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ABSTRACT
A cost-effective approach was applied to prepare porous carbon samples by the simple carbonization of wormwood rod followed by salt
activator (NaCl) activation. The effect of preparation parameters on the characteristics of the wormwood rod-based porous carbons
(WWRs) were studied. The properties of these samples were investigated by SEM, BET surface area, X-ray diffraction, FT-IR spectra and
X-ray photoelectron spectrometer. The prepared WWRs were applied as new adsorbent materials to remove methyl orange (MO). The experimental results indicated that WWR-800 activated at 800 °C possesses the best adsorption performance. Several factors that affected the
adsorption property of the system such as the solution pH, dosing of adsorbent, initial dye concentration and ionic strength were examined.
In addition, the thermodynamic parameters and kinetic parameters of MO with WWR-800 were studied. The results indicated that the adsorption of MO on WWR-800 was an endothermic process and non-spontaneous under standard conditions. The maximum equilibrium adsorption
capacity of MO on WWR-800 was 454.55 mg/g. After ﬁve adsorption/desorption cycles, the adsorption capacity of MO on WWR-800 remained
at 94%, which indicated that wormwood rod-based porous carbon possessed good reusability.
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HIGHLIGHTS

•
•
•
•
•

Porous carbon (WWR-800) was synthesized from waste wormwood rod by NaCl activation.
The factors that affected the adsorption property of methyl orange on WWR-800 were systematically explored.
WWR-800 followed the Langmuir model for methyl orange dye.
The adsorption of MO on WWR-800 was endothermic and non-spontaneous under standard conditions.
WWR-800 provided good reusability and stability for adsorption.

LIST OF ABBREVIATIONS
Full name
Wormwood rod-0
Wormwood rod-600
Wormwood rod-700
Wormwood rod-800
Methyl orange
Scanning electron microscope
X-ray diffraction
Brunauer-Emmett-Teller
X-ray photoelectron spectroscopy
Nonlocal density functional theory
Pore size distribution
Fourier Transform infrared spectroscopy

Abbreviation
WWR-0
WWR-600
WWR-700
WWR-800
MO
SEM
XRD
BET
XPS
NLDFT
PSD
FT-IR
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1. INTRODUCTION
With the rapid development of global economy and technology in recent decades, there has been increasing demand for printing and dyeing products (Katheresan et al. 2018; Zereshki et al. 2018). Dyeing industries such as paper, rubber, plastic, leather
and textile are the main sources of industrial wastewater (Wei et al. 2017). These wastewaters always possess high salinity,
high chemical oxygen demand (COD) concentrations, and high ﬂuctuation in pH (Alatalo et al. 2016). In particular, the
strong coloration of the dye wastewater is one of the most important environmental concerns. The presence of dyes in the
water, even at low concentration, weakens the penetration of light, which greatly hinders the photosynthesis of plants and
the growth of microorganisms, leading to the deterioration of the water environment (Yang et al. 2013; Hu et al. 2014; Yu
et al. 2017; Liu et al. 2019; Wang et al. 2019). For these above reasons, the problem of dye removal from wastewater
needs to be solved urgently.
Over the past decades, many physicochemical methods, including electrochemical oxidation (Jager et al. 2018), membrane
separation (Yu et al. 2017), coagulation/ﬂocculation (Yeap et al. 2014), catalytic ozonation (Ghuge & Saroha 2018), ﬁltration
(Lu et al. 2009) and adsorption (Kim et al. 2018) have been investigated in the treatment of dye wastewater. Among these
technologies, adsorption is preferred by researchers over other methods and widely used in wastewater treatment since it
is rapid, conveniently designed and operated, impenetrable to toxic contaminants, discharges high-quality efﬂuent and
does not produce hazardous by-products (Li et al. 2017; Saleh et al. 2017; Yu et al. 2017; Saleh 2018; Toumi et al. 2018;
Jain & Gogate 2019).
The efﬁciency of adsorption is inﬂuenced by many parameters including adsorbent, adsorbate and aqueous phase properties. Among these parameters, the type and nature of the adsorbent play a great role in the adsorption efﬁciency. Generally,
the materials with sufﬁcient pore volume and size, large surface area, mechanical stability, ease of regeneration, high selectivity and high adsorption capacity are acceptable and can be used as ideal adsorbents for elimination of dyes (Menya et al.
2018; Wong et al. 2018).
Activated carbon is effective and the most widely used adsorbent in the treatment of wastewater since it has outstanding
capacity to absorb various chemicals (Ayranci & Duman 2009; Sun et al. 2018). Among them, natural biomass-derived
porous carbons have attracted great attention since they are cheap and available (Mohan et al. 2014). The agricultural
wastes, particularly lignocellulosic biomasses, have been recognized as economically-viable and sustainable sources of activated carbon (Bhatnagar et al. 2015). Biomass-derived porous carbons can be easily obtained by carbonization, and scholars
have carried out activation treatment to optimize their adsorption effects. In generally, activation treatment can be done in
two ways, namely physical (or thermal) activation and chemical activation using appropriate activators (Anfruns et al. 2014;
Gokce & Aktas 2014; Li et al. 2014; Sun et al. 2018). Chemical activation is mostly used since it is more effective. In addition,
the activation effect is tunable by adjusting the selection and dosage of activator.
Wormwood has a good reputation as a ‘diamond in grass’ in the plant world. It contains many trace chemical elements and
minerals. It was reported that the air-dried wormwood contained 10.13% of minerals, 25.85% of proteins, and 2.59% of fat. In
addition to the above components, other elements such as sodium (Na), potassium (K), magnesium (Mg), and calcium (Ca)
were also found in wormwood. The pharmacological effects of wormwood are extensive, including antibacterial, antiviral,
anti-oxidation, hemostasis and anticoagulant, anti-allergic, immune regulation, anti-cancer, etc (Guo et al. 2019; Xia et al.
2019). As is well known, the main medicament portion of wormwood is its leaf, while the remaining wormwood rod
(WWR) is usually discarded in drug production, which inevitably becomes a serious waste and source of pollution.
In this paper, to achieve comprehensive utilization of Chinese medicinal herbal residue, waste wormwood rod was used as
the carbon source to prepare porous carbon. In addition, methyl orange (MO), as one representative contamination in dye
wastewater (Hui et al. 2018), was used as adsorbate to investigate the adsorption properties of the synthesized porous
carbon materials. This study provided new insights into an environmentally friendly technique of value-added materials
recovery from wormwood and its application to dye wastewater treatment.

2. EXPERIMENTAL SECTION
2.1. Chemicals
All commercial materials were used without further puriﬁcation, unless indicated. The deionized water was prepared in the
laboratory. Sodium chloride (NaCl), Hydrochloric acid (HCl), Sodium hydroxide (NaOH) and MO were purchased from
Sinopharm Chemical Reagent Co. Ltd. Waste wormwood rod was collected from Qichun County, Hubei Province, China.
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2.2. The synthesis of wormwood rod-derived porous carbons (WWRs)
The collected wormwood rod was dried at 80 °C for 60 h, smashed and screened through an 80 mesh sieve. Then the powder
was put into a tube furnace by carbonization at 700 °C for 2 h with the heating rate of 5 °C min1 under a continuous ﬂow of
N2 and cooled down to room temperature. The product was washed by 1 M HCl and deionized water, ﬁltered, and dried at
120 °C for 12 h and the black powder of WWR-0 was obtained. WWR-0 was mixed with NaCl solution at a mass ratio of 1:2
and subsequently dried at 80 °C. The dry mixtures were activated at 600 °C, 700 °C and 800 °C in N2 for 2 h with the heating
rate of 5 °C min1, respectively. The samples were stirred in 1 M HCl for 12 h and repeatedly washed by deionized water.
Finally, the samples were dried in a vacuum drying oven at 120 °C and labeled as WWR-600, WWR-700 and WWR-800,
respectively.
2.3. Material characterization
The surface morphology and microstructure of the WWRs samples were characterized by scanning electron microscope (SEM,
Carl Zeiss Sigma 300). The crystal morphology of the WWRs samples were analyzed by the patterns of the X-ray diffraction
(XRD). X-ray diffraction (XRD) analysis was conducted using an X-ray diffractometer (Shimadzu XRD-6100) in the 2θ range
of 10–80° using ﬁltered Cu Kɑ radiation. N2 sorption isotherms at 77 K were tested employing a surface area analyzer (Micromeritics ASAP2020). The Brunauer-Emmett-Teller (BET) method was applied to measure speciﬁc surface area (SSA). Nonlocal
density functional theory (NLDFT) method was used to calculate the pore size distribution (PSD). The functional groups on the
WWRs samples were analyzed by FT-IR spectra, which were recorded using KBr with 1% of the sample at room temperature
with a resolution setting of 4 cm1 and 400 to 4,000 cm1 range on a Nicolet MagNa-IR 6700 spectrometer. X-ray photoelectron spectroscopy (XPS) on a Thermo ESCALAB 250XI was used to analyze the chemical composition and states of
samples. The binding energy of all elements was calibrated according to the C1s peak of adventitious carbon (the binding
energy of C1s used for calibration was 284.8 eV). UV-Vis spectra were collected on a UV-visible spectrophotometer (TU-1901).
2.4. Adsorption experiments
Standard solutions of MO in different concentrations (1, 2, 4, 8, 16, 32 mg/L) were prepared by dissolving analytical grade
MO in deionized water. To determine the adsorption capacities of WWRs samples, different amounts of the synthesized
adsorbents were used in 50 mL aqueous solution containing different MO concentrations and stirred at 200 rpm in a
25 °C water bath. The solution pH was varied from 3, 5, 7, 9 and 11 using 0.1 M HCl and 0.1 M NaOH solution. The mixture
was stirred for 60 min and then samples were taken and centrifuged. A spectrophotometric method was applied at 463 nm to
determine the concentration of MO.
The amount of dye adsorbed on the adsorbent (q, mg/g) and removal rate (rr, %) is calculated using Equations (1) and (2),
respectively (Kinoshita et al. 2020):
q¼

(C0  Ce )V
1,000m

(1)

rr ¼

C0  Ce
100%
C0

(2)

where C0 and Ce (mg/L) is initial mass concentration and equilibrium mass concentration, V (mL) is MO solution volume, m
(mg) is adsorbent addition.
2.5. Adsorption isotherms
The dosing of adsorbent WWR-800 was 12.5 mg, the MO initial concentration was 25 to 200 mg/L with a 50 mL volume of
dye solution. The solution pH was maintained at 3 using 0.1 M HCl and 0.1 M NaOH solution. The solutions were stirred at
200 rpm in a 25 °C water bath for 60 min. The aliquot of MO was analyzed by UV-Visible Spectroscopy at the wavelength of
463 nm.
2.6. Regeneration
After every adsorption cycle, the WWR-800 was regenerated by the same method. Firstly, the adsorbent and dye solution were
separated by ﬁltration device, and then hydrochloric acid (1 M HCl) was added to soak for 60 min under ultrasonic conditions. After the hydrochloric acid and the adsorbent were separated by ﬁltration device, distilled water was added to
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wash until pH ¼ 7. Finally, the adsorbent was dried in a vacuum oven at 120 °C for 12 h. The regenerated WWR-800 was
employed for 5 cycles of the adsorption-desorption of MO under 25 °C to check its reusability and stability. Reusability
was investigated with 25 mg (0.5 g/L) of the adsorbent in 50 mL of 50 mg/L of MO initial concentration solutions at pH 3
and stirred at 200 rpm. The aliquot was tested by using UV-Visible Spectroscopy after 60 min.

3. RESULTS AND DISCUSSION
3.1. Morphology characterization of WWRs
In this study, WWRs samples were prepared by carbonizing wormwood rod followed by NaCl activation. It was found that
the NaCl activation plays an important role in the development of the pore structure in WWRs samples. In particular,
the surface area and the pore structure of the WWRs samples were inﬂuenced by the activating temperature to the precarbonization samples. The SEM images (Figure 1) show that with increasing of activating temperature, the WWRs
sample had obvious tube-like structure and a large amount of meso/macropores, which might be caused by the NaCl as a
water-soluble template (Qian et al. 2015; Wang et al. 2016; Gao et al. 2020).
3.2. Structure characterization of WWRs
The XRD patterns of WWR-0, WWR-600, WWR-700, and WWR-800 were shown in Figure 2(a). There existed two diffraction
peaks around 23° and 43° for all samples, which can be assigned to (002) and (100) crystallographic planes of the disordered
carbon layer, respectively. The broad peak at 23° with low intensity suggested an amorphous structure. While another low

Figure 1 | SEM images of (a, b) WWR-0; (c, d) WWR-600; (e, f) WWR-700; (g, h) WWR-800.

Figure 2 | (a) XRD patterns; (b) N2 adsorption-desorption isotherm; (c) pore size distribution of WWR-800.
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diffraction peak intensity at 43° indicated the formation of graphitic structure (Wang et al. 2018). With the increase of activation temperature, the 23° diffraction peak gradually increased, indicating that the degree of amorphous structure gradually
increased. Furthermore, there was no detection of signals ascribable to other species, implying complete removal of NaCl
species.
As shown in Figure 2(b), WWR-0 had some micropores and belonged to the type I isotherm. WWR-600, WWR-700, and
WWR-800 showed the combined characteristics of type IV isotherms with a hysteresis loop. Among them, WWR-800 possessed an ultrahigh N2 adsorption capacity. The dramatic increase in the volume adsorbed at a relative pressure ,0.05
indicated the existence of a great number of micropores. The observation of the hysteresis loop resulting from the high capillary effect at a relative pressure in the range of 0.4–0.8 suggested the presence of a mesopore structure. Moreover, the increase
at a relative pressure .0.8 demonstrated the presence of a number of macropores. Additionally, the pore size distribution in
Figure 2(c) also revealed the microporous and mesoporous structures with the presence of macropores. Thus, the hierarchical
porous carbon material was successfully synthesized, which beneﬁted the fast adsorption and diffusion/transportation of
adsorbate molecules (Cazetta et al. 2016; Yao et al. 2018). Consequently, WWR-800 was conﬁrmed to possess the highest
surface area of 1,242.25 m2/g in all samples (Table 1). Overall, WWR-800 had a high surface area and 3D architecture
with multiconnected micro/meso/macropores with proper pore size distribution. This may be due to the addition of the activator NaCl and activation at a high temperature of 800 °C. NaCl served as a water-soluble template for macropores, while
micropores and mesopores were formed by the reaction of carbonized products with CO2 and the intercalation of NaCl
(Qian et al. 2015; Zhang et al. 2019).
3.3. Chemical composition of WWR-800
Our purpose was to explore the wormwood rod-derived porous carbon with best adsorption property, so the surface analyses
of WWR-800, which had the highest surface area of the prepared WWRs, was further obtained by XPS measurement.
Figure 3(a) shows the XPS survey spectrum of WWR-800, of which the peaks at around 284.8 eV, 400.1 eV and 533.0 eV correspond to C1s, N1s and O1s, respectively. As shown in the C1s spectra (Figure 3(b)), the predominant surface functional
group of WWR-800 was graphitic or amorphous C (C-1, around 284.8 eV, 75.42%), the sp2-type carbon C (C-2, such as
-C ¼ N groups, carbon in phenolic, alcohol or ether, 285.5 eV, 0.02%), the sp3-type carbon C (C-3, such as C ¼ N bonding
states, carbon in carbonyl or quinone groups, around 286.3 eV, 18.03%), and the carboxyl carbon (C-4, centered at
288.5 eV, 6.53%), respectively. N1s spectrum can be resolved into four peaks (Figure 3(c)). Two of the biggest peaks,
around 398.6 eV (15.89%) and 400.1 eV (49.92%), were assigned to the pyridinic N (N-1) and pyrrolic/pyridone N (N-2),
respectively. The peak around 401.4 eV (1.72%) and 402.0 eV (32.47%) can be subsumed to quaternary N (N-3) and oxidized
N (N-4), respectively. As displayed in Figure 3(d), the four peaks ﬁtted in the O1s spectra can be assigned to highly conjugated
forms of phenolic O (O-1, 530.9 eV, 0.63%), the unsaturated carbon-oxygen single bond (lactone, ether-like or anhydride, O-2,
532.0 eV, 95.11%), the carbon-oxygen double bond (O-3, 533.0 eV, 2.98%) and carbonyl oxygen (such as quinone or pyridone
groups, O-4, 533.8 eV, 1.29%), respectively. These oxygenous and nitrogenous groups were expected to contribute to the
hydrophilic dye adsorptions (Ge et al. 2015; Zhao et al. 2021).
3.4. Adsorption experiment studies
3.4.1. Effect of solution pH
A constant amount (12.5 mg) of WWRs were added in 50 mL MO dye solutions (50 mg/L), then the mixtures were stirred at
200 rpm in a 25 °C water bath for 120 min. The adsorption properties of WWRs on MO are shown in Figure 4. It can be seen
from the ﬁgure that the adsorption reached equilibrium state within 60 min in all curves. The results indicated that the
Table 1 | Pore parameters of WWRs samples
1

1

WWR-0

336.72

296.67

0.28

0.14

WWR-600

865.42

666.00

0.77

0.32

WWR-700

1,141.83

731.77

1.26

0.35

WWR-800

1,242.25

711.82

1.09

0.35
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Figure 3 | (a) XPS spectra of WWR-800 and high-resolution XPS survey of (b) C1s; (c) N1s and (d) O1s.

Figure 4 | Adsorption performance of WWRs: 50 mg/L of MO, 12.5 mg (0.25 g/L) of WWRs, 25 °C.
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adsorption capacity of WWRs for MO is WWR-800 . WWR-700 . WWR-600 . WWR-0. Hence, WWR-800 was chosen as
the optimal adsorbent for further adsorption study.
The solution pH is a signiﬁcant parameter in the dye adsorption process since it can alter the surface charge of the adsorbent and the structure of the dye molecules (Azam et al. 2020). A constant amount (12.5 mg) of adsorbents were added in
50 mL MO dye solutions (50 mg/L) of pH 3, 5, 7, 9, and 11. Figure 5(a) shows the results obtained by the WWR-800 at different pH MO solutions. It was deduced from the ﬁgure that the MO adsorption onto WWR-800 was strongly pH-dependent.
Adsorption of MO decreased with an increase in pH value. At this lower pH, a considerable high electrostatic attraction
existed between the positively charged surface of the adsorbent and anionic MO species. The pKa of MO was 3.46, indicated
that the MO molecule existed as negatively charged species when the solution pH was 3.0. Until pH ¼ 3.46 afterwards MO
existed as neutral and in high pH conditions as slightly positive charged species. Thus, with the pH increased, a growing
number of OH caused repulsion between the negatively charged surface and the dye molecules (Subbaiah & Kim 2016).
3.4.2. Effect of initial dye concentration
To investigate the effect of dye concentration on the adsorption process, different concentrations of MO aqueous solution
(25–200 mg/L) were used. The dosing of the adsorbent (WWR-800) was 12.5 mg per 50 mL of dye solution at pH 3. The
results obtained after 60 min adsorption are shown in Figure 5(b). WWR-800 adsorption capacity increased linearly with
the initial mass concentration of MO, while the removal rate decreased gradually. The reason was that when the initial
mass concentration of MO increased, the driving force caused by the existence of pressure gradient also increased, which
made more MO molecules move to the adsorption site (Khanday & Hameed 2018). The adsorbed amount of MO increased
from 196.34 mg/g to 607.08 mg/g as the initial concentration was enhanced from 25 mg/L to 200 mg/L, indicating that
removal performance was affected by the initial concentration of MO.
3.4.3. Effect of dosing of adsorbent
To study the effect of adsorbent dosage on the adsorption process, different amounts (12.5, 25, and 37.5 mg) of WWR-800
were added in 50 mL of 50 mg/L MO and stirred at 200 rpm in a 25 °C water bath. Figure 5(c) shows the results obtained
after adsorption of 60 min. The removal efﬁciency of MO increased as the dose of WWR-800 increased in low adsorbent
dose. When the dose of WWR-800 was 12.5 mg (0.25 g/L), the removal efﬁciency and adsorption capacity were 96.62%
and 193.58 mg/g, respectively. When the adsorbent dose continuously increased to 0.5 and 0.75 g/L, the removal efﬁciency
gradually tended to be ﬂat. On the contrary, the adsorption capacity decreased due to the adsorption site not reaching saturation and the MO concentration was certain during the adsorption process with the increase of the adsorbent dose.
3.4.4. Effect of ionic strength
High concentration of salt may exist in the actual organic dye wastewater, and the presence of salt in water may affect the
adsorption of organic dye by porous carbon. Therefore, the adsorption property of WWR-800 on the removal of MO was
studied for a range of NaCl ionic strengths going from 0.05 to 0.5 M (Tan et al. 2016). It can be seen that the adsorption
capacity decreased slightly with increasing concentration of NaCl (Figure 5(d)). The presence of electrolyte may cause the
neutralization of the surface charge of the adsorbent while competing with MO for surface adsorption. With the increasing
ionic strength, the adsorption capacity decreased due to screening of the surface charges (Krika & Benlahbib 2014).
3.4.5. Adsorption kinetics
In order to investigate the mechanism of the adsorption process, pseudo-ﬁrst and pseudo-second order kinetic models were
used to ﬁt the kinetic experimental data. In the adsorption kinetics experiment, the concentration of MO was 50 mg/L
(50 mL), the concentration of adsorbent WWR-800 was 0.25 g/L, the reaction temperature was 25 °C, and a series of reaction
time gradients were set from 0 to 120 min.
Pseudo-ﬁrst order model (Sadeek et al. 2014):
log (qe  qt ) ¼

k1
t þ log qe
2:303
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Figure 5 | (a) Inﬂuence of different pH. 50 mg/L of MO, 12.5 mg (0.25 g/L) of WWR-800, 25 °C; (b) inﬂuence of different concentrations of MO.
Condition: 12.5 mg (0.25 g/L) of WWR-800, pH ¼ 3, 25 °C; (c) inﬂuence of different dosing of WWR-800. Condition: 50 mg/L of MO, pH ¼ 3, 25 °C;
(d) inﬂuence of different ionic strengths. Condition: 50 mg/L of MO, 12.5 mg (0.25 g/L) of WWR-800, pH ¼ 3, 25 °C.

Pseudo-second order model (Sadeek et al. 2014):
t
1
1
¼ tþ
qt qe
k2 q2e

(4)

where q1 and q2 are the amount of MO sorbed at equilibrium (mg g1), qt is the amount of the MO sorbed at time t (mg g1),
k1 is the pseudo-ﬁrst order equilibrium rate constant (min1), and k2 is the pseudo-second order equilibrium rate constant
(g mg1 min).
The estimated kinetic parameters and coefﬁcient of determination (R2) from the pseudo-ﬁrst order and pseudo-second
order models are shown in Figure 6(a) and 6(b) and Table 2. The low R2 value and the difference between experimental
qe and theoretical q1 indicated that the pseudo-ﬁrst order model was not well suited to describe the adsorption of MO by
WWR-800. On the other hand, the R2 value (0.999) for the pseudo-second order model was relatively higher than that of
the pseudo-ﬁrst order model. Moreover, the q2 value (194.80 mg/g) calculated by the pseudo-second order model was
close to the experimental qe value (193.58 mg/g). Thus, these results suggested that the pseudo-second order model provided
a good correlation for the adsorption of MO onto WWR-800.
3.4.6. Adsorption isotherms
The adsorption isotherm was the corresponding relationship curve between the equilibrium concentration and the equilibrium adsorption capacity. In the adsorption isotherm experiment, 50 mL MO solution with a series of concentrations
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Figure 6 | (a) Pseudo-ﬁrst order kinetic models ﬁtting of MO by WWR-800; (b) pseudo-second order kinetic models ﬁtting of MO by WWR-800;
(c) Langmuir adsorption isotherms for adsorption of MO on WWR-800; (d) Freundlich adsorption isotherms for adsorption of MO on WWR-800
(e) Vant Hoff’s plot for MO adsorption by WWR-800.

Table 2 | Fitting parameters of the adsorption kinetics models
Adsorption kinetic parameters
Pseudo-ﬁrst order kinetic model
1

1

Pseudo-second order kinetic model

qe,exp/mg g

qe/mg g

k1

R

qe/mg g1

k2

R2

193.58

29.35

0.037

0.537

196.08

0.005

0.999

2

gradients (25–200 mg/L) were set, the concentration of adsorbent WWR-800 was 0.25 g/L, and the adsorption time was
60 min. The commonly used adsorption isotherm models are the Langmuir and Freundlich models. The Langmuir model
is based on the adsorption of a monolayer on the surface of the adsorbent, and the Freundlich model is based on the adsorption on a heterogeneous surface (Senthil Kumar et al. 2010). The obtained data for MO adsorption onto WWR-800 at 298.15,
308.15, and 318.15 K were ﬁtted to Langmuir (Equation (5)) and Freundlich (Equation (6)) isotherms (Sadeek et al. 2014).

Ce Ce
1
¼
þ
qe qL k L qL

(5)

where qe (mg g1) is the MO uptake at equilibrium, qL (mg g1) is the maximum MO uptake of WWR-800, and kL (L mg1) is
the constant related to the rate of adsorption.

log qe ¼

log Ce
þ log kF
n
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where kF (mg g1) and n indicate characteristic constants related to the relative sorption capacity of the sorbent and the intensity of sorption, respectively.
The results are summarized in Table 3, which showed the best ﬁtting of the Langmuir model compared to the Freundlich
model at the studied temperature (Figure 6(c) and 6(d)). It can be seen that the values of correlation coefﬁcients of the Langmuir equation were higher than the Freundlich isotherm values, which indicated that the Langmuir isotherm correctly ﬁtted
the equilibrium data, conﬁrming the mono-layer adsorption and supporting physisorption of MO molecules on the WWR-800
surface. Also, the value of equilibrium sorption capacity of the Langmuir equation (qL) was more consistent with the experimental data than that of the Freundlich isotherm model. Therefore, the sorption reaction can be approximated more
favorably by the Langmuir equation model.
Hence, we can ﬁnd that some materials of adsorbent about MO (Table 4), such as commercially-activated carbon (AC) and
porous carbons based on rice husk, pumpkin seed, wheat straw and so on (Su et al. 2013; Subbaiah & Kim 2016; Martini
et al. 2018; Li et al. 2020). The adsorption capacity of MO on WWR-800 was relatively higher compared with the materials
above. In addition, the adsorptive condition of MO on WWR-800 was accessible and the preparation of WWR-800 was
simple, which indicated WWR-800 was an efﬁcient, competitive and promising adsorbent for MO.
3.4.7. Adsorption thermodynamics
The determination of thermodynamics parameters had a great importance to evaluate spontaneity and heat change for the
adsorption reactions. The free energy change (ΔG 0) of the adsorption reaction was given by the following equation
(Sadeek et al. 2014):
DG0 ¼ RT ln K0

(7)

where R is the universal gas constant (8.314  103 kJ mol1), T is the temperature in Kelvin (K) and K0 is the sorption equilibrium constant determined from the slope of ln(qe/Ce) against Ce at different temperatures (Jagtap et al. 2011).
Table 3 | Fitting parameters of the adsorption isotherm
Adsorption isothermal parameters
Langmuir isotherm model

Freundlich isotherm model

Temperature/K

qL/mg g1

kL

R2

kF/mg g1

n

R2

qe,exp/mg g1

298.15

294.12

1.42

0.999

11.36

1.04

0.883

290.06

308.15

400.00

2.08

0.998

209.70

4.70

0.825

396.12

318.15

454.55

0.92

0.996

283.60

7.11

0.765

451.65

Table 4 | MO sorption capacity by other materials
Adsorbent

1

qm (mg g

)

References

Wheat straw

50.4

Su et al. (2013)

Pumpkin seed

200.3

Subbaiah & Kim (2016)

Commercially-activated carbon(AC)

77.1

Martini et al. (2018)

Hollow molybdenum disulﬁde (h-MoS2)

41.52

Wu et al. (2019)

Porous carbons based on rice husk

112

Li et al. (2020)

Aluminum hydroxide-bicarbonates

154

Kinoshita et al. (2020)

Lanthanum and cobalt sugar-based carbon

285.71

Liu et al. (2021)

Cubic magnetic MgFe2O4

535

Zhou et al. (2021)

WWR-800

454.55

This study
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Figure 7 | (a) Adsorption of MO using the recycled adsorbent WWR-800; (b) FT-IR of the 5th used WWR-800. Condition: 50 mg/L of MO, 20 mg
(0.5 g/L) of WWR-800, 25 °C.

The standard enthalpy change (ΔH 0), and standard entropy change (ΔS 0) were calculated using following equation (Sadeek
et al. 2014):
ln K0 ¼ 

DH0 DS0
þ
RT
R

(8)

where ΔH 0 is standard enthalpy change (kJ mol1) and ΔS 0 is standard entropy change (kJ mol1 K1).
The values of ΔH 0 and ΔS 0 were obtained from the slope and intercept of the Van’t Hoff’s plot of lnK0 against 1/T
(Figure 6(c)). These were observed to be 42.96 kJ mol1 and 0.1234 kJ mol1 K1, respectively. The positive value of ΔH 0
for the process indicated that the adsorption of WWR-800 for MO was an endothermic process. The positive value of ΔS 0,
which was a measure of randomness at the solid/liquid interface during MO sorption, indicated that the sorption process
was irreversible and stable. The positive values of ΔG 0 6.32, 4.61, 3.87 kJ mol1 at all temperatures studied indicated nonspontaneity of the sorption reaction under standard conditions (Mohammad et al. 2000).
3.4.8. Recyclability and stability of WWR-800
The recyclability and stability reusability of adsorbents were key factors in evaluating their potential applications because better
repeated availability of adsorbents may reduce the overall cost of the adsorbent. Figure 7(a) showed the recycling of WWR-800
in the removal of MO. It can be clearly observed that the WWR-800 still possessed more than 94% adsorption capacities for
MO even after ﬁve cycles of reuse. Besides, the 5th used adsorb had been characterized by FT-IR (Figure 7(b)). The chemical
functional group of the 5th used WWR-800 retained the same stretching vibration as the fresh adsorbent. Among them, the
absorption peak at 3,440 cm1 may be the stretching vibration of hydroxyl (-OH), the absorption peak near 1,630 cm1 may
be formed by C ¼ O stretching vibration of ketones or acids, and C¼C stretching vibration of mononuclear aromatic hydrocarbons, and the absorption peak at 596 cm1 was considered to be the stretching vibration of organic chloride (C-Cl). Taken
together, these results indicated that WWR-800 provided good reusability and stability for MO adsorption.

4. CONCLUSION
In this study, we had demonstrated an easy and low-cost method to prepare wormwood rod-based porous carbons (WWRs).
The adsorption properties of WWRs for the removal of MO from aqueous solution have been studied. Among all the adsorbents, the sample activated at 800 °C by NaCl (WWR-800) was found to exhibit the best adsorption performance. Several
factors that affected the adsorption property were systematically explored under different conditions including solution
pH, initial dye concentration, dosing of adsorbent and ionic strength. The kinetic data of the adsorption ﬁtted well with
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the pseudo-second-order kinetic model. At the same time, Langmuir and Freundlich isotherms were employed to describe the
equilibrium adsorption, and the Langmuir model closely ﬁtted the experimental data with better correlation coefﬁcients. The
maximum adsorption capacity of WWR-800 was 454.55 mg/g at 45 °C. Thermodynamic analyses revealed that the adsorption
of MO on WWR-800 was endothermic and non-spontaneous. The present article was novel in terms of effective re-utilization
of Chinese medicinal herbal residue as an inexpensive adsorbent candidate for dye removal.
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