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Experimental and DFT insights into the adsorption
mechanism of methylene blue by alkali-modified

corn straw biocharf
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As an efficient and cost-effective adsorbent, biochar has been widely used in the adsorption and removal of
dyes. In this study, a simple NaOH-modified biochar with the pyrolysis temperature of 300 °C (NaCBCszqo)
was synthesized, characterized, and investigated for the adsorption performances and mechanisms of

methylene blue (MB). NaCBCzqq exhibited excellent MB adsorption performance with maximum removal

efficiency and adsorption capacity of 99.98% and 290.71 mg g~% which were three and four times
higher than biochar without modification, respectively. This might be attributed to the increased content
of —OH and the formation of irreqular flakes after NaOH modification. The Freundlich isotherm

suggested multilayer

adsorption between NaCBCszgg

and MB. Spectroscopic characterizations

demonstrated that multiple mechanisms including -7 interaction, H-bonding, and pore-filling were

involved in the adsorption. According to density functional theory (DFT) calculations, electrostatic
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interaction between NaCBCzoo and MB was verified. The highest possibility of the attraction between

NaCBCszoo and MB was between —COOH in NaCBCszoq and R—N(CHz), in MB. This work improved our
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1. Introduction

Numerous dyes have been utilized in diverse applications such
as textile, paper, printing, painting, and rubber industries.*
Previous studies have estimated that about 7 Mt of dyes are
produced globally each year."* The disposal of dyes in the
environment contaminates water bodies, affects the water
quality, and damages to human health. Diverse separation
techniques, including biological (microbial biomass, algae
degradation, and enzyme degradation, etc.), chemical
(advanced oxidation process, Fenton and photochemical reac-
tions, etc.), and physical (adsorption, membrane filtration, and
reverse osmosis, etc.) treatments have been applied for the
removal of dyes from aqueous solutions.>*> Among these treat-
ments, the adsorption of dyes has been considered one of the
most commonly used methods owing to its simplicity and
effectiveness.
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understanding of the mechanism for MB adsorption by modified biochar and provided practical and
theoretical guidance for adsorbent preparation with high adsorption ability for dyes.

Azo dyes have been the most widely used synthetic dyes in
the printing and dyeing processes, which possess nonbiode-
gradable, toxic, and even carcinogenic properties.® Previous
studies have demonstrated that azo dyes could be adsorbed by
carbonaceous materials,”® such as activated carbon,’ gra-
phene," and carbon nanotubes." The carbonaceous materials
with high pore volume, wide distribution of pore size, and
abundant functional groups would be conducive to the
adsorption of azo dyes.'> Recently, biochar has been considered
a viable alternative owing to its low cost and wide range of
sustainable feedstocks." Biochar was obtained from biomass
via thermal treatments under anoxic or anaerobic conditions,**
and has been proposed as one of the most promising adsor-
bents for removing organic contaminants (e.g., pharmaceuti-
cals, pesticides, phenols, polynuclear aromatics).'*** However,
the detailed interactions (e.g., electrostatic interaction, -7
interaction, H-bonding) between biochar and the adsorbed dyes
required further investigations.*>**

Compared to pristine biochar, modified biochar has been
demonstrated to perform higher efficiency in dyes adsorption,
and the modification methods such as physical modification (e.g.,
steam, heat, and ball mill) and chemical modification (e.g:, alkali
and acid) were commonly applied."***> In comparison with
physical modification, it has been suggested that chemical
modification was cheaper, less time-consuming, and could
produce more characteristic surface functional groups for
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adsorption.”** Previous researches have demonstrated that bio-
char modified by methanol, humic acid, and chitosan could
considerably enhance its ability to adsorb contaminants.>*?®
However, the practical application of organic compounds would
be limited by their high cost and the volatile characteristic of some
organic solvents. Fan et al. revealed that compared with acid
modification, alkali-modified bamboo biochar could significantly
improve the adsorption capacity of chloramphenicol.”” Neverthe-
less, the specific alkali modification parameters required further
optimization, and the detailed interacting functional groups
between biochar and dyes deserved further investigation.

In this study, corn straw was selected as a low-cost and
renewable biomass raw material for the preparation of biochar.
The reasons for selecting corn straw for biochar preparation
were its high yield in China and improper disposal via dis-
carding or burning.”® NaOH was utilized to modify biochar
without high temperature and high pressure. The optimum
modification parameters of alkali modification, the removal
efficiency and adsorption capacity of methylene blue (MB) by
the modified biochar were investigated. Additionally, the
potential removal mechanisms including detailed interactions
and primary functional groups between biochar and MB were
investigated via both spectroscopic and density functional
theory (DFT) computational analyses.****° The findings of this
work showed that alkali-modified biochar derived from agri-
cultural residuals could be used for the treatment of dye
pollution in wastewater, and realize resource utilization of
agricultural waste.**

2. Materials and methods
2.1 Chemicals

MB, NaOH, HCI, and other chemicals were obtained from
Damao Chemical Reagents (Tianjin, China). All the chemicals
were of analytical grade. Deionized water was used throughout
the experiments. In addition, corn straw was collected from
Shuangtaigou Village (Dalian, China, 121° 36'E, 38° 97'N).

2.2 Preparation of biochars

The corn straw biomass was firstly cleaned and dried at 80 °C
for 12 h, ground to powder, and passed through a 100-mesh
sieve (0.15 mm). The prepared powder was subsequently pyro-
lyzed under nitrogen protection in a tube furnace at a rate of 5 °
C min~"! for 4 h at 300, 400, 500, and 600 °C, respectively. After
cooling down naturally, the pyrolytic samples were washed with
HCI (0.1 M) and distilled water via centrifugation (5000 rpm, 10
min) until the pH of the suspension was achieved neutral, and
oven-dried for 12 h at 60 °C (Fig. S17). Finally, the biochar
products were passed through a 100-mesh sieve and stored in
the dark. The biochar samples pyrolyzed at 300, 400, 500, and
600 °C were hereafter termed as CBCjz09, CBC499, CBCs09, and
CBCg (CBCs), respectively.

2.3 Modification of biochars

The optimal preparation parameters were screened by a four-
factor and four-level orthogonal experiment (Table S17),
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including pyrolysis temperature (300, 400, 500, and 600 °C),
solid-liquid ratio (1:10, 1:20, 1:30, and 1:40 (v/w)), NaOH
concentration (0.5, 1, 1.5, and 2 M), and modification time (6,
12, 18, and 24 h). Sixteen samples prepared under different
conditions were labeled as C1-C16 (NaCBCs, Fig. S1 and S27).
Based on the results of MB removal efficiency and range anal-
yses R, the optimum pyrolysis temperature, NaOH concentra-
tion, solid-liquid ratio, and modification time could be
identified as 300 °C, 1.5 M, 1:10 (v/w), and 18 h, respectively
(Table S17). The pyrolysis temperature was the only one of those
four parameters to be statistically significant (p < 0.05) (Table
S271).

For the optimized alkali-modified biochar, CBCs;o, was
immersed in 1.5 M NaOH at a solid-liquid ratio of 1 : 10 (v/w) for
1 h under stirring (220 rpm). The mixture was left to stand for
18 h. The resultant biochar was then rinsed with distilled water
until the pH became neutral to remove the residual NaOH. The
modified biochar sample was collected via pressure filtration
and finally dried at 80 °C overnight. NaOH-modified CBCj3,, was
hereafter named as NaCBCj3y.

2.4 Batch experiments

All adsorption experiments were conducted in 250 mL conical
flasks on oscillator (220 rpm) for 4 h at room temperature (25 °C
+ 1 °C). After standing for 1 h, the supernatant was collected
and centrifuged at 5000 rpm (10 min). The supernatant of the
adsorption system was diluted with phosphate buffer and
analyzed with UV-Vis spectrophotometer (UV-1800, AuCyBest,
Shanghai) at 665 nm. To investigate the reusability of NaCBCso,
five successive cycles were conducted. After adsorption, the
NaCBCj;, was washed with deionized water, dried for 24 h, and
reused for the next cycle. All the adsorption experiments were
performed in triplicate.

To investigate the adsorption ability of biochar samples, the
removal efficiency R. (%) and adsorption capacity g. (mg g™ )
were calculated according to eqn (1) and (2):

(G -C)
Co

R. = x 100% (1)

(CO - Ce)
e = ———XxV 2
q X (2)
where C, and C. (mg L") represented the original and final
concentration of MB; V(L) indicated the solution volume; and m
(g) was the dosage of the adsorbent.

The Langmuir isotherm revealed the monolayer adsorption
with specific homogenous sites within the adsorbent.*” The
non-linear form of the Langmuir isotherm could be described
as (eqn (3)):

QmKLCe
e = o~ 3
Q 1+ K.C, G)
where C. (mg L") represented the equilibrium adsorption
concentration, Q. (mg g~ ') was the adsorption capacity at
equilibrium, Q, (mg g~ ) indicated the monolayer capacity, and
K, (L mg™ ") was the Langmuir constant.
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Additionally, the Freundlich model was also applied to
explain multilayer adsorption on the adsorbent surface,* which
could be expressed as follows (eqn (4)):

S KFCe”n (4)
Ky (mg"™™ L™ g ') and n were constants of Freundlich,
which respectively represent the adsorption capacity and the
adsorption intensity.

2.5 Characterization methods

The surface morphology of the biochar samples was observed by
scanning electron microscopy (SEM, SUPRA 55 SAPPHIRE, Carl
Zeiss, German). The N, adsorption-desorption isotherms and
pore distribution of the biochars were measured by automatic
surface area and pore analyzer (NOVA-4000, Quantachrome,
USA) at 77 K. The specific surface area (SSA) of the biochars was
determined using the Brunauer-Emmett-Teller equation. X-ray
diffraction (XRD, EMPYREAN, PANalytical, Netherlands) and
Fourier transform infrared spectroscopy (FTIR, TENSOR II,
Bruker, USA) were used to identify the crystal structure and
functional groups of biochars. X-ray photoelectron spectroscopy
(XPS, Thermo SCIENTIFIC ESCALAB 250Xi, USA) was applied to
determine the electronic and atomic structures of the surface
and interface of biochars.

3. Results and discussion
3.1 Characterization of biochars

SEM observations showed that NaCBCj,, possessed more
irregular flakes than CBC;, (Fig. 1a and b), which might facil-
itate the adsorption process by accelerating the transportation
of the pollutants.® Cui et al. have revealed that bamboo-derived
activated carbon aerogel activated by KOH could facilitate the
formation of extra pores, which resulted in a rough surface and
porous structure, and thus promoted the adsorption of
contaminants by providing more active sites.*® Pyrolysis
temperature also affected biochars' surface morphology. With
the increase of pyrolysis temperature from 400 to 600 °C, more
cracks and breakages and less indication of raw biomass
structures were observed (Fig. S31), which might be attributed
to the decomposition of macromolecular compounds.®®
According to the IUPAC classification, the nitrogen adsorp-
tion isotherms were determined as type IV with a wide hyster-
esis loop for both CBC30o and NaCBCjg, which manifested that
the porosity of biochars was mainly composed of micropores
and mesopores (Fig. S41).>**” The specific surface area (SSA) of
NaCBCsq (92.0 m* g~ ) was lower than that of CBCj300 (101.2 m>
g~ 1), while the average pore size (AP) of NaCBCjy (10.2 nm) was
larger than that of CBCj (8.6 nm) (Table S31). Additionally, the
TPV of NaCBCzg (0.142 cm® g7') and CBCsqo (0.157 cm® g™ ')
were larger than the diameter of the MB molecule (4.3 X 5.0 x
13.9 A),* revealing the high potential for the adsorption of MB
into the pores of biochar.” The SSA of NaCBCj3;,, decreased as
compared to that of CBCsq, which might be attributed to the
collapse of pore walls or the occupancy of interstitial pores by
NaOH.***' The modification process might eliminate pore-

1856 | RSC Adv, 2024, 14, 1854-1865

View Article Online

Paper

blocking substances (e.g., hemicellulose and lignin) and lead
to the formation of additional pores, which would increase pore
volume and therefore enhance the adsorption ability.*>*
Pyrolysis temperature greatly affected the SSA, TPV, and AP of
CBCs (Table S31). SSA of CBCggp (187.1 m* g~ *) was 1.2 and 1.1
folds higher than those of CBC,y, and CBCsg, respectively.
Because of the volatilization and loss of macromolecules in the
biomass, larger SSA of CBC,p9, CBCsp9, and CBCgqo (148.9,
169.6, and 187.1 m* g ') was obtained with higher pyrolysis
temperatures of 400, 500, and 600 °C, respectively, which led to
a greater quantity of pores within the biochar matrix.**

XRD patterns of CBCszgp9y CBCyp0, CBCs09, CBCeggo, and
NaCBCj3, were presented in Fig. 1c. The spectra of these five
biochars revealed two peaks at 26 = 26° and 43°, which
respectively corresponded to quartz (SiO,) and the (100) plane of
crystalline carbons. Additionally, a diffraction peak at 26 = 23°
which was assigned to the (002) plane of amorphous carbons
was detected in the XRD spectra of CBC and NaCBC systems.*

Functional groups of CBCzo, and NaCBCj3(, were revealed by
FTIR spectroscopy (Fig. 1d and Table S47). The peak intensity at
3408 ecm™" corresponded to -OH stretching vibration in the
spectra of NaCBCsq, was higher than that in the CBC;, spectra,
indicating the higher contents of -OH in NaCBCjy,.** This
might be conducive to the adsorption of MB molecules due to
the high polarization of ~OH.** The peak at 2930 cm " was
attributed to C-H stretching vibration of the methylene
groups.* Two bands at about 2359 and 670 cm™* could be
assigned to CO, species.*” The peak at near 1700 cm ™" indicated
C=0 stretch of ketones, aldehydes, and esters,*® while the
peaks around 1609-1632 cm™ " might be assigned to C=N, C=
O, or C=C bonds in aromatic rings. Moreover, the peaks at 1531
and 1444-1448 cm ' represented the stretching vibration of
C=C in lignin and aromatic C=0 and C=C, respectively. The
contents of surface functional groups decreased with the
increase of pyrolysis temperature, potentially as a consequence
of the decomposition of the macromolecules.*® According to
earlier researches, absorbents rich in aromatics might be
conducive to the adsorption of hydrophobic organic
compounds.”*® The increasing content of -OH in NaCBCsgg
may form a hydrogen bond with the aromatic ring of MB,*® and
the changes in aromatic C=0 and C=C bonds indicated that
there may be a -7 bond between the aromatic ring structures
of NaCBCj3;(o and MB.**

The strong C 1s peak in both CBCs;q, and NaCBCj;q, spectra
manifested that carbon element was dominant in the biochar
samples (Fig. 1e). The C 1s XPS spectra of CBCzo and NaCBC3qg
could be deconvoluted into five peaks at 284.00, 284.63, 288.50,
286.85, and 285.62 eV, which were assigned to C=C, C-C, C-N,
C-0, and C=0, respectively (Fig. 1f). Notably, a new peak of C-
Na at 285.62 eV appeared in the spectrum of NaCBCj;q, indi-
cating the doping of Na during NaOH modification. XPS O 1s
spectrum of CBCszq, at near 532.79 and 531.40 eV could be
ascribed to C=0 and C-O, respectively. In addition to these
functional groups, a new peak at 532.08 eV corresponding to -
OH was shown in the spectrum of NaCBCj3y, (Fig. 1g). XPS N 1s
spectrum at near 400.23 and 398.93 eV could be allocated to
C-N and -NH, respectively (Fig. 1h). The peak of XPS Na 1 s

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Characterization of biochars. SEM observations of (a) CBCzqg and (b) NaCBCsqo, (c) XRD patterns, (d) FTIR spectra and (e—h) XPS (e) survey,
(f) C1s, (g) O 1s, and (h) N 1s spectra of CBC and NaCBCzpg. Peak (1)—-(8) in the FTIR spectra indicated —OH, C-H, CO,, C=0, C=0 in aromatic
rings, C=C, aromatic C=0 and C=C, and CO,, respectively. Detailed locations, assignments, and references of the FTIR peaks were provided in

Table S4.4

might be sodium silicates since silica was commonly observed
in many cereal plants including rice, wheat, and corn
(Fig. S57).> In addition to the common functional groups for
CBCs, NaCBCj3, exhibited stronger peaks of -OH and C=C at
3408 and 1609 cm ™', respectively. This was consistent with the
earlier FTIR results® and suggested that these functional
groups were implicated in the significant increase in MB
adsorption onto the NaCBCj3, through chemisorption.>*

3.2 Optimal performance of MB adsorption on biochars

3.2.1 Effects of modification and pyrolysis temperatures.
As shown in Fig. S6,T limited MB removal by pristine corn straw
and NaOH-modified corn straw was demonstrated (<10%).
Compared with the biomass without pyrolysis, biochar possesses
a rich void structure and chemical groups distributed on its
surface,> which would result in eminent adsorption ability. With
the initial MB concentration of 100 mg L™}, NaCBCsq, was capable
of removing 99.9% of MB, which was 1.1-74.4% higher than the

© 2024 The Author(s). Published by the Royal Society of Chemistry

other 16 control samples (Table S1}). Moreover, investigations on
the removal efficiency and adsorption capacity of CBCs and
NaCBCs produced at various pyrolysis temperatures were con-
ducted (Fig. 2). About 34.8%, 6.9%, 10.2%, and 26.1% of MB was
adsorbed by CBCjpp, CBCy4g9, CBCs09, and CBCeg, respectively
(Fig. 2a). The removal efficiencies of MB by NaCBCs were 63.6%,
47.0%, 25.8%, and 67.6% higher than those by CBC possessing
the same pyrolysis temperature (i.e., 300, 400, 500, and 600 °C),
respectively. When the pyrolysis temperature was increased from
300 to 500 °C, the adsorption capacity of NaCBCs gradually
decreased from 49.2 to 18.0 mg L. Additionally, the adsorption
capacity of NaCBC was increased to 46.8 mg L™ when the pyrol-
ysis temperature was further increased to 600 °C. The adsorption
capacity of CBC with different pyrolysis temperatures revealed
a similar trend to that of NaCBCs, with MB removals of 17.4, 3.4,
5.1, and 13.1 mg L™ when the pyrolysis temperatures were 300,
400, 500, and 600 °C, respectively (Fig. 2b). As validated by FTIR
spectra (Fig. 1d and Table S51), the decrease of functional groups
of CBCs with the increase of pyrolysis temperature (300-500 °C)

RSC Adv, 2024, 14, 1854-1865 | 1857
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might be the reason for the decline in removal ability. Further-
more, the enhancement in SSA from 1.16 to 4.61 m> g~ with the
pyrolysis temperature from 300 to 600 °C could be responsible for
the improved adsorption ability at 600 °C (Table S3+).

3.2.2 Effects of biochar dosage and MB concentration on
adsorption. The biochar dosage greatly influenced the adsor-
bent-adsorbate equilibrium,* and the initial concentration of
dye offered a driving force to promote the mass transfer of dye
molecules.*® Therefore, the effects of the adsorbent dosages
(0.02-0.10 g L™ ") and initial MB concentration (50-250 mg L)
on MB adsorption were investigated (Fig. 3).

The dosages of CBC34 and NaCBCjg, varied from 0.02 to 0.10 g
L~" at the initial MB concentration of 50 mg L™, the removal
efficiency by CBCjo was considerably increased from 21.8% to
77.5%; higher MB removal efficiency (99.3-100.0%) was shown
during the adsorption by NaCBC3q. Additionally, when the initial
MB concentration was boosted from 100 to 250 mg L%, the
removal efficiency of CBC;q, increased from 12.9% to 34.0%, and
the efficiency significantly increased from 46.5% to 99.1% in the
NaCBCj3o mediated system (Fig. 3a and b).

With the increase of CBCsq, dosage from 0.02 to 0.06 g L7,
the adsorption capacity of MB (50 mg L™ ') by CBCszo, Was
improved from 27.3 to 63.1 mg g~ ', and eventually decreased to
46.86 mg g~ with the dosage of 0.10 g L™ ". When initial MB
concentrations were increased from 100 to 250 mg L', the
adsorption capacity of MB decreased with the increase of
CBCsqo dosages. At the dosage of 0.02 ¢ L™", the adsorption
capacity of MB (250 mg L™ ") by NaCBCjqp (290.71 mg g~ ') was
about three folds greater than that by CBC;o0. With the biochar
dosages of 0.04, 0.06, 0.08, and 0.10 g L', the adsorption
capacity of MB (250 mg L") by NaCBCjq, (221.7, 182.3, 151.5,
and 123.9 mg g~ ') were four times higher than those by CBCs,
respectively (Fig. 3c and d). Higher adsorbent dosages with
lower adsorption capacities were found, which could be due to
the availability of more adsorption sites at higher dosages. The
formation of aggregation of particles were induced, thereby
exposing limited active sites for efficient adsorption.***”

After NaOH modification, the removal efficiency and adsorp-
tion capacity of NaCBCs;,, were significantly improved to 100.0%
and 290.7 mg g, respectively. The adsorption capacities of

1858 | RSC Adv, 2024, 14, 1854-1865

several reported low-cost waste biomass toward MB adsorption
were summarized in Table 1. Compared with these reported
materials, NaCBCsq, exhibited excellent adsorption -capacity,
indicating that it was a promising adsorbent for dye removal. After
five cycles, over 70% of MB could still be removed by NaCBCso,
indicating its high reusability (Fig. S77).

3.3 Adsorption isotherm

The equilibrium adsorption isotherm could be described well
by different isotherm models to explain the interaction between
adsorbate and adsorbent (Fig. 4 and Table S67).%* The adsorp-
tion isotherms of MB adsorbed by NaCBCj3,, have been fitted
with all the equilibrium data in Fig. 4. The correlation coeffi-
cient value of Freundlich isotherm model (R* = 0.92) was higher
than that of Langmuir isotherm model (R* = 0.89), indicating
that the Freundlich isotherm model was more suitable for the
isothermal behavior during the adsorption process. This result
demonstrated that multilayer adsorption was more inclined to
be the equilibrium adsorption mechanism of MB by
NaCBCj;g0.** Besides, it could be inferred that the surface of
NaCBCj3q, was heterogenous, on which MB molecules were
adsorbed with multilayer.*

3.4 Potential adsorption mechanisms of MB on NaCBCj3,,

Adsorptive properties of organic chemicals on adsorbents were
generally determined by their physical and chemical interac-
tion. Multiple researches have indicated that the removal of
pollutants from water by biochar was a complex process. A
variety of factors, including porous structure, - interaction,
charged surface, surface functional groups, and hydrogen
bonding force, have been revealed to influence dye adsorption
by biochar.*>***® For instance, Jawad et al. reported that the
covalent forces generated by the sharing of electrons between
pollutants and adsorbents were in control of the pace of
chemical adsorption.*”” According to the investigations of Shao
et al., the dominant mechanisms for the adsorption of cationic
dyes were complexation and electrostatic attractions between
oxygen-containing functional groups of the chemically modi-
fied adsorbent and dye molecules.®®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Removal efficiency and adsorption capacity of MB by (a and b) CBCzq0 and (c and d) NaCBCsqo with different biochar dosages and MB

concentrations.

Table 1 Comparison of adsorption capacity of NaOH-modified bio-
chars for MB adsorption

Adsorption capacity

Biochars (mgg™) Ref.
Cotton residue 23.82 58

Spent auricularia auricula substrate ~ 53.62 59

Tea residue 105.27 56
Sugarcane bagasse 114.42 60

Sludge derived biochar 160.78 61

Wheat straw 250.30 62
NaCBCj3gg 290.71 This work

In this study, DFT calculations were conducted to gain
insight into the adsorption mechanisms and potential sites via
Materials Studio DMol3 version 8.0.°>7° Geometric optimization
and energy calculation were done using generalized gradient
approximation (GGA) within the Becke exchange plus Lee-
Yang-Parr correlation (BLYP). The interaction between
NaCBCj;go and MB was calculated, the adsorption energy (AE,q)
between the NaCBC3qo and the MB was calculated according to
the eqn (5):

AE,q = Eotal — ENaCBC300 — Emp (5)

© 2024 The Author(s). Published by the Royal Society of Chemistry

where, E,a1 Was the total energy of the interaction between
NaCBCsgo and MB; Enacsc,,, Was the energy of NaCBCsoo; Ems
was the energy of MB molecule.

—— Freundlich R?>=0.9206
—— Langmuir R>=0.8879
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Fig. 4 Adsorption isotherms of MB adsorbed by NaCBCszqq.
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Fig.5 (a) MEP of MB and interaction mechanism of MB with NaCBCzqo based on (b) HOMO and (c) LUMO, and (g—i) configuration of interactions
between NaCBC3zpg and MB: (d) —-OH-N1, (e) -COOH-N1, (f) -NH-N1, (g) —-OH-N2, (h) -COOH-N2, (i) -NH-N2, (gray, white, blue, and yellow
balls denoted C, H, N, and S atoms, respectively).

In the molecular electrostatic potentials (MEP) of MB, the (Fig. 5a).”* Furthermore, the concept of the Fukui function was
region of upper and lower potential (represented by red and crucial to conceptual density functional theory (CDFT), which
blue colors, respectively) represented potential sites of attack has been extensively applied to predict the reactive sites for
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Table 2 Interaction site, bond length, and adsorption energy between
NaCBC300 and MB

Interaction site Bond length (A) AE,q (eV)
-OH-N1 2.104 —0.1294
-COOH-N1 2.141 —0.0888
-NH-N1 2.853 —0.0723
-OH-N2 2.108 —0.1089
-COOH-N2 1.483 —0.3365
-NH-N2 3.092 —0.0296

nucleophilic, electrophilic, and radical attacks.” To investigate
the mechanism in depth, the charge distribution and Fukui
function representing electrophilic (f), nucleophilic (f'), and
general radical (f°) attack of the atoms on MB molecule were
calculated and displayed in Fig. S8.f ”*7* The phenothiazine
nitrogen atom was at a lower potential (represented as blue),
and could be a target for electrophilic attack, whereas the atoms
of dimethylamine benzene were at a higher potential (repre-
sented as red), could be a target for nucleophilic assault.”? The
results of the MEP analyses showed that the nitrogen and the
dimethylamine group of MB interacted in an electrophilic and
nucleophilic manner, respectively.

The interaction mechanism was explored by calculating the
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) of MB based on the frontier
molecular orbital theory (Fig. 5b and c), which revealed the
ability to accept or donate electrons on active sites and
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determined the tendency of chemical reaction (Table S77).”°
Previous studies have proposed that the m electron donor-
acceptor interaction was an adsorption mechanism involving 7
electrons in both the adsorbent and adsorbate. In biochar,
functional groups like amines and methyl served as the
electron donors, and in MB, R-N(CHj;), groups served as the
electron acceptors.””®

To provide a clearer description of the interaction strength
between NaCBCj;(o and MB, different interaction conformations
were defined through DFT calculations, and the adsorption
energy was calculated (Table 2 and Fig. 5d-i). The shorter bond
length demonstrated the stronger the interaction force. AE,q
were all negative for NaCBCj3y, MB models, which indicated the
favorable spontaneous adsorption of MB on NaCBCj;qo. From
the perspective of adsorption energy, the smaller of adsorption
energy, the more conducive to adsorption, and the trend of AE,q
proved that -COOH and -OH were the main adsorption func-
tional groups. The most possibility of the attraction between
NaCBCj;,, and MB model was between -COOH in NaCBCj;,, and
R-N(CH3), in MB. The order of preferable interaction between
MB and the functional groups in NaCBCjo, were as follow: —
COOH > -OH > -NH.

In this study, changes in C=C and C=0 bonds indicated
that the m-m interaction between aromatic rings of MB (7-
acceptor) and NaCBCsq, (m-donor) were formed during the
adsorption process based on FTIR analyses.”””® Additionally,
XPS analyses clearly showed the change in NaCBCj;(, surface
with a new band of -OH, which suggested the formation of H-
bonding between biochar and aromatic ring of MB.”” Besides,

Fig. 6 Schematic diagram of the adsorption mechanism between MB and NaCBCszqo.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the stronger MB adsorption on NaCBCj3, than CBC;(, appeared
to be attributable to the change of surface properties upon
alkaline treatment, which was conducive to the adsorption
process. Results of SEM and BET showed that NaCBCjzgg
possessed more fine holes than CBCj;q0, indicating pore-filling
effect due to the larger pore volume of MB adsorption affinity
on NaCBCjq (Fig. 6). Therefore, the adsorption mechanisms
included m-m interaction, H-bonding, electrostatic interaction,
and pore-filling between NaCBCj3,, and MB.

4. Conclusion

NaCBC3oo was successfully synthesized and revealed as an
effective adsorbent for the removal of MB from wastewater.
Adsorption isotherm was better fitted by the Freundlich, sug-
gesting multilayer adsorption played a dominant role in the
adsorption of MB. FTIR and XPS analyses demonstrated that the
adsorption between biochar and MB mainly interacted through
7-1 interaction and H-bonding. Results of SEM and BET
showed that pore-filling effects also played significant roles in
MB adsorption. Based on DFT calculations, the mechanism of
electrostatic interaction and reactive sites of R-N(CH3), groups
in MB were predicted by the ways of MEP, HOMO, and LUMO.
This study not only provided an alternative way for the reuse of
waste corn straw but also demonstrated an efficient and cost-
effective adsorbent for wastewater treatment.
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