Arabian Journal of Chemistry (2022) 15, 104031

King Saud University

Sommion [ Arabian Journal of Chemistry

King Saud University

www.ksu.edu.sa
www.sciencedirect.com

ORIGINAL ARTICLE

Preparation of Quercus mongolica leaf-derived
porous carbon with a large specific surface area for
highly effective removal of dye and antibiotic from
water

Check for
updates

Qinghua Zhou ™', Yingying Wu™®*', Huanjia Chen”, Guanya Zhu?,
Yupeng Zhang ®, Dadong Liang »"*, Guang Chen", Shanshan Tang "

4 College of Resource and Environment, Jilin Agricultural University, Changchun 130118, China

> Key Laboratory of Straw Comprehensive Utilization and Black Soil Conservation, The Ministry of Education, College of Life,
Jilin Agricultural University, Changchun, Jilin 130118, China

€ College of Resources, Sichuan Agricultural University, Chengdu 611130, China

4 College of Plant Protection, Nanjing Agricultural University, Nanjing 210095, China

Received 26 March 2022; accepted 5 June 2022
Available online 8 June 2022

KEYWORDS Abstract  Quercus mongolica leaf (QL), an easily available biomass, was used as the precursor for
Quercus mongolica leaf; preparing the hierarchical porous carbon with a large specific surface area and high adsorption
Porous carbon; capacities toward the representative dye and antibiotic. After being carbonized, QL was further
Adsorption; chemically activated, and potassium hydroxide was proved to be a better activator than sodium
Dye; hydroxide. The QL-derived porous carbon (PCQL) exhibited abundant micro- and mesopores,
Antibiotic and the specific surface area reached 3275 m? g~'. The performances of PCQL were evaluated

through adsorbing rhodamine B (RhB) and tetracycline hydrochloride (TC) from water. Four
adsorption isotherm models (the Langmuir, Freundlich, Sips, and Redlich-Peterson models), three
adsorption kinetic models (the pseudo-first-order, pseudo-second-order, and intra-particle diffusion
models), and the thermodynamic equations were used to investigate the adsorption processes. The
pseudo-second-order kinetic model and the Sips isotherm model fitted the experimental data well,
which indicates that the adsorption processes were controlled by the amount of adsorption active
sites on the surface of PCQL, and these adsorption active sites had different affinities for the adsor-
bates. The maximum adsorption capacities of PCQL toward RhB and TC were 1946.0 and
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1479.6 mg g, respectively, based on the Sips model. The thermodynamic analysis indicates that
the adsorption of PCQL toward adsorbents was spontaneous physical processes accompanied by
the increasing disorder degree. The adsorption mechanism was attributed to the combination of
the pore-filling, hydrogen bond, and =-m interactions. Moreover, in the fixed-bed experiments,
the Yoon-Nelson model fitted the breakthrough curves well, and about 8§ L wastewater containing
RhB (200 mg L") may be effectively treated by 1.0 g of PCQL. Above results indicate that QL is a
promising precursor for preparing functional porous carbon materials.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Water is an essential but limited resource. Unfortunately, large vol-
umes of water have been contaminated by various industrial and agri-
cultural effluents, which brings huge potential hazard to the
environment. For example, as one of the most important dyes, rho-
damine B (RhB) has been extensively used as the colorant in the textile,
leather, and paint industries and the biological stain in the biomedical
laboratories. RhB is toxic and carcinogenic, and may irritate the eyes,
skin, and respiratory system. Thus, the presence of RhB in water is
potentially hazardous toward humans and animals (Huang et al.,
2016; Liu et al., 2015). Moreover, tetracycline (TC) is one of the antibi-
otics which have been extensively used in the livestock and aquaculture
industries and human therapy. However, only a small fraction of TC
may be metabolized and adsorbed by humans and animals, and most
of them are finally excreted into the environment such as domestic sew-
age, aquaculture wastewater, medical wastewater, and soil. The exis-
tence of TC in aquatic environment may bring negative effect on
plant growth, human health, and microbial community structure,
and accelerate the occurrence of antibiotic resistance genes (Gao
et al., 2012; Qiao et al., 2020; Babaei et al., 2016).

At present, various chemical, biological, and physical methods
have been utilized for removal of the threatening pollutants from aque-
ous media, including adsorption, advanced oxidation processes, chem-
ical precipitation, ultrafiltration, microbial degradation, and so on
(Dong et al., 2022; Gadipelly et al., 2014; Zhao et al., 2018). Among
the methods of wastewater treatment, adsorption is especially promis-
ing because of the advantages such as high efficiency, low cost, ease of
operation, and simplicity (Abd El-Monaem et al., 2022; Omer et al.,
2022). The advantages of adsorption are closely related to the utiliza-
tion of adsorbents. Therefore, many efforts have been devoted to the
preparation of adsorbents with high performances and low costs for
economical and efficient wastewater treatment.

So far, biomass-derived adsorbents have attracted much attention
because of the advantages of low cost, renewability, ready availability,
and environmental friendliness (Benzigar et al., 2018). Various bio-
masses including leaves, grasses, woods, straws, and so on have been
used as the precursors for preparing carbon materials toward the appli-
cation of adsorption (Ahmad et al., 2020; Aichour et al., 2022; Dai
et al., 2021). Through the processes of pyrolysis, these lignocellulosic
biomasses can be conversed to biochars which may effectively adsorb
various pollutants from water (Dhyani and Bhaskar, 2018). However,
the adsorption abilities of the biochars prepared via the simple car-
bonization processes were largely limited by their low specific surface
areas and poor porosities. Thus, the biochars should be further acti-
vated utilizing various chemical activators (such as potassium hydrox-
ide (KOH), sodium hydroxide (NaOH), zinc chloride (ZnCl,), etc.). A
large number of pores may be formed in the surfaces of biochars
through the reactions between carbon and chemical activators, which
enable the produced porous carbon materials to exhibit extremely
enhanced adsorption capacities toward pollutants (Chen et al., 2021;
Wang et al., 2020). The activation processes inevitably increase the
costs of adsorbents. However, the porous carbon products maintain
the advantages of low costs and high performances. On one hand,
the prices of some biomass precursors are close to zero. On the other

hand, after the activation processes, the specific surface areas and
adsorption capacities of porous carbon materials may be several ten
or hundred times higher than that of the biochars. This enables the
biomass-derived porous carbons to be very competitive when they
were utilized in certain relatively expensive devices such as household
water filters, portable water filters, chromatographic columns, and so
on.

Leaves may be readily obtained in many regions of the world. So
far, various leaf-based adsorbents have been developed. Firstly, raw
leaves may be directly used for adsorbing pollutants after the leaves
had been washed, dried, and ground. For example, water bamboo
leaves were used for removing methylene blue (MB) from water, and
the maximum adsorption capacity was 54 mg g~' (Zhu et al., 2016).
Bilberry (Vaccinium myrtillus L.) leaves were used for removing MB,
and the maximum adsorption capacity was 200 mg g~' (Mosoarca
et al., 2022). Secondly, leaves may be modified for improving their
adsorption performances. For example, after being treated by NaOH
and a surfactant, the fallen leaves of almond (Prunus Dulcis) were used
for adsorbing Acid Blue 113, and the maximum adsorption capacity
was 97 mg g~ ! (Jain and Gogate, 2017). Moreover, the leaves of several
monocotyledons and dicotyledons were treated with ethanol and then
used as the adsorbents. The maximum adsorption capacities of Cr
(VI), Congo red, and RhB on the product derived from the leaves of
Forsythia suspensa were 80, 233, and 75 mg g™, respectively (Geng
et al., 2022). Finally, leaves may be converted to carbon-based adsor-
bents. For example, the citric acid treated carbonized bamboo leaves
powder was used for adsorbing MB, and the maximum adsorption
capacity was 725 mg g~ (Ghosh and Bandyopadhyay, 2017). Further-
more, phosphoric acid (H;PO4) was used as the activator for preparing
the activated carbon derived from Gmelina aborea leaves (GALAC).
The maximum adsorption capacity of GALAC to RhB was
1000 mg g~ ". (Bello et al., 2019). More work on the leaf-based adsor-
bents has been reviewed by Bulgariu and the co-authors (Bulgariu
et al., 2019).

The leaf-derived porous carbon materials have exhibited high
adsorption performances. However, the adsorption behaviours (such
as adsorption capacities, kinetic models, and isotherm models) of var-
ious leaf-derived porous carbons are very different (Bulgariu et al.,
2019; Yu et al., 2016). This may be due to that different leaves have
different natural structures and chemical components. Thus, it is
highly necessary to screen the leaf precursors for producing porous
carbons with large surface areas and high performances toward the
adsorption applications.

Quercus mongolica Fisch. ex Ledeb., an oak species, has been
widely planted in East Asia (Yan et al., 2010). Herein, the Quercus
mongolica leaf (QL) was used as the precursor for preparing porous
carbon through the processes of carbonization and subsequently chem-
ical activation (Scheme 1) with KOH and NaOH used as the activa-
tors, respectively. The produced porous carbon derived from the
Quercus mongolica leaf (PCQL) was characterized through scanning
electron microscopy (SEM), N, adsorption/desorption experiment,
Fourier transform infrared (IR) spectroscopy, Raman spectroscopy,
and X-ray photoelectron spectroscopy (XPS). Then, a representative
dye (RhB) and a representative antibiotic (TC) were used as the model
pollutants for evaluating the adsorption performances of PCQL
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Scheme 1

toward dyes and antibiotics. After the batch adsorption experiments
were performed, the data were fitted by the three kinetic models (the
pseudo-first-order, pseudo-second-order, and intra-particle diffusion
models) and the four adsorption isotherm models (the Langmuir, Fre-
undlich, Sips, and Redlich-Peterson (R-P) models). Moreover, the
adsorption thermodynamics of adsorption processes, the reusability
of PCQL, and the adsorption mechanism were studied. Finally, the
feasibility of RhB adsorption on PCQL was investigated using the
fixed-bed column study, and the Yoon-Nelson model was used to fit
the experimental data.

2. Materials and methods

2.1. Materials

QLs were picked from Quercus mongolica planted in the cam-
pus of Jilin Agricultural University, China. All the reagents
used in the experiments were analytical pure grade. They were
directly used without additional purification.

2.2. Preparation of porous carbon

QLs were washed with water for removing dusts and other
impurities adhered onto their surfaces. Then, they were dried
at 80 °C in an oven. The dried QLs were smashed and filtered
using a standard sieve (80 mesh). In the carbonization process,
the QL powder was heated in a tube furnace at 500 °C for
60 min under N, flow. KOH and NaOH were used as the acti-
vators respectively. The biochar derived from QL was mixed
with solid KOH (or NaOH) and then ground in a mortar.
Then, the mixture was placed into a tube furnace and heated
under N, flow. The adsorption performances of porous carbon
products can be significantly influenced by the activation tem-
perature, activation time, and the mass ratio of activator to
carbon. In order to investigate the optimal activation condi-
tions, the activation temperature was changed in the range of
700-900 °C, the mass ratio of KOH (or NaOH) to carbon
was changed in the range of 3:1-5:1, and the activation time
was changed in the range of 30-90 min. After the tube furnace
was cooled, the sample was taken out and washed with HCI
aqueous solution (I M) and water repeatedly until the pH of
filtrate was 7. Finally, the porous carbon product was dried
and stored in a desiccator.

2.3. Characterization

The surface morphologies of samples were characterized using
the scanning electron microscopy (Merlin, Zeiss, Germany). A
Quantachrome Autosorb-iQ gas sorption analyzer (Quan-
tachrome, USA) was used to perform the N, adsorption/des-

KOH

chemical
activation

The preparation process of PCQL.

orption analyses, and the Brunauer-Emmer-Teller (BET)
specific surface area and pore size distribution were measured.
The porous carbon sample was characterized through Raman
measurement using a LabRAM HR Evolution instrument
(Horiba, France). The chemical bonds in the sample were con-
firmed based on the IR patterns which were obtained through
utilizing a Nicolet iS5 FT-IR spectrophotometer (Thermo
Fisher Scientific, USA). The surface chemical components of
sample were characterized by XPS which was measured using
an Axis Ultra DLD spectrometer (Kratos Analytical, UK).

2.4. Batch adsorption experiments

The samples of PCQL (20 mg) were added into the conical
flasks with dye (or antibiotic) aqueous solutions (200 mL) with
the initial concentrations of 100, 200, 300, and 400 mg g’l,
respectively. The turbid liquids were shaken (160 rpm) in an
air bath shaker under 30 °C. At pre-determined time, the sam-
ples (1 mL) were collected and centrifuged at 12000 rpm. The
concentrations of supernatants were confirmed through mea-
suring the adsorbances at 554 nm for RhB (or 357 nm for
TC) using the UV—-Vis spectrophotometer.

The equilibrium adsorption capacity of PCQL toward RhB
(or TC), g, (mg g~ "), was calculated use Eq. (1).

qe:(CO CE‘) x V (1)
m

where Co (mg L™ ') and C, (mg L™') are the initial and equilib-

rium concentrations of RhB (or TC) solution, respectively; V'

(L) and m (g) are the volume of RhB (or TC) solution and

the mass of PCQL, respectively.

2.4.1. Adsorption kinetic experiments

The effect of contact time on the adsorption capacities of
PCQL toward RhB (or TC) was investigated through the
pseudo-first-order, pseudo-second-order, and intra-particle
diffusion models (Egs. (2)—(4)) (Benjelloun et al., 2021).

q; = qe(l - eik”) (2)
- kzqf,t

q: = Tkzqet (3)

q; = kf[O'S +C (4)

where ¢, (mg g~ ") is the RhB (or TC) adsorption capacity of
PCQL at contact time ¢ (min); k; (min~"') is the rate constant
of the pseudo-first-order model; k» (g mg~' min™") is the rate
constant of the pseudo-second-order model; k; (mg g
min~ ') represents the rate constant of the intra-particle diffu-
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sion kinetic model; C is the intercept in the linear relationship
between ¢, and .

2.4.2. Adsorption isotherm experiments

With the aim of investigating the effect of initial concentration
of RhB (or TC) on the adsorption capacities of PCQL, the
Langmuir, Freundlich, Sips, and R-P isotherm models (Egs.
(5)—(8)) (Majd et al., 2022) were used to fit the experimental
data.

quLC(’

— AmLe 5
9 =T1K.C (%)
q. = KrC/™" (6)

qn1KSC)>“

—_Im i e 7
9= T4 K,CP ™)

KrpC.
q. = il B (8)
1 + (XRPCg

where ¢, (mg g~') is the maximum adsorption capacity of
PCQL toward RhB (or TC); K, (L mg™") is the equilibrium
constant of the Langmuir model; Kr (mg g~'(L mg~H'"
and np are the equilibrium constant and parameter of the Fre-
undlich model, respectively; K; ((mg L™')™) and n, are the
equilibrium constant and parameter of the Sips model, respec-
tively; Kgp (L mg™"), B, and ogp (L mgfl)fl/ﬁ) are the equilib-
rium constant and parameters of the R-P model, respectively.

2.5. Adsorption thermodynamic experiments

For investing the adsorption thermodynamics during the
adsorption processes. The adsorption experiments of PCQL
toward RhB and TC were carried out at 30, 40, and 50 °C,
respectively. The initial concentrations of RhB and TC aque-
ous solutions were both 400 mg L~".

The adsorption enthalpy change (AH, kJ mol™"), standard
entropy change (AS, J mol™" K™'), and Gibbs free energy
change (AG, kJ mol™') were confirmed based on Egs. (9)-
(11) (Elmi et al., 2020).

AG = AH — TAS 9)
AS AH

In (Kq) =R RT (10)

K,=q,/C. (11)

where T (K) is temperature; K is the distribution coefficient; R
(I K~' mol™") is the ideal gas constant which is equal to 8.314.

2.6. Reusability studies

The reusability of an adsorbent is important for its practical
applications. In the reusability experiment, the sample of
PCQL (100 mg) was added into a conical flask containing
the aqueous solution of RhB (or TC) (50 mg L™', 100 mL).
The conical flask was shaken on a rotary shaker at 160 rpm
under room temperature for 30 min. Then, the adsorbent
was recovered through being filtered with a filtration mem-
brane (0.22 pm). The residual concentration of RhB (or TC)

in solution was determined by measuring the adsorbance at
554 nm for RhB (or 357 nm for TC) using the UV-Vis spec-
trophotometer. The removal efficiency of RhB (or TC) from
aqueous solution was calculated as follows:

Removal efficiency = (Cy — C;)/Cy x 100% (12)

where C, is the initial concentration of RhB (or TC) (50 mg
L"), and C; is the residual concentration of RhB (or TC) in
solution.

The adsorbent was generated through heat treatment. After
the adsorbent was used, it was dried at 80 °C and further
heated in a tube furnace at 500 °C for 60 min under N, flow.
Through the heat treatment, the RhB (or TC) adsorbed on
PCQL was carbonized. After the furnace was cooled to room
temperature, the adsorbent was taken out and used in the next
adsorption cycles.

2.7. The point of zero charge (PZC) of PCQL

A series of NaCl aqueous solutions (0.01 M) with pH values of
3,5,7,9,and 11, respectively, were prepared and placed in dif-
ferent flasks. HCI or NaOH had been added for adjusting the
pH values. The PCQL samples (0.1 g) were added into these
solutions (50 mL), respectively. The flasks were sealed and sha-
ken in a shaker at 160 rpm under room temperature for 24 h.
The pHpzc is determined by the intersection of the pHj,;y. and
PHgnar curves (Taoufik et al., 2019).

2.8. Fixed-bed adsorption column study

The PCQL samples (0.25, 0.50, and 1.00 g) were added into the
glass tubes with an inner diameter of 1.2 cm. The RhB (or TC)
aqueous solutions (200 mg L™") were transfused into the tubes
from the upper ends with the downward flow rate of
3.20 mL min~'. The concentrations of effluent RhB (or TC)
solutions were monitored at the wavelength of 554 nm for
RhB (or 357 nm for TC) using the UV—Vis spectrophotometer.

When the RhB (or TC) concentration of effluent solution
reached 10% (20 mg L") of the initial concentration, the time
was called the breakthrough time (7,, min), and the adsorption
capacity of PCQL was expressed as ¢, (mg g~'). Correspond-
ingly, when the RhB (or TC) concentration of effluent solution
reached 90% (180 mg L™') of the initial concentration, the
time was called the saturation time (#,, min), and the adsorp-
tion capacity of PCQL was expressed as ¢, (mg g~ ).

0G0 [ (&
__< S I 1
%= 7000 m )., ) (13)
Q CO =t C/
£ S I 14
%= 1000 m ), ( Co)df (14)

where Co (mg L™") represents the initial RhB (or TC) concen-
tration; C, (mg L") represents the RhB (or TC) concentration
of effluent solution at time 7 (min); @ (mL min~') is the flow
rate; m (g) is the mass of PCQL (Jaria et al., 2019).

The treated effluent volume V, (L) was calculated based on
Q and t,, and the percentage of fractional bed utilization (FBU,
%) was calculated using ¢, and g,.

VI:QIA' (15)
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FBU = (‘Lf) % 100% (16)

qs
The non-linear Yoon-Nelson model was used to fit the
experimental data obtained in the fixed-bed experiments.
C 1
Co 1+explkyn(t—1))
where 7 (min) is the time when 50% of RhB breakthrough hap-
pened; kyy (min~") is the rate constant (Aichour et al., 2019).

(17)

2.9. Error analysis

For determining which kinetic and isotherm models fit the
experimental data well, the correlation coefficient (R*) and
the sum of the squares of the errors (SSE) were calculated
based on the following formulas:

n 2 n 2
Zi:l (qexp,i - quw) - Z[:l (qexp,i - qml,i)
n 2
Zizl (qcxp,i - qnve)

R = (18)

SSE =

(q('al,i - qexpj)? (19)

i=1

where gy is Gear,is and g, are the experimental, theoretical,
and average adsorption capacities (mg g~ ') of PCQL toward
RhB (or TC), respectively.

3. Results and discussion

3.1. Preparation of porous carbon

After QL was carbonized under N», the produced biochar may
effectively adsorb RhB and TC from water. However, the
adsorption capacities of the biochar toward these pollutants
were lower than 50 mg g~!, when the initial concentrations
of RhB and TC were 400 mg L', In order to obtain the adsor-
bent with higher adsorption performances, the biochar was
further chemically activated. The effect of the species of activa-
tor, activation temperature, the activator to carbon ratio, and
activation time on the adsorption capacities of adsorbent sam-
ples were studied.

Initially, the biochar was activated using KOH as the acti-
vator. After solid KOH and the biochar were mixed and
ground, the mixture was heated under N,. Under suitable tem-
perature and anaerobic conditions, a series of chemical reac-
tions can take place (Egs. (20)-(24)), which can result in the
presence of abundant pores in the surface of carbon (Wang
and Kaskel, 2012).

6KOH +2C — 2K + 3H, + 2K,CO; (20)
K,CO; — K>0 + CO, (21)
K,CO; +2C — 2K + 3CO (22)
CO, + C — 2CO (23)
K0+ C — 2K+ CO (24)

As shown in Fig. la, when the activation temperature
increased from 700 to 800 °C, the RhB adsorption capacity
of product increased from 981.2 to 1294.5 mg g~'. However,

when the temperature increased to 900 °C, the RhB adsorption
capacity decreased to 984.5 mg g~!. This indicates that the
adsorption performances of porous carbon products were lar-
gely affected by the activation temperature. The increasement
of temperature could increase the chemical reaction rates. As
reported by Li et al., N, adsorption experiments indicated that
suitable increasement of activation temperature could increase
the surface area and pore volume of product. However, exces-
sively high activation temperature may decrease the surface
area and pore volume, which might be due to the contraction
or collapse of pores (Li et al., 2014). With the increase of
porosity, the porous carbon product exhibited enhanced
RhB adsorption capacity. Conversely, with the decrease of
porosity, the porous carbon product exhibited reduced RhB
adsorption capacity (Chen et al., 2018). As a result, the opti-
mal activation temperature was confirmed to be 800 °C.

As shown in Fig. 1b and Ic, the adsorption capacities of
carbon products were also affected by the dosage of KOH
and the activation time. Suitable increment of the KOH to car-
bon ratio and the activation time may increase the RhB
adsorption capacities of products, and extremely high KOH
dosage and extremely long activation time may decrease the
adsorption capacities. It was found that the optimal ratio of
KOH to carbon and the optimal reaction time should be 4: 1
and 60 min, respectively.

Then, KOH was replaced with NaOH, and the effects of
activation conditions on the RhB adsorption capacities of por-
ous carbon products were shown in Fig S1 in the supporting
information (SI). Through being heated under anaerobic con-
dition, the biochar may react with NaOH forming the pores in
the surface of biochar. The possible chemical equations were
listed in Eqs. S1-S3 in SI. As a result, when NaOH was used
as the activator, the optimal activation temperature was
800 °C, the optimal mass ratio of NaOH to biochar was 4:1,
and the optimal heating time was 60 min. The RhB adsorption
capacity of the product activated under the above conditions
reached 943.5 mg g~ '.

Moreover, potassium acetate and sodium acetate were also
used as the activators. However, the corresponding RhB
adsorption capacities of products were always lower than
600 mg g~ ', when the activation temperature was in the range
of 700-900 °C, Thus, KOH was confirmed to be the best one
among these chemical activators, because the porous carbon
product activated by KOH exhibited the highest RhB adsorp-
tion capacity among the products activated by these activators.
In the following adsorption experiments, the PCQL samples
were prepared through using KOH as the activator.

3.2. Characterization

As shown in Fig. 2a and 2b, the powder of QL exhibited the
corrugation geometries. After the chemical activation, the sur-
faces of sample had been obviously etched by KOH (Fig. 2¢).
Moreover, it seems that abundant tiny pores were formed
(Fig. 2d). The porosity of PCQL was further investigated
through N, adsorption experiment (Fig. 3). The BET specific
surface area of PCQL achieved 3275 m? g~ !, the pore volume
calculated based on the density functional theory (DFT)
method reached 1.8 cm® g~!, and the average pore diameter
was 2.5 nm. As shown in the pore size distribution curve



Q. Zhou et al.

a) b)

1500 1500
1294.5

p)

= 1000

q, (mgg™")
g, (mgg

500

Fig. 1

KOH:C

t (min)

The relationship between the RhB adsorption capacities of porous carbon products and the activation conditions including (a)

activation temperature, (b) the ratio of KOH to carbon, and (c) activation time with KOH used as the activator.

Fig. 2

(Fig. 3b), both micropores and mesopores were formed in the
surface of product after the chemical activation process.

In the Raman pattern of PCQL (Fig. 4a), the characteristic
peaks at ~1360 cm™! (D-band) and ~1580 cm™! (G-band)
may be assigned to the disordered carbon and crystalline car-
bon, respectively. The intensity ratio of Ip/Is was close to 1.0.
This means that PCQL was consisted of carbon with both
defective graphitic structures and graphitic layers (Su et al.,
2020).

The samples of QL and PCQL were also characterized by
IR (Fig. 4b). The peaks at 3425, 2920, 1739, 1620, and
1022 cm ™! in the IR pattern of QL may be attributed to the
—OH, C—H, C—=0, C—=C, and C—O stretching vibration,
respectively. This is similar with the IR patterns of other bio-
masses which are mainly composed of lignin, hemicellulose,
and cellulose (Tran et al., 2020; Vu et al., 2018). PCQL was
derived from QL, and thus it exhibited similar IR pattern com-
pared with that of QL. However, when the IR patterns were

200 nm

SEM images of (a and b) QL and (c and d) PCQL.

measured, the sample of PCQL exhibited obviously weaker
peak intensities comparing with that of the sample of QL,
though the same mass of samples were used. This indicates
that partial chemical bands on the surface of carbon have been
destroyed during the activation process.

Moreover, the types of elements and functional groups in
the surface of PCQL were investigated using XPS spectrum
(Fig. S2 in SI). The elements of C and O were detected. Fur-
thermore, the high-resolution C 1s spectrum may be fitted into
five individual peaks at 289.4, 286.5, 285.4, 284.9 and 284.4 eV,
respectively, which may be attributed to the O—C=—0, C=0,
C—0, C=C, and C—C groups, respectively; the high-
resolution O 1s spectrum may be fitted into three individual
peaks at 534.2, 533.3, and 532.3 eV, respectively, which may
be attributed to the —OH, —C—O, and —C=—O groups,
respectively (Ling et al., 2017; Ma et al., 2020). The conclusion
drawn through the XPS characterization is consistent with the
results of IR characterization.
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Fig. 3 (a) N, adsorption/desorption isotherms and (b) the pore
size distribution curve of PCQL.

3.3. Batch adsorption experiments

3.3.1. Adsorption kinetic models

As shown in Fig. 5, RhB and TC may be rapidly and effec-
tively adsorbed by PCQL. In the first 20 min, the RhB adsorp-
tion capacities of PCQL reached 787.1, 989.5, 1078.4, and
1179.4 mg g~ respectively, when the initial concentrations
of RhB were 100, 200, 300, and 400 mg | respectively
(Fig. 5a). Then, the RhB adsorption capacities increased grad-
ually and reached 890.1, 1153.4, 1245.8, and 1294.6 mg g™,
respectively, at the adsorption equilibrium. Along with the
increase in RhB concentration, there was more opportunity
for the surface of adsorbent to contact with RhB molecules,
which resulted in higher adsorption capacities. When the
adsorption of PCQL toward TC was studied, the similar trend
was observed (Fig. 5b).

As shown in Fig. 5a and 5c, when two non-linear adsorp-
tion kinetic models were used to fit the adsorption capacities
of PCQL toward RhB, the adsorption curve of the pseudo-
second-order kinetic model matched the experimental data
better than that of the pseudo-first-order kinetic model. When
the pseudo-first-order kinetic model was used, the correlation
coefficient (R?) values were in the range of 0.9895-0.9947,
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Fig. 4 (a) Raman pattern of PCQL and (b) IR patterns of QL
and PCQL.

and the SSE values were in the range of 508.48—-1354.07. When
the pseudo-second-order kinetic model was used, the R* values
were in the range of 0.9998-0.9999, and the SSE values were in
the range of 5.26-12.61 (Table S1 in SI). Thus, the pseudo-
second-order kinetic model fits the experimental data better
than the pseudo-first-order kinetic model because of the higher
R? values and the lower SSE values. In addition, the equilib-
rium adsorption capacities (Table S1 in SI) calculated based
on the pseudo-second-order kinetic model were close to the
experimental equilibrium adsorption capacities. Thus, it is rea-
sonable to use the pseudo-second-order model to fit the exper-
imental data (Giilen et al., 2016).

For the adsorption of TC on PCQL, when the pseudo-
second-order model was used for experimental data fitting,
the calculated equilibrium adsorption capacities were close to
the practical equilibrium adsorption capacities. Moreover,
higher R? values, lower SSE values, and better match between
the calculated adsorption curve and the experimental data
were achieved, comparing with the results obtained through
using the pseudo-first-order model (Table S2 and Fig. 5b and
5d). Thus, the pseudo-second-order model was also better than
the pseudo-first-order model for fitting the experimental data
of PCQL adsorption toward TC.

The agreement between the experimental data and the
pseudo-second-order kinetic model indicates that the adsorp-
tion processes of PCQL toward adsorbates were controlled
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The experimental data were fitted by the (a and b) pseudo-first-order
kinetic models, respectively.

by the amount of the adsorption active sites on the surface of
PCQL (Zhao et al., 2020). Because of the large surface area,
there are a large number of actives sites exposed on the surface
of PCQL, which may facilitate the removal of RhB and TC
from water.

Moreover, the relationships between the contact time and
the adsorption capacities were analyzed using the intra-
particle diffusion model (Martins et al., 2015). As shown in

the Fig. Se and 5f, the regressions of ¢, versus ¢"/* may be

The relationship between the contact time and the adsorption capacities of PCQL toward (a, ¢, and e¢) RhB and (b, d, and f) TC.

, (c and d) pseudo-second-order, and (e and f) intra-particle diffusion

divided into three straight lines over the total adsorption pro-
cesses, which indicates that the adsorption processes of PCQL
toward the adsorbates may be segmented into different kinetics
stages (Giilen et al., 2016). Firstly, the RhB (or TC) diffused to
the external surface of PCQL. Secondly, the RhB (or TC) was
gradually adsorbed by PCQL, and the adsorption rate was
controlled by the intraparticle diffusion. Finally, the adsorp-
tion of RhB (or TC) on PCQL gradually reached adsorption
equilibrium.
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3.3.2. Adsorption isotherm models

Adsorption isotherm models may be applied for estimating the
adsorption capacities of adsorbents and investigating the
adsorption processes. Herein, several non-linear models were
utilized to fit the experimental results. The fitted curves were
depicted in Fig. 6. As shown in Table 1, when the Langmuir,
Freundlich, Sips, and R-P models were used to fit the equilib-
rium adsorption capacities of RhB on PCQL, the R values
were 0.9135, 0.9926, 0.9999, and 0.9996, respectively, and the
SSE values were 2698.25, 228.94, 2.17, and 9.72, respectively.
When these models were applied to fit the data on the TC
adsorption, the R? values were 0.9540, 0.9715, 0.9999, and
0.9994, respectively, and the SSE values were 1132.78,
702.11, 1.90, and 13.50, respectively. As a result, the Sips
model fits the experimental data of RhB (and TC) adsorption
on PCQL well because of the highest R? value and the lowest
SSE value. This result implies that adsorption active sites on
the surface of PCQL were not identical, and these active sites
have different affinities for the adsorbates (Haciosmanoglu,
et al., 2019). Moreover, the adsorption processes of PCQL
toward RhB (or TC) may be divided into two stages based
on the Sips model. In the RhB (or TC) solutions with lower
concentrations, the multilayer adsorption occurred on the sur-
faces of PCQL; In the RhB (or TC) solutions with higher con-
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Fig. 6 The relationships between the equilibrium concentrations
of adsorbates and the equilibrium adsorption capacities of PCQL
toward (a) RhB and (b) TC. The data were fitted by the Langmuir,
Freundlich, Sips, and R-P isotherm models, respectively.

Table 1
adsorption on PCQL.

Parameters of isotherm models for RhB and TC

Isotherm Parameters Adsorbates

models RhB TC

Langmuir 0, (mg g™ 1298.9 1286.0
K, (Lmg ") 0.19 0.32
R’ 0.9135 0.9540
SSE 2698.25  1132.78

Freundlich Kr(mgg '(Lmg "))  686.30 785.28
np 8.79 11.24
R’ 0.9926 0.9715
SSE 228.94 702.11

Sips gm (mg g7t 1946.0 1479.6
K, (mg L™')™" 0.05 0.47
ng 0.27 0.39
R 0.9999 0.9999
SSE 2.17 1.90

R-P Krp (L g7h) 898.35 828.43
brp (L mg=H~1/* 1.14 0.85
o 0.91 0.95
R’ 0.9996 0.9994
SSE 9.72 13.50

centrations, the monolayer adsorption occurred on the

surfaces of PCQL. According to the Sips model, the maximum
adsorption capacities of PCQL towards RhB and TC were cal-
culated to be 1946.0 and 1479.6 mg g~ ', respectively.

As shown in Tables 2 and 3, the specific surface area and
the maximum adsorption capacities of PCQL toward RhB
and TC were compared with other adsorbents, respectively.
Among these materials, PCQL exhibited the largest specific
surface area. Its adsorption capacities were higher than most
adsorbents and comparable with the graphene-based materi-
als. This demonstrates that PCQL may be considered as a

Table 2  Specific surface areas and maximum RhB adsorption
capacities of different adsorbents.

Adsorbents BET Adsorption  Ref.

specific capacity

surface (mg g ")

area

(m* g")
Magnetic Forsythia - 34 Geng and
suspensa leaf powders Chang, 2020
Activated carbon 1148 123 Xiao et al.,
derived from white 2020
sugar
Graphite oxide 23 155 Jin et al.,

2012

Rice husk-based 1803 518 Ding et al.,
activated carbon 2014
Lotus leaf porous 2440 719 Li et al.,
carbon 2020
Activated carbon - 1000 Bello et al.,
prepared from Gmelina 2019
aborea leaves
Porous carbon derived 1993 1578 Chen et al.,
from corn straw 2019
PCQL 3275 1946 This work
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Table 3 Specific surface areas and maximum TC adsorption
capacities of different adsorbents.

Adsorbents BET Adsorption  Ref.

specific capacity

surface (mg g1

area

(m*g™")
Biochar derived from 118 59 Liu et al.,
rice husk 2012
Multi-walled carbon 222 253 Babaei et al.,
nanotube 2016
Graphene oxide - 323 Ghadim

et al., 2013

Petroleum coke-derived 2900 1122 Zhang et al.,
porous carbon 2015
PCQL 3275 1480 This work
Magnetic graphene - 1590 Qiao et al.,
oxide/ZnO 2020
nanocomposite

promising adsorbent with the advantages of high performance
and low cost.

3.4. Reusability

The utilization of the adsorbent with high reusability may
economize the cost of wastewater treatment. Therefore, the
reusability of PCQL for the adsorption of RhB and TC was
investigated. Usually, after an adsorbent had been used for
adsorbing pollutants, it was regenerated through being washed
with water and/or organic solvents repeatedly for removing
adsorbates from the surface of adsorbent. However, the eluates
containing pollutants should be treated in an appropriate man-
ner. Otherwise, there is the risk of secondary contamination.

In this work, based on the above consideration, after the
sample of PCQL had been used for adsorbing RhB or TC,
the recovered sample was dried and further heated at 500 °C
under N, flow. Through the heat treatment, the RhB and
TC molecules adsorbed by PCQL were carbonized for elimi-
nating their potential hazards to the environment. Then, the
sample was used as the adsorbent in the next adsorption cycle.
As shown in Fig. 7, after five adsorption cycles, the removal
efficiencies of PCQL toward RhB and TC decreased from
99% to about 90%. This result indicates that PCQL had good
reusability.

3.5. Adsorption thermodynamics

The effect of environmental temperature on the adsorption
capacities of PCQL toward RhB and TC was investigated.
When the temperature increased from 30 to 50 °C, the RhB
adsorption capacity of PCQL increased from 1278.5 to
1359.0 mg g~ '. According to the linear relationship between
In(q./C,) and 1/T (Egs. (9)—(11)), the values of AH and AS
were confirmed, and the results were shown in Table 4.

In the process of RhB adsorption on PCQL, the value of
AH was 2.12 kJ mol™!. On one hand, the attachment of
RhB ions on the surface of PCQL should be exothermic. On
the other hand, the RhB ions are surrounded by the solvation
sheaths. When RhB ions were attached by PCQL, some water

molecules in the solvation sheath had to leave. Thus, the pos-
itive value of AH might mean that the energy consumed in the
dehydration process was higher than the energy released in the
process of attaching RhB ions to the surface of PCQL
(Anastopoulos and Kyzas, 2016). The magnitude of AH may
be used for evaluating the type of adsorption processes. The
value of AH is much lower than 40 kJ mol~'. The relatively
low adsorption heat indicates the process of RhB adsorption
on PCQL may be categorized as physisorption (Elmi et al.,
2020; Salaa et al., 2020).

The value of AS was 20.02 J mol~' K~!. The positive value
of AS suggested increased randomness in the solid/solution
interface during the process of RhB adsorption on PCQL.
One possible reason is that one water molecule on the surface
of PCQL was replaced by more water molecules, resulting in
the increase in entropy (Anastopoulos and Kyzas, 2016;
Nekouei et al., 2015; Shu et al., 2015).

When the environmental temperature increased gradually,
the values of AG decreased from —3.94 to —4.34 kJ mol™!,
which indicates that the adsorption processes are spontaneous
and may be affected by temperature in some degree (Barkakati
et al., 2010).

Similar to the RhB adsorption on PCQL, the adsorption of
TC on PCQL was still a spontaneous physical process accom-
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Fig. 7 Reusability of PCQL for adsorbing RhB and TC
(Co = 50 mg L™', ¥ = 100 mL, adsorbent mass = 100 mg).

Table 4 Thermodynamic parameters of PCQL adsorption
toward RhB and TC.

Adsorbates Temperature AH AS AG

°C) (kJ a (kJ
mol ") mol ") mol ")

RhB 30 2.12 20.02 —3.94
40 —4.14
50 —4.34

TC 30 —3.24 2.15 —3.89
40 -3.92
50 —3.94
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panied by the increasing disorder degree. However, there are
some differences. The TC adsorption capacities of PCQL
slightly decreased along with the temperature increment, and
the adsorption process was exothermal.

3.6. Adsorption mechanism

PCQL may effectively adsorb RhB and TC from water phase,
which may be due to several possible reasons. At first, the
result of N, adsorption/desorption experiment indicates that
PCQL had abundant micro- and mesopores, and the average
pore diameter was 2.5 nm. Thus, the RhB and CAP molecules
may diffuse into these pores and be captured by the adsorption
active sites inside the pores. Secondly, the result of Raman
spectrum proved the exist of abundant graphene layers in
PCQL, and the value of I5/Ip was close to 1.0. Therefore,
the aromatic adsorbates may be attached on the graphene lay-
ers of PCQL through the n-w interactions. Thirdly, as shown in
the IR and XPS patterns, there are the —OH, C—O, and C=0
groups on the surface of PCQL, and these groups may form
strong interactions with RhB and TC through the hydrogen
bonds. Finally, in order to investigate the charges on the sur-
face of PCQL, the point of zero charge (PZC) was confirmed,
and the pHpzc is about 6.4 (Fig. S3a in SI). This result means
that the surface charges of PCQL were positive when the pH of
solution was lower than 6.4, and the surface charges of PCQL
were negative when the pH of solution was bigger than 6.4.
When PCQL was used to adsorb RhB in the aqueous solutions
with pH in the range of 3-11, the adsorption capacities were
only slightly changed (Fig. S2b in SI). This result means that
the influence of electrostatic interaction may be ignored in
the process of PCQL adsorption toward the adsorbate. In
sum, the adsorption mechanism may be attributed to the com-
bination of the pore-filling, m-m, and hydrogen bond
interactions.

3.7. Fixed-bed adsorption column study

In addition to the batch adsorption experiments, a series of
fixed-bed column experiments were performed for removing
RhB and TC from water using PCQL as the adsorbent. The
concentrations of RhB and TC solutions were both 200 mg

~!. The dosages of PCQL samples were 0.25, 0.50, and
1.00 g, respectively. When the dosage of PCQL was 1.00 g,
the value (6.5) of height to diameter ratio (H/D) was higher
than 5. Under such condition, the maldistribution of the
RhB solution in the adsorption process might be avoided
(Penafiel et al., 2021). The non-linear Yoon-Nelson model
was used to fit the experimental breakthrough curves, the R*
values were higher than 0.99, which demonstrates that this
model fitted the experimental data well.

The experimental and simulated breakthrough curves of
RhB adsorption on PCQL were shown in Fig. 8a. The break-
through curves were obviously influenced by the dosages of
adsorbent. Along with the increasement in adsorbent dosages,
the breakthrough curves shifted to the right. As shown in
Table 5, when the mass of adsorbent increased from 0.25 to
1.00 g, the breakthrough time increased from 460 to
2209 min, the value of 7 increased from 543 to 2338 min, the
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Fig. 8 Breakthrough curves of adsorption of PCQL toward (a)
RhB and (b) TC. The dosages of PCQL were 0.25 g, 0.5 g, and
1.0 g, respectively. The experimental data were fitted with the
nonlinear Yoon-Nelson model.

exhaustion time increased from 630 to 2490 min, and the vol-
ume of treated wastewater increased from 2.02 to 7.97 L. A
similar conclusion was drawn, when PCQS had been used
for adsorbing TC in the column (Fig. 8b and Table 6). This
may be attributed to the fact that the adsorbent with higher
mass provided more adsorption active sites for the attachment
of RhB and TC molecules. Thus, the column with more adsor-
bent may be used for longer time, and more volume of wastew-
ater may be treated. Moreover, for both the RhB adsorption
and the TC adsorptioin on PCQL, along with the increment
of adsorbent dosage, the values of ¢, ¢,, and FBU increased.
These results may be due to that, when the bed height
increased, the axial dispersion of RhB and TC solutions
decreased (Auta and Hameed, 2014; Chu, 2020). This would
mean that greater mass (or greater bed height) of adsorbent
brought more contact time, which enable the RhB and TC
molecules to diffuse into the deeper pores of PCQL. That is
to say, greater mass (or greater bed height) of adsorbent is ben-
efit for better utilization of adsorbent.
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Table 5 Data of the fixed-bed experiments on removal of RhB from water (Diameter of column, 1.2 cm; flow rate, 3.2 mL min™;

initial concentration, 200 mg L™1).

1

3

m H (cm) H/D ¢,Jco = 0.1 ci/co = 0.9 FBU V. Yoon-Nelson model

©® b min) g mgg)  min  gmee) P B kmin) @i R
0.25 2.0 1.7 460 1172.7 630 1384.1 84.7 2.02 0.024 543 0.9941
0.50 4.0 3.3 980 1250.1 1255 1401.9 89.2 4.02 0.017 1095 0.9933
1.00 7.8 6.5 2209 1414.6 2490 1495.2 94.6 7.97 0.016 2338 0.9965

1

Table 6 Data of the fixed-bed experiments on removal of TC from water (Diameter of column, 1.2 cm; flow rate, 3.2 mL min™; initial
concentration, 200 mg L™1).
m H (cm) H/D cJeo = 0.1 cilco = 0.9 FBU v, Yoon-Nelson model

()
© ih(min)  g(mgg)  mn) g mge) P B p@mn) @ R
0.25 2.0 1.7 436 1109.6 638 1352.0 68.3 2.04 0.022 529 0.9960
0.50 4.0 33 971 1240.5 1225 1360.0 79.3 3.92 0.018 1055 0.9841
1.00 7.8 6.5 2162 1381.5 2438 1454.2 88.7 7.80 0.017 2269 0.9898

4. Conclusion

It is the first time that QL was used as the precursor for preparing the
hierarchical porous carbon material with large specific surface area and
high adsorption ability toward the representative dye and antibiotic.
KOH was better than NaOH as the chemical activator, and the BET
specific surface area of PCQL activated by KOH reached 3275 m?
¢~ !. The results of batch adsorption experiments indicate that the max-
imum adsorption capacities of PCQL toward RhB and TC were 1946.0
and 1479.6 mg g~ !, respectively, based on the Sips model. The adsorp-
tion of PCQL toward adsorbates may be due to the combination of the
pore-filling, hydrogen bond, and n-r interactions. The results of fixed-
bed experiments demonstrate that PCQL is highly effective for remov-
ing RhB and TC from water after it was filled in the column. About 8
L of wastewater containing RhB (or TC) with the initial concentration
of 200 mg g~ ! may be treated using 1.0 g of PCQL. Thus, PCQL may
be considered as a promising adsorbent with the advantages of high
performance and low cost. In the future, we will further prepare vari-
ous PCQL-contained composites for different applications. For exam-
ple, PCQL will be combined with polymers for preparing the coating
materials used for the controlled release of fertilizers and pesticides.
PCQL will be used as the support for nanoscale zero-valent iron,
and the produced composite material should be able to activate
H,O, for achieving the catalytic degradation of organic pollutants.
Additionally, the functional groups contain nitrogen (N), phosphorus
(P), oxygen (O), boron (B), and sulphur (S) elements will be introduced
to the surface of PCQL for optimizing the physical and chemical prop-
erties of porous carbon toward the application in supercapacitors.
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