum of pure quinoline [46]. The new band that emerged
at 1,581 cm™ is possibly chemisorbed quinoline [47]. After
quinoline adsorption, the Cls and Ols peaks exhibited
marked variations in the intensity of these sub-bands related
to oxygen-containing groups or binding energy (Fig. 3a and
b). These variations further support the interaction between
oxygen-containing groups and quinoline molecules.
Moreover, the ID/IG ratio decreased from 0.99 to 0.94 after
quinoline adsorption (Fig. 3c). Ahmed et al. suggested that
the decrease in I /I, ratio might be owing to the presence
of H-bonds between surface -COOH groups of the biochar
and antibiotics molecules [48].

As shown in Fig. 3d, the pH__ value of MOPBC was
determined to be 8.2. Under the adsorption condition of
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pH = 7, the surface of MOPBC is positively charged, while
the quinoline molecules exist in cationic form with weak
alkalinity. Therefore, electrostatic attraction is assumed to
undertake less contribution to quinoline adsorption.

3.5. Quantum chemical calculations

The DFT calculation can be used to predict the electronic
energy density of an adsorbate with BC during adsorption
processes [49,50]. Fig. 6 shows the electrostatic potential
(ESP) distributions of modelled BC surfaces incorporated
with different oxygen functional groups and bare and BC
surface. Compared with the even ESP distribution on pure
BC surface, the uneven ESP distributions were induced by
the presence of various oxygen functional groups. In the
figure, blue color represents electrophilic sites with low
electron cloud density, red color indicates nucleophilic sites
with high electron cloud density, and ESP maxima and min-
ima are circled in blue and red, respectively. As shown in
Fig. 6a, the quinoline ESP ranges from —44.37 to 28.06 kcal/
mol, and its negative electrostatic potential is concentrated
near the nitrogen atom. As shown in Fig. 6b—f, the ESP ranges
of BC, BC-CO, BC-COC, BC-COOH, and BC-OH are -13.8-
22.73, —42.52-26.79, -36.08-24.58, -36.47-63.82, and —22.28—
71.10 kcal/mol. The positive electrostatic potentials of BC-CO
and BC-COC are concentrated near the hydrogen atom clos-
est to the oxygen atom, the positive electrostatic potentials of
BC-OH and BC-COOH are concentrated near the hydrogen
atom of the hydroxyl group, which implies that the hydro-
gen atom is the site for nucleophilic attack, reasonably by
the side of the nitrogen atom in quinoline. The strong elec-
tron-withdrawing ability of the oxygen atom in the oxy-
gen-containing functional group causes the electron-transfer
from the carbon atom to the oxygen atom, thus diminishing
the electron cloud density around the carbon atom and ren-
dering it positively charged. Because the positive charges of
the biochar cause the formation of Lewis acid sites, the quin-
oline, with electron-rich nitrogen that is electronegative as
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a Lewis basic site, can adsorb on the surface of MOPBC by
acid-base interaction [51].

The adsorption conformation, adsorption distance and
adsorption energy are shown in Fig. 7. The adsorption
energies of BC, BC-CO, BC-COC, BC-COOH, and BC-OH
for quinoline are -1.75, -1.99, -1.96, -1.91, and -2.27 kcal/
mol, respectively, indicating that the adsorption of quino-
line is a spontaneous process. Obviously, BC-CO, BC-COC,
BC-COOH, and BC-OH have lager adsorption energies
than BC, with the sequence of BC-OH > BC-COC > BC-CO >
BC-COOH > BC. Therefore, the quinoline is more readily
adsorbed on functional groups of the BC and has more stable
coordination configuration. BC-OH has the highest adsorp-
tion energy, further confirming that the hydroxyl groups are
the major adsorption sites of biochar [52]. Since BC-OH has
a hydrogen bond donor, BC-OH can form both the hydro-
gen bonding and m-m interaction with quinoline simulta-
neously, justifying its highest adsorption energy and lowest
distance between BC-OH and quinoline among the five mod-
els. In contrast, BC-CO and BC-COC lack hydrogen bond
donors and can only adsorb quinoline by m—m interaction
alone.

According to the experimental results and the above
analysis, a rational mechanism for the adsorption of quin-
oline molecules by MOPBC is proposed (Fig. 8). The com-
plexity of adsorptive sites and the presence of various
adsorbent-adsorbate interactions led to the heterogene-
ity of the surface of MOPBC, which is coherent with the
Freundlich isotherm model and the DFT calculations.

3.6. Reusability studies

Considering the practicability of the MOPBC, regenera-
tion and recyclability of MOPBC are critical. Therefore, the
recycling performance of MOPBC for quinoline removal was
investigated. After each adsorption, desorption was con-
ducted by washing the spent adsorbent in sequence with
methanol, glacial acetic acid, and ethanol solution (20%) until
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Fig. 6. Electrostatic potential distributions of quinoline (a), BC (b), BC-CO (c), BC-COC (d), BC-COOH (e) and BC-OH (f).
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Fig. 8. Proposed synergetic chemisorption mechanism of quinoline by MOPBC.

210 no quinoline was detected. Then, the adsorbent was dried
and used for repetitive adsorption. As revealed in Fig. 9,
the adsorption capacity of MOPBC for quinoline decreases
from 193.35 to 134.01 mg/g after four adsorption—-desorp-
tion cycles. It is inferred that some complex bond formed
69.3% between the active sites of the adsorbent and the quinoline
molecules, leading to incomplete desorption. The result
shows that MOPBC can be used as an efficient adsorbent to
remove quinoline from wastewater.

180 87.6%

79.6%
150 75.9%

4. Conclusions

60
In this work, a biochar adsorbent (MOPBC) with a sur-
304 face area as high as 1,102 m?/g was synthesized by pyrolysis
of orange peel at 900°C and followed post-NaOH treatment.
0- Benefiting from the high surface area and enriched surface
1 2 3 4 5 functional groups, MOPBC achieved a higher adsorption
Cycle capacity of 197.53 mg/g for quinoline than the most reported

adsorbents. The adsorption of quinoline onto MOPBC
Fig. 9. Reusability of MOPBC for quinoline adsorption. obeys Freundlich isotherm and pseudo-secondary models.
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Therefore, the adsorption happens on heterogonous sur-
faces and is chemisorption. DFT calculations indicated that
the chemisorption of quinoline on MOPBC could be real-
ized through H-bonding, acidic-basic, m-m, and n-m inter-
actions. Additionally, the calculated adsorption energy and
distance between quinoline and biochar indicate that oxy-
gen-containing groups, especially hydroxyl groups, favor
the adsorption of quinoline. Overall, MOPBC is an efficient
adsorbent for applications in organic pollutant removal
from water.
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Supporting information
S1. Materials

All chemicals used in this study were of analytical
grade. NaOH (299%) and NaNO, (299%) were purchased
from Tianjin Hengxing Chemical Reagent Manufacturing
Co., (China). H,SO, (299%) was purchased from Laiyang
Economic and Technological Development Zone Fine
Chemical Plant. HCl (299%) was purchased from Yantai
Sanhe Chemical Reagent Co., (China). Quinoline (299%) was
purchased from Tianjin Beilian Fine Chemicals Development
Co., (China). Anhydrous methanol and anhydrous ethanol
(299.7%) were purchased from Sinopharm Group Chemical
Reagent Co., (China). Glacial acetic acid (299.7%) was pur-
chased from Shanghai Aladdin Biochemical Technology
Co., (China). Orange peel waste was collected from a super-
market in Qingdao, China.

S2. Characterizations

The morphology of the orange peel-based biochar and
MOPBC was measured with SEM (JSM-6700F, Japan). The
N, adsorption-desorption isotherms were carried out at
77 K on a surface area analyzer (Micromeritics, ASAP 2020,
USA). The surface area was estimated by the Brunauer—
Emmett-Teller method. Fourier-transform infrared spectros-
copy was performed on a Bruker Tensor 27 spectrometer
(Germany). X-ray photoelectron spectroscopy was performed
on a Thermo ESCALAB 250Xi spectrometer (USA). The bind-
ing energy calibrated at Cls 284.8. The Raman spectra were
recorded on an inVia Qontor spectrometer (Renishaw, UK).

S3. Adsorption experiments

In a typical batch adsorption experiment, 0.01 g of adsor-
bent was added to 50 mL of quinoline solution with an initial
concentration of 50 mg/L and maintained in a 100 mL glass
bottle for the time corresponding to the analysis. The glass
bottles were placed in a constant temperature hydrothermal
magnetic stirrer (DF-101S collector-type). All the adsorption
experiments were conducted at the initial pH of the quin-
oline solution (7 + 0.2). After adsorption, the samples were
drawn at specified time intervals and the adsorbents were
separated with a 0.45 um polytetrafluoroethylene syringe
membrane filter, and the filtrate solution was analyzed for
obtaining the remaining concentration of quinoline. The
kinetic experiments were carried out by varying the initial
quinoline concentration (25-100 mg/L), solution temperature
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Fig. S1. X-ray photoelectron spectroscopy survey spectra of MOPBC before (a) and after (b) quinoline adsorption.
Table S1
Compearison of the g, values of quinoline adsorbed by different carbon adsorbents
Absorbent T (°C) C, (mg/L) Adsorbent dosage (g/L) 9o (ME/) References
Granular activated carbon 30 50 5 8.78 [S1]
Mesoporous N-doped carbon 30 0.5 6 16.66 [S2]
Magnetic carbon nanospheres 25 50 0.5 99.43 [S3]
Carbon from coconut shell 30 2,800 66.67 56.63 [S4]
Modified agricultural waste 5 100 5 35.0 [S5]
Carbon from walnut shells 40 120 1 166.91 [S6]
Magnetic hollow carbon nanospheres 25 50 0.5 155.23 [S7]
Activated carbon modified with (NH,),S,0, 25 0.3 0.5 35.7 [S8]
Biochar from orange peel 25 50 0.2 197.53 This work

(25°C—45°C), and adsorbent dosage (0.1-1 g/L), respectively.
The remaining concentrations of quinoline were determined
by a UV752 UV-Visible Spectrophotometer (Yoke, China) at
the wavelength of 280 nm using a calibration curve.

The equilibrium adsorption capacity (g) and time-de-
pendent adsorption capacity (g,) are calculated by Egs. (S1)
and (S2):

V(C,-C

) - ) (S1)
V(C,-C

q, = ( ” ) (S2)

where C, C, and C, are the initial, time-dependent and equi-
librium quinoline concentrations (mg/L), respectively. V (L)
is the volume of solution and m (g) is the adsorbent amount.
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