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KEYWORDS Abstract Poplar waste is employed to prepare the high quality adsorbent (PWA) using one-pot
Poplar waste; method for methylene blue (MB) removal from wastewater. The H, rich fuel gas is recycled during
Dye wastewater; preparation process. The adsorption isotherms and adsorption kinetics are used to describe the MB
Adsorption mechanism; adsorption process. The MB adsorption capacity of the PWA is 254.21 mg/g based on the Lang-
H, rich fuel gas; muir model calculation. Pseudo-second-order model describe well with the adsorption kinetic pro-
Methylene blue cess. The MB column adsorption process of the PWA is analyzed by the Thomas and Yoon-Nelson,

which indicates that the adsorption capacity is 54 mg/g and saturation time is 540 min. PWA has
excellent reusability, which still maintains 75.59% MB adsorption amount after five cycles. The MB
adsorption mechanism of PWA includes chemical functional groups, electrostatic interaction and
pore filling. Density functional theory calculation indicates that hydroxyl groups play an important
role in MB adsorption process. MB adsorption performance of PWA is investigated in the actual
water with excellent MB removal. This result demonstrates that PWA could be acted as the recov-
erability and efficient adsorbent for MB removal from wastewater.
© 2023 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 of water environment, which has attracted wide attentions (Zhang

et al., 2020a; Wang et al., 2022b). The textile industry has pro-
The environment of our world has seriously been polluted owe to duced huge amount of dye wastewater, which is the primary source
rabid industrial, especially water environment (Azha et al., 2021; of the dye wastewater due to fact that it is water-consuming indus-
Wang et al., 2022a). The various of toxic dyes cause the pollution try (Gopalakrishnan et al. 2020; Gao et al. 2021). Besides, many
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dyes are hazardous, carcinogenic and mutagenic for the aquatic life
and human beings, which cannot self-degradation in the aqueous
solution due to poorly biodegradable (Uddin et al., 2021; Wang
et al., 2020). MB is a kind of water-soluble dyes, which is usually
found in wastewater (Toledo et al., 2020). Despite MB presents in
a very small amount, it still can irritate the skin and eye by dam-
aging DNA and proteins (Silva et al., 2021). Therefore, it is essen-
tial to separate dye from contaminated water using an effective
method to eliminate the harm for the environment and human
beings.

Adsorption (Zhang et al., 2020b), biological (Li et al., 2021a), elec-
trochemical (Li et al., 2020a), photodegradation (Cheng et al., 2022a)
and chemical oxidation (Chang et al., 2009) are the common technolo-
gies for dye wastewater removal. Adsorption technology is considered
as an efficient method to treat dye wastewater owe to the advantages
such as high efficiency, low cost and the recyclability of separating
(Xiao et al., 2021). The adsorbent such as activated carbon (Wan
et al., 2018), biochar (Pagalan et al., 2020) and molecular sieve
(Shabaan et al., 2020) are usually used to treat dye wastewater. In
order to realize the economic and environmental friendly of the dye
wastewater removal process, the precursors prepared adsorbent should
be sustainable and cheap (Wang et al., 2021a,b,c). Biomass waste is
kind of waste, which is renewable resources due to the photosynthesis
of biomass (Cheng et al., 2022c). Therefore, biomass waste can be used
as the promising precursor for preparation of high-efficiency adsorbent
to govern dye wastewater.

Pyrolysis is a kind of method to utilize the biomass waste to
prepare the biochar for dye wastewater removal. However, the
adsorption performance of biochar cannot meet the requirements
of the wastewater treatment plant in the actual application process,
especially large-scale application. The physical and chemical activa-
tion methods are employed to expand the pore structure of biochar
for improving its adsorption performance. KOH, K,CO;, H;PO,,
ZnCl,, H,O and CO, are common chemical and physical activation
agents to prepare high-efficiency adsorbent (Li et al., 2020b; Menya
et al., 2018). Danish et al. (2018) have used the wood biomass as
raw material to prepare the adsorbent by chemical activation gents
such as H3POy4, ZnCl, and KOH for MB removal from wastewater
with high MB adsorption capacity. Several researchers reported
that the production process of adsorbent includes two steps
(Akhouairi et al., 2019; Suganya et al., 2017; Xiao et al., 2020).
The first step is to produce the biochar by pyrolysis of biomass
waste (Jawad et al., 2021). The second step is the activation of bio-
char by chemical and physical activation method to expand its sur-
face area and pore volume (Zhang et al., 2021). However, the
production process of adsorbent is time-consuming and energy con-
sumption, resulted in high production cost (Li et al., 2021b). The
pyrolysis exhaust is also ignored, which causes the pollution of
environment. Therefore, simple and low-cost preparation method
of high-efficiency adsorbent is urgent. Besides, the pyrolysis exhaust
should be recycled to eliminate the possible pollution for the envi-
ronment (Cheng et al., 2021b).

Poplar waste is a kind of wood waste, which is produced from
poplar planting and processing process. The annual products are very
huge. Finding an efficient utilization method of poplar waste is neces-
sary. Therefore, it will be necessary to study the comprehensive utiliza-
tion of poplar waste, and provide guidance for the similar species.
Chen et al. (2023) prepared the magnetic porous carbon adsorbent
using the poplar sawdust as feedstock for the tetracycline removal
for wastewater with the adsorption capacity of the 288.2 mg/g.
Heibati et al. (2015) reported that the activated carbon prepared from
poplar woods is used as the economical adsorbents for the rapid
removal and fast adsorption of Acid Red 18 dye from the aqueous
solution. Aghdasinia et al. (2021) prepared the adsorbent derived from
the poplar leaf for adsorption of basic yellow 2 from aqueous solution
with the adsorption capacity of the 51.282 mg/g. Therefore, the poplar
waste could be used as the feedstock to prepare the adsorbent for
wastewater treatment.

In this work, poplar waste is employed to produce the PWA for
MB removal from wastewater via a facile one-pot method. The pyrol-
ysis exhaust is recycled during preparation process, which could be
used as the fuel gas. The adsorption equilibrium, kinetics and thermo-
dynamic process are systematically employed to analyze MB removal
process. Involved adsorption mechanisms are investigated. The
adsorption performance of PWA in the fix-bed adsorption is also
investigated for the actual application. Density functional theory is
used to further analyze the MB adsorption process. MB adsorption
on PWA is carried out in the actual wastewater to investigate the
actual application of PWA.

2. Materials and method

2.1. Materials

Poplar waste is collection from Yunnan province of China.
Potassium carbonate, absolute alcohol and MB are ordered
from Sinopharm Chemical Reagent Co. Ltd., China.

2.2. Preparation method

20 g poplar waste is mixed with Na,COs in the 200 mL distilled
water, which is stirred for mixing evenly. And then the drying
oven is employed to dry the mixture at 80 °C for 24 h. The dry
mixture is placed into tube furnace with heating temperature
of 900 °C under anaerobic environment. The N, is used as car-
rier gas in the preparation process. When the temperature
reached 900 °C, the steam is injected in the tube furnace with
the flow rate of 1.5 mL/min. Finally, the steam is closed and
N> is injected in tube furnace until room temperature. The
pyrolysis exhaust produced from tube furnace is recycled to
investigate its gas composition for resource utilization, achiev-
ing the no pollution generation during preparation process.
The original biochar without K,CO3 and steam activation is
also prepared to compare the adsorption performance of
PWA under same experiment conditions. After cooling, the
solid residues are PWA and original biochar in the tube
furnace.

2.3. Characterization

Quantachrome Autosorb apparatus is usud to investigate the
pore structure of sample. The surface properties of sample
are analyzed using the X-ray photoelectron spectroscopy
(XPS). Scanning electron microscopy (SEM) is used to observe
the surface morphologies of sample. Fourier transform infra-
red spectroscopy (FTIR) is employed to detect the chemical
property of sample. The ordered/disordered crystal structures
of samples are analyzed by the Ramascope spectroscopy.
The Zeta PALS is used to detect the Zeta potential of sample.

2.4. Adsorption experimental

Batch adsorption experiments are conducted in a series of
250 mL volumetric flasks containing different adsorbent dose
of adsorbent and 100 mL of MB solution 100-300 mg/L.
The volumetric flasks are shaken in a gas bath thermostatic
oscillator with shaking speed of 300 rpm/min until the equilib-
rium reached. After equilibrium is attained, the amount of
residual MB concentration is detected using UV-Vis spec-
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trophotometer. The amount of MB retained on the adsorbent,
ge (mg/g), is calculated at equilibrium from the following
equation:

"(C, - C.)

qe:T (1)

where Cy (mg/L) and C, (mg/L) are the initial and equilibrium
concentration of MB solution, respectively, V is the volume of
solution (L), and M is the weight of the adsorbent (g). The
adsorption isotherm models are presented in Table S1.

Adsorption kinetic studies are conducted in a series of
250 mL volumetric flasks using methods similar to those
described previously. Aqueous samples are collected at differ-
ent time intervals and the MB residual concentrations are mea-
sured using UV-Vis spectrophotometer. The amount of MB
adsorbed over time, g, (mg/g), is obtained by:

4, = (CO— COyV/M )

where C, (mg/L) is the liquid-phase concentration of MB solu-
tion at time t (min). The adsorption kinetic models data are
presented in Table S2.

2.5. Fixed-bed column

The column adsorption experiment is carried out in the fixed
bed system with the MB concentration of 100 mg/L. MB solu-
tion is pumped in the fixed bed system using peristaltic pump.
The feed flow rate is 5 mL/min in adsorption process. A small
amount of suspensions are taken from fixed bed system to
detect MB concentration at special time intervals. UV-Vis
spectrophotometer is employed to detect the residual MB con-
centration. The MB adsorption capacity (Q,,, mg/g) is investi-
gated using following equation.

ve, [ G
0, = 1-=
M =0 ( o

)i (3)

Qm (mg/g) denotes MB column capacity. V is the flow rate
(mL/min) and total flow time is denotes as t,. The time of
the C,/C, of 0.95 and 0.05 is saturation time and breakthrough
time, respectively. Table S3 lists the column fitting models,
which are used to investigate the MB adsorption performance.

3. Results and discussion

3.1. Pore structure and surface morphology analysis

Fig. 1 shows the nitrogen adsorption curve and pore distribu-
tion of PWA. As Fig. la shown, PWA has lager Brunauer
Emmett Teller (BET) specific area. It can be explained that
the C element on PWA is consumed by C-Na,CO; and C-
H,O reactions, which produces a large number of pores. These
reactions can generate the activation gases such as CO,, H,,
and CO, which contribute to forming ultramicropores in meso-
pore walls (Saygili and Guzel, 2016). Besides, these gases can
promote the expansion of pore structure when these gases dif-
fuse to the surface of PWA. Fig. la shows that the nitrogen
adsorption curve of PWA has the hysteresis loop, highlighting
the presence of mesoporosity. Therefore, PWA has well-
developed pore structure, which provides large number of
adsorption sites. contributing to MB removal (Wang et al.,
2017). Pore size distribution can affect the adsorption capacity

of adsorbent for different sizes and shapes targeted contami-
nant, which determines special application of adsorbent. As
shown in Fig. 1b, the sharpest peak range from 1 to 5 nm, indi-
cates that a majority of the pores fall into the range of meso-
pore. As we all known, the adsorption counts on the pore
structure besides the surface chemical properties of adsorbent.
Cheng et al. (2016) reported that adsorption occurs when the
pore diameter of adsorbent is at least 1.7 times larger than that
of the adsorbate. The minimum molecular size of MB is about
0.8 nm. The average pore size of the PWA is 2.33 nm. There-
fore, it is accessible to adsorb MB.

The micrographs of PWA can be observed by SEM images.
Fig. lc indicates that the well-developed visible pores ate found
in the PWA. This result demonstrates that steam combined
with K,COj3 activation contributes to generating pore in the
PWA. These reactions form a large number pores. Besides,
the generated gases can acted as the ““cleaner” to clean the
formed pore structure when these gases escape from PWA.
Fig. lc-indicates that PWA has a great number of pores,
which is consistent with above analysis. The micrograph and
pore structure analysis indicates that PWA can be employed
as an efficient adsorbent to remove MB from wastewater.

3.2. XPS and FTIR analyses

Fig. 2a shows the C Is spectrum of PWA. As Fig. 2a shown,
the peaks located at 284.51 eV, 285.19 eV, 286.53 eV are cor-
responded to C—C, C—O and C=0 groups, respectively (Xue
et al., 2021). Similarly, the C—O and the C=O0 bond of O 1s
spectrum are appeared at 532.58 and 533.46 eV, respectively
(Luo et al., 2015). These results indicate that oxygen-
containing groups such as quinone, carboxyl, hydroxy, and
lactone probably generate in PWA, which contribute to MB
adsorption. Xue et al. (2021) point out that oxygen-
containing group of adsorbent is conducive to organic dye
removal. FTIR analyses of PWA are shown in Fig. 2c. As
shown in Fig. 2c, O—H stretching vibration is appeared at
3412 em™' and C=O0O group is found at peak of 1578 cm™
(Cheng et al. 2022b). PWA has the peak at 1166 cm ™!, which
is C—O group. The C—H (benzene derivatives) group appears
at peak of 490 cm™' (Wang et al. 2023). FTIR analyses are
consistent with XPS results.

3.3. Raman analysis

Raman spectra of PWA and original biochar are used to ana-
lyze the activation process of the PWA. The characteristic D
band and G band appear at aound 1350 and 1600 cm ™', cor-
responding to the disordered (Csp3) and graphitic (Csp2) car-
bon structures, respectively (Fig. 3). The Ip/Ig ratio of PWA
(0.72) is large compared to the original biochar (0.63). The
result demonstrates that etching of Csp2 by Na,CO; and
H,O is lower than Csp3, indicating formation of new func-
tional groups in PWA (Kazak et al., 2017). It also indicates
that the activation process promotes the formation of disor-
dered structure in PWA (Rakesh et al., 2015).

3.4. Adsorption isotherms studies

The MB adsorption capabilities of PWA and original biochar
are shown in Fig. 4a to compare their adsorption performance
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at different concentrations. As Fig. 4a shown, MB adsorption
capability of PWA is larger than that of original biochar at dif-
ferent concentrations. It indicates that the preparation method
of PWA is feasible. MB adsorption behavior on PWA is ana-
lyzed by four kinds of adsorption isotherms. Tablel lists the
fitting reuslts, which are obtained from MB adsorption data
fitting these models. As Table 1 shown, Langmuir isotherm
can describe MB adsorption behavior on PWA with large R?
value. It also indicates that MB adsorption performance on
PWA can be more exactly predicted by Langmuir isotherm
model. MB adsorption on PWA is monolayer adsorption
based on the report of the Xia et al. (2021). MB adsorption
amount of PWA generally increases as adsorption temperature
increases (Tablel). This phenomenon demonstrates that high
adsorption temperature is conducive to MB adsorption in
the actual application process. This result also demonstrates
that MB adsorption performance is endothermic nature
(Chowdhury et al., 2020). This phenomenon can be explained
that the surface activity and kinetic energy of PWA increase
with increasing in adsorption temperature (Amran and Zaini,
2021). Interaction forces between solute and adsorbent is lar-
ger than that of the solute and solvent, resulted in large MB

0.06
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The N, adsorption isotherm and pore size distribution of PWA (a—b), SEM micrographs of PWA (c-).

adsorption capability at high adsorption temperature.
Fig. 4b shows MB adsorption data fitting Langmuir model.

The feasibility of MB adsorption on PWA is investigated by
the dimensionless factor Ry. The Ry can be calculated by the
following equation.

1
11 KLCO “)

MB adsorption process is feasible with Ry, < 1. Ry values
(0.0015-0.00650). This result demonstrates that MB adsorp-
tion on PWA is feasible.

MB adsorption amount of others similar adsorbents are
listed in Table 2 to compare with PWA. Table 2 indicates that
PWA has larger MB adsorption capability than that reported
adsorbents. Therefore, PWA is the promising adsorbent for
MB removal.

RL

3.5. Adsorption kinetics studies

MB adsorption kinetics process is described by four kinds of
the adsorption kinetics models. The fitting results of MB
adsorption on PWA using adsorption kinetics models are sum-
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marized in Table 3. As Table 3 shown, MB adsorption kinetics
process can be more exactly analyzed by the pseudo-second
order model because of large R? value among adsorption
kinetics models at different MB concentrations. Therefore,
pseudo-second order model is employed to predict MB adsorp-
tion kinetic process. This result demonstrates that the adsorp-
tion site of PWA mainly determines MB adsorption rate
(Lacerda et al., 2015). As Table 3 shown, rate constant K, of
pseudo-second order kinetic model decreases as MB concen-
tration increases. Wang et al. (2021a,b,c) pointed out that
the increasing of dye concentration increases the competition
between adsorption site and dye molecule. Therefore, the

FTIR spectra of PWA (a), C 1s spectrum (b) and O Is spectrum (c) of XPS survey spectrum.

adsorption rate of high MB concentration of PWA is low com-
pared to low MB concentration. The fitting results using
pseudo-second order model are shown in Fig. 5 at different
MB concentrations. Besides, the rate-limiting step of MB
adsorption on PWA is investigated by the Intraparticle diffu-
sion model. Table 3 indicates that that the C values increase
as MB concentration increases, indicating that MB adsorption
resistance is large at high MB concentration. The C values are
range from 99.09 to 243.99, which are large than zero. This
phenomenon indicates that Intraparticle diffusion isn’t the
rate-limiting step for MB adsorption on PWA (Cheng et al.
2021a).
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3.6. Adsorption thermodynamics studies

As Table 1 shown, adsorption temperature has positive influ-
enced on MB adsorption. MB adsorption amount increases
from 226.98 mg/g to 254.21 mg/g as adsorption temperature
increases from 30 to 50 °C. The reason is that MB kinetic
energy increases as adsorption temperature increases. Wang
et al. (2017) reported that large kinetic energy is conducive
to MB intraparticle diffusion. Therefore, increasing adsorption
temperature is conducive to MB adsorption, resulted in large
MB adsorption amount at high adsorption temperature.

The thermodynamics parameters such as entropy AS,
enthalpy AH and free energy AG are calculated by the follow-

1,/1,=0.72 ing equations.
A 2 A 2 A 1 Py 1 2 [l 2 AS AH 5
1000 1250 1500 1750 I2000 2250 2500 InKd = R RT (5)
Wavenumber (cm”)
AG = - RTIn(Kd) (6)
Fig. 3 Raman spectra of original biochar and PWA.
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Fig. 4 MB adsorption performance of original biochar and PWA at different concentrations (a) and MB adsorption data fitting the
Langmuir isotherm model (b).

Table 1 The fitting parameters of adsorption isotherm model.

Isotherms Parameters Temperature (°C)
30 40 50
Langmuir Qo (mg/g) 226.98 241.09 254.21
K (L/mg) 1.54 1.89 2.24
R? 0.99 0.99 0.99
Freundlich 1/n 0.1524 0.1585 0.1715
K ((mg/g).(L/mg)"/) 131.26 141.47 150.98
R? 0.91 0.87 0.98
Dubinin-Radushkevich o (mg g ) 208.57 222.09 232.58
B (mol® 731078 9.45 7.16 5.32
R? 0.90 0.93 0.94
Temkin R? 0.89 0.87 0.92
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Table 2 Comparison of maximum adsorption capacities, q,
(mg/g) of MB on various adsorbents.

Adsorbent Qqm (mg/ Reference
g)

Wood biomass activated 159.8 Danish et al., 2018
carbons
Waste seeds aleurites 178 Postai et al., 2016
moluccana
Walnut shell-based activated 115.78 Li et al., 2020a
carbon
Carbon-doped boron nitride 119.38 Wang et al., 2021b
Activated sugar-based 195.2 Jawad et al., 2021
carbon
Karanj fruit hulls activated ~ 239.4 Islam et al., 2017
carbon
Bamboo chip activated 305.3 Jawad and
carbon Abdulhameed, 2020
Wood activated carbon 59.92 Danish et al., 2018
PWA 254.21 This work

q.

K, = C. (7)

The slope and intercept of In (Kd) vs. 1/T plot is shown in
Fig. S1. The value of AG (—11.89, —13.39 and —14.62 kJ/mol)
indicates that MB adsorption on PWA is spontaneousness owe
to negative AG value. The AG value decreases as adsorption
temperature increases. This phenomenon demonstrates that
adsorption temperature contributes to MB adsorption on
PWA. This result is useful in the actual application process.

Table 3 The fitting parameters of adsorption kinetic models.

Besides, this analysis result is in good agreement with the
adsorption isotherms study. The AH value is 29.43 kJ/mol,
indicating that MB adsorption process is endothermic. The
positive value of AS (136.52 J/mol) indicates an increase in ran-
domness at the solid/solution interface during adsorption.
These results also suggest that some structural changes occur
in the adsorbates and adsorbents (Paredes-Laverde et al.,
2021).

15 F @ 100mg/L
@ 150mg/L
@ 200mg/L
L2F o 250mgL
o @ 300mg/L
E o9}
)
R=
E o6}
=3
H
03F
0.0
1 A 1 A 1 A 1 A 1 A 1 A 1 A 1 A 1
0 20 40 60 80 100 120 140 160
T(min)
Fig. 5 MB adsorption data fitting the pseudo-second order
model.

C, (mg/L) ge.cal (mg/L) K; (1/min) R?
100 99.45 0.5773 0.92
150 148.50 0.6196 0.94
200 Pseudo-first-order model 177.34 0.4022 0.88
250 216.32 0.3797 0.90
300 248.31 0.4487 0.86
Cy (mg/L) qe.cal (mg/L) K, (g/mg min) R?
100 99.60 0.1803 1
150 143.27 0.0494 0.99
200 Pseudo-second-order model 178.89 0.0134 1
250 218.82 0.0099 0.99
300 250.63 0.0078 0.99
Co (mg/L) C (mg/g) K3 (mg/gmin'’?) R’
100 99.09 0.0393 0.84
150 148.07 0.0501 0.97
200 Intraparticle diffusion model 173.33 0.4559 0.93
250 210.26 0.0687 0.94
300 243.99 0.5037 0.99
Cy (mg/L) 1/a (mg/g) 1/b (mg/g) R?
100 98.86 0.1408 0.95
150 147.78 0.1700 0.97
200 Elovich kinetic models 170.66 1.5890 0.98
250 206.29 2.3814 0.98
300 241.28 2.6951 0.97
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3.7. Fixed-bed adsorption

The column adsorption experiment is employed to continu-
ously treat large volume of wastewater containing contami-
nants using a certain amount of adsorbent, which is useful in
the actual application. Fig. 6 shows the breakthrough curve
of MB adsorption process. The fitting results are summarized
in Table 4. As Table 4 shown, the MB breakthrough time and
saturation time are 110 min and 540 min, respectively. While
the Q,, of MB adsorption on PWA is 53 mg/g. The column
adsorption experiment provides the useful information of
MB adsorption performance in the column. These results
can further guide the design of Fixed-bed adsorption system
in the future. The breakthrough curves obtained from the
experimental data fitting the Thomas and Yoon-Nelson mod-
els have large R? (Table 4). As Table 4 shown, the fitting
results of the Thomas mode indicate that MB column adsorp-
tion amount and adsorption rate are 28.19 mg/g and
00020 mL min~' mg~", respectively. The MB column adsorp-
tion amount is lower than that of the adsorption amount cal-
culated from batch adsorption.

The above results demonstrate that PWA can be used in the
actual wastewater treatment.

3.8. Adsorption mechanism

The contaminant adsorption mechanism of PWA is useful for
the actual application, which can also guide the preparation
process of adsorbent. As Fig. 2a shown, the peaks located at
284.51 eV, 285.19 eV, 286.53 eV are corresponded to C—C,
C—O0 and C=O0 groups, respectively. As Fig. 7a shown, peak
positions, peak areas and binding energies of C—C, C—O and
C=0 groups have slight changed after MB adsorption. The
C—O peak area decreases by 9.09% after MB adsorption.
While C—O0 peak area decreases by 4.81% compared to orig-
inal PWA. The C 1s spectra analyses indicate that the C—O
and C=O0 groups in the phenolic hydroxyl and carboxylic bind
with MB sites and involve in MB removal. This result is con-
sistent with the report of the Wang et al. (2017), who pointed
out that phenolic hydroxyl and carboxylic in bicchar con-
tribute to dye removal from wastewater. As Fig. 7b shown,

0.8 F [

Ct/Co
)

0.4 F /

02F ]

1 i 1 i 1 i 1 " 1 i 1

0 100 200 300 400 500 600
T(min)

Fig. 6 Breakthrough curve of MB adsorption on PWA.

Table 4 Parameters and coefficients of determination
obtained for Thomas and Yoon-Nelson models.

Models Parameters MB
Qu (mgg™") 54
Breakthrough time (min) 110
Saturation time (min) 540
o (mg g~ 28.19

Thomas K, (mL min~' mg™") 0.00020
R? 0.9720
Ty 50, (min) 281.99

Yoon-Nelson Ky~ (min~") 0.020
R? 0.9720

Zeta analysis indicates that surface potential of PWA is nega-
tive at around pH = 7. Therefore, electrostatic adsorption
between MB and PWA occurs due to the positive of MB sur-
face, which is conducive to MB removal. Fig. 7c shows the
FTIR spectra of PWA before and after MB adsorption.
Fig. 7c indicates that C=0 peak is found in PWA at around
1578 cm™'. However, the C—0 peak is shifted to 1594 em™!
and peak intensity is weaken after MB adsorption. The C—O
peak is appeared at 1166 cm™' in PWA. Compared with
PWA, the peak position and peak intensity of C—O are chan-
ged after MB adsorption. This result indicates that oxygen-
containing functional groups (C—=0O and C—O) participate in
MB adsorption. Besides, PWA with well-developed porous
structure provides tremendous pores filling sites for MB
adsorption. Possible MB adsorption mechanism of PWA
includes chemical functional groups, electrostatic attraction
and pore filling. Fig. 7d presents the schematic diagram of pos-
sible MB adsorption mechanism.

3.9. Density functional theory calculation

Adsorption mechanism analysis indicates that carboxyl and
hydroxyl groups involve in MB adsorption. Density functional
theory (DFT) is used to investigate MB adsorption on PWA to
decide which one (carboxyl and hydroxyl groups) has more
important role in MB adsorption process. PWA has carboxyl
and hydroxyl groups. Therefore, simpler biochar-like mole-
cules with carboxyl and hydroxyl groups such as phthalic acid
or catechol could be acted as the model biochar. MB adsorp-
tion on biochar is investigated by DFT. The binding energies
of catechol or phthalic acid interactions with MB are calcu-
lated by DFT. The calculated result is shown in Fig. 8. This
result shows that it is existence of energy barrier in the MB
adsorption process. The binding energy of catechol interac-
tions with MB (—111.09 kJ-mol~') is smaller than phthalic
acid (—49.51 kJ-mol™!), indicating that catechol is easy to
bond with MB. The analysis result shows that MB is easier
to bind with hydroxyl groups than that of carboxyl groups.

3.10. Reusability

The reusability is used to assess the practicality and economy
of adsorbent. Besides, the possible environmental pollution
would be avoided by recycling adsorbent from solution after
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use. Therefore, the reusability of PWA is an important param-
eter, which is investigated by a series of adsorption—desorption
experiments. Fig. S2 shows the reusability results of PWA. As
shown in Fig. S2, the regeneration cycle of PWA has influ-
enced on MB removal. The MB removal of PWA is 75.59%
of the initial level after five cycles. The reason may be that
MB molecule in the PWA cannot be removed using desorption
agent. Besides, PWA has lost some efficient adsorption sites in
the adsorption—desorption experiment.

3.11. Actual wastewater application

The Dianchi Lake water mixed with MB is employed as the
actual wastewater to investigate the practical adsorption per-
formance of PWA. The distilled water mixed with MB is used

Catechol

Phthalic acid

Adsorption energy

-111.09kJ/mol

Adsorption energy

-49.51 kJ/mol

Adsorption position

to compare with the Dianchi Lake water. Fig. S3 shows the
MB adsorption performance in the distilled water and dianchi
Lake water at MB concentration of 100-200 mg/L. As Fig. S3
shown, the MB removal of PWA in the distilled water is large
compared to Dianchi Lake water. It can be explained that
impurity ions of Dianchi Lake water have influenced the MB
adsorption performance of PWA. In other word, there is exis-
tence of competitive adsorption between impurity ions and
MB during adsorption process.

3.12. Hydrogen-rich gas recovery

The activation gas in the PWA preparation process is steam,
which will produce H,, CO and other combustible gases. The
pyrolysis exhaust is usually discharged into atmosphere,

Adsorption position

MB

Fig. 8 DFT calculated result of MB adsorption with the hydroxyl (a) and carboxyl groups (b) of PWA.
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resulted in environment pollution and waste of resource. The
pyrolysis exhaust can be collected and utilized during prepara-
tion process. The main compositions of pyrolysis exhaust are
as follows: H, of 39.61%, CO of 44.39%, CO, of 11.05%,
CHy4 of 4.37%, C,H4 of 0.46% and C,H,4 of 0.13%. The lower
heating value (LHV) of pyrolysis exhaust is 11.82 MJ/m?
according to the calculated method reported by Cheng et al.
(2019).

The main components of pyrolysis exhaust are H, and CO.
The generation of H, and CO can be explained by the follow-
ing equations.

C + H,0 — CO + H, (8)
Organic matter — CO, + H,0 9)
C + CO, — 2CO (10)
(—CH,—) + H,0 — CO + H, (11)

The H; and CO are mainly produced by Eq. (8). The bypro-
duct gases have large content of H,, CO and LHYV value, which
could be used as the gas fuel for industrial application.

4. Conclusion

PWA has excellent MB adsorption amount with well-developed pore
structure, which is successfully prepared using one-pot method. The
pyrolysis exhaust is recycled and investigated. The Langmuir and
pseudo-second-order kinetic models are employed to investigate MB
adsorption process. Thermodynamic study indicates that MB adsorp-
tion on PWA is spontaneous and endothermic process. The column
adsorption experiments indicate that PWA has efficient adsorption
performance in the dynamic adsorption process. The possible MB
adsorption mechanisms are surface chemical functional groups, elec-
trostatic interaction and pore filling. Pyrolysis exhaust has high con-
tent of the H, and large LHV.
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