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Recycling of residual biomass in the form of carbonaceous materials is a
sustainable and economically viable management option with zero net
carbon dioxide emissions. Mesoporous bamboo biochars were produced
via microwave-assisted hydrothermal/soft template treatment. Then they
were characterized and evaluated for their adsorption capabilities for three
organics. The biochars were found to have mesoporous structures with
BET surface areas of 13.0 to 288 m?/g, total pore volumes in the range of
0.017 to 0.313 cm®/g, and average pore diameters between 4.0 and 6.7
nm in size. The surface areas and pore volumes were highly related to the
hydrothermal treatment conditions. The mesoporous bamboo biochars
showed adsorption amounts for 2-naphthol, berberine hydrocholoride, and
Congo red in the range of 35.0 to 155.7, 76.1 to 129.6, 57.9 to 114.4 mg/g,
respectively, at the adsorbate concentration of 0.5 mg/mL, and their
adsorption capabilities depended on both the porosity and the surface
groups. The adsorption of the three organics on the selected sample was
a spontaneous and exothermic process with physical adsorption as the
dominant mechanism. The adsorption could achieve equilibrium within 20,
40, and 60 min for 2-naphthol, berberine hydrochloride, and Congo red,
respectively. This study provides a prospective method to produce
biomass-derived mesoporous carbon adsorbents for adsorptive
separation of organics from water.
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INTRODUCTION

Biomass, such as agricultural and forestry wastes, as the only carbon-containing
renewable resource, is a potential alternative to fossil fuels for producing fuels and
chemicals with zero-carbon dioxide emissions (Wang et al. 2020), but it is still largely
underutilized worldwide. Biomass-derived carbonaceous materials have found their wide
applications in separation, energy, environment (Yin et al. 2023), and recycling agricultural
and forestry wastes in the form of carbonaceous materials is a sustainable and economically
viable management option (Campos et al. 2020). In addition, the increasing population and
continuing economic and industrial development have contributed to levels of pollutants
in drinking water, surface water, and groundwater, which harm the environment and human
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health (Lu and Astruc 2020; Vasseghian et al. 2021). Organic pollutants, including
common industrial organic chemicals, dyes, pharmaceuticals, personal care products,
pesticides, and so on are recalcitrant and persistent in the environment; some of them are
highly toxic and can accumulate in food chain (Drout ef al. 2019; Goh et al. 2025). The
treatment of water polluted with organic matter is thus of special concern, and
carbonaceous adsorbents have been widely used to remove various organic pollutants from
aqueous solutions (Premarathna et al. 2019; Zhang et al. 2021).

Biochars are carbonaceous materials produced from direct pyrolysis and
hydrothermal carbonization of biomass (Tekin et al. 2014; Zhao et al. 2018). The term
“hydrochar” will be used in this article to denote related products prepared by hydrothermal
treatment. Biochar of either type has been found to be effective in adsorbing organic
pollutants from water (Liou et al. 2023; Liu et al. 2023). However, one of the limitations
of biochar and hydrochar in organic adsorption is their poor textural properties, i.e. limited
surface area per unit mass. Biochar from pyrolysis could have a surface area up to about
180 m?/g (Yang et al. 2019). While the properties of such carbonaceous materials depend
on processing conditions, such as particle size of the feedstock, temperature, residence time,
and heating procedure, the pore textural properties of biochar still highly depend on the
original pore structure of the feedstock (Hyviluoma et al. 2018). Compared with pyrolysis-
derived biochar, hydrochar generally has relatively low porosity, which hinders its use in
some applications (Kumar et al. 2020). Activation with physical and chemical methods is
widely applied to increase the Brunauer-Emmett-Teller (BET) specific surface area of the
biomass-derived chars (Boulanger et al. 2024); however, most of the activated carbons
prepared via these methods do not have mesoporous structures with controlled pore sizes,
and the pore structures dominated by micropores limit the application of the activated
carbons in the adsorption of macromolecules, because steric effects play an important role
in the adsorption of organics (Xiao and Pignatello 2015).

Tailoring the mesoporous structure of carbonaceous materials by a template method
was first reported by Ryoo, Hyeon, and their coworkers in 1999 (Lee ef al. 1999; Ryoo et
al. 1999). In this method, carbonaceous materials with tunable mesoporous structures could
be prepared using hard templates (e.g., mesoporous silicate materials) or soft templates
(e.g., amphiphilic molecules) as structuring agents. Theoretically, in the soft template route,
the carbon source should be able to form hydrogen bonds or Coulomb force interactions
with the soft template to self-assemble into nanostructures, which then form a highly
crosslinked polymer network to retain the mesoporous structures after the removal of pore-
forming component (Gang et al. 2021; Liang et al. 2008). Thus, only a few substances can
be applied as carbon resources for the successful synthesis of mesoporous carbons through
this approach. Biomass-derived compounds, such as D-fructose, cyclodextrin, tannin, and
lignin (Jedrzejczyk et al. 2021) have been successfully used as carbon resources to produce
mesoporous carbon through a soft template approach. Zheng and coworkers also reported
the preparation of batatas-derived mesoporous biochar via soft-template method (Zheng et
al.2021). Batatas have been known to have high starch content, and the sugars from starch
hydrolysis in hydrothermal environment have been widely reported to be used as carbon
sources in mesoporous carbon production via the template method (Xiao et al. 2017).
However, lignocellulosic biomass is a complex heterogeneous polymer; generally it cannot
meet the mentioned requirements, and few literature is available regarding the possibility
of producing mesoporous biochar by direct assembly between actual lignocellulosic
biomass and soft templates.
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In this study, microwave irradiation was employed to facilitate both the
hydrothermal decomposition process and the co-assembly between degradation products
and soft templates in one pot, enabling the direct production of mesoporous biochar from
real lignocellulosic biomass and soft templates. Six bamboo-derived mesoporous biochar
samples were produced. The effects of treatment temperature, time, and raw material
composition on the physical and chemical properties of the chars were evaluated, and their
adsorption properties for three organics from aqueous solutions were performed and
analyzed in detail.

EXPERIMENTAL

Chemicals

Bamboo sawdust (with average dry mass content of 93.5 wt%) was obtained from
a local market in Anji county, China. Pluronic F127 (PEO-PPO-PEO), 2- naphthol,
berberine hydrochloride (BH), and Congo red (CR) were purchased from Shanghai
Macklin Biochemical Co., Ltd.; and NaOH and ethanol were obtained from Shanghai Ling
Feng Chemical Reagent Co., Ltd. All the reagents were analytical grade and used without
further purification.

Preparation of Mesoporous Bamboo Biochar

As pretreatment, bamboo sawdust (2 g) was immersed in NaOH solution (2 mol/L,
20 mL) for 24 h at room temperature. The treated solid was then filtered off from the
mixture, washed with distilled water repeatedly until a neutral pH supernatant, and then
dried.

The pretreated bamboo sawdust was ground in a mortar together with a certain
amount of F127 to produce a uniformly mixed powder. The mixture and 36 mL of 0.2
mol/L NaOH solution (or deionized water) were added together in a microwave reactor
and heated at 100 or 140 °C for 50 or 80 min. The temperature 140 °C was selected as the
main reaction condition by taking into comprehensive consideration the temperature
required for the hydrothermal degradation of bamboo sawdust and the cloud point of F127.
Additionally, a lower hydrothermal temperature is beneficial for obtaining a regular pore
structure; therefore, 100 °C was chosen for comparison. Furthermore, a microwave reaction
duration of 50 min was shown to be sufficient for the co-assembly reaction between the
carbon source and templating agent, while a longer reaction time favors the degradation of
biomass. Hence, 50 min and 80 min were selected as reaction times.

The detailed reaction conditions for each sample are listed in Table 1. The reactor
was then cooled, and the obtained solid was dried. Finally, mesoporous bamboo biochar
was acquired through calcination of the solid in nitrogen under 350 °C for 5 h and then at
900 °C for 4 h with a rate of 5 °C/min.
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Table 1. Preparation Process Conditions of the Mesoporous Bamboo Biochars

Reaction Time Bamboo .
Samples Temperature (°C) g Sawdust: F127 Reaction Agent
(min) .
(Mass Ratio)
1 140 50 1:1 0.2 mol/L NaOH
2 140 50 1:1 Deionized water
3 100 50 1:1 0.2 mol/L NaOH
4 140 50 1:2 0.2 mol/L NaOH
5 140 50 2:1 0.2 mol/L NaOH
6 140 80 2:1 0.2 mol/L NaOH

Characterization

The Brunner-Emmet-Teller (BET) analysis of the mesoporous bamboo biochars
was carried out on a Micromeritics ASAP 2020 system. The surface chemical compositions
and functional groups of the samples were measured through X-ray photoelectron
spectroscopy (XPS, Thermo Scientifc K-Alpha). A scanning electron microscope (SEM,
ZEISS Sigma 300) was used to observe the surface morphology of the selected sample. A
transmission electron microscope (TEM, Joel JEM-2100F) was employed to image the
microstructure of the char sample.

Adsorption Thermodynamics

The prepared mesoporous bamboo biochar (0.01 g) was dispersed in organic
solution (20 mL) with a certain initial concentration (0.1, 0.2, 0.3, 0.4, and 0.5 mg/mL),
and agitated in a shaker at 298, 308, and 318 K for 6 h to adsorption-desorption balance.
The organic concentration after adsorption, C. (mg/mL), was determined by a UV-vis
spectrophotometer for CR at 499 nm, BH at 345 nm, and 2-naphthol at 274 nm. The
adsorption amount per unit mass of the adsorbent, Q. (mg/g), was calculated according to
Eq. 1,

QE—(CO—CE)J//m (1)
where V' (mL) is the organic solution volume and m (g) is the mesoporous biochar mass.

The experimental plots were fitted by Langmuir and Freundlich models based on
the Egs. S1 and S2 provided in the Supplementary material.

Adsorption Kinetics

Ten triangle flasks containing 0.005 g of selected mesoporous biochar sample and
10 mL of organic solution (0.5 mg/mL) in each were shaken at 298 K. The solution was
collected at 10, 20, 30, 40, 50, 60, 90, 120, 180, and 240 min. The organic concentration at
time ¢, C; (mg/mL), was analyzed, and the corresponding adsorption capacity, O (mg/g),
was calculated using Eq. 2:

0 =(C,-C)V/m @)

The obtained data were described using the pseudo-first- and second-order
equations and intraparticle diffusion model (Weber-Morris equation) (Kasozi et al. 2010)
shown in Eqgs. S3 through S5 in the Supplementary material in the Appendix.
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RESULTS AND DISCUSSION

Characterization of the Mesoporous Bamboo Biochar

Table 2 shows the specific surface area, pore volume, and average pore size of the
mesoporous bamboo biochars. The biochar samples exhibited surface areas ranging from
13.0 to 288 m?/g, some of which were higher than that of mesoporous biochar derived from
waste carton prepared through two-step carbonization method (249 m?/g) (Wang et al.
2024). The pore volumes were from 0.017 to 0.313 cm?/g. Both the surface area and the
pore volume were significantly higher than those of bamboo hydrochars produced without
templates (Li et al. 2016). Their average pore diameter was between 4.01 and 6.74 nm,
which falls within the range of mesopore size. N> adsorption-desorption isotherms with
obvious hysteresis loops and Barrett-Joyner-Halenda (BJH) pore size distributions
displayed in Fig. S1 (in Supplementary material) and Fig. 1, respectively, further confirm
the mesoporous structures and narrow pore size distributions of the biochar samples. The
main pore structure of all the samples consisted of mesopores within the approximate range
3.4 to 3.9 nm. This was larger than that of mesoporous bamboo biochars prepared via an
activation method (2.0 to 2.5 nm) (Ao et al. 2024). Such a pore size is expected to be more
conducive to the diffusion and adsorption of large-sized molecules within the pore channels.
The pore size distributions of the mesoporous biochar samples were significantly narrower
than those of both mesoporous bamboo biochars prepared via activation and mesoporous
biochar derived from waste carton through two-step carbonization (Wang et al. 2024; Ao
et al. 2024), demonstrating the precision of the preparation method in pore size regulation.
These results illustrate that microwave-assisted template/hydrothermal treatment could be
a promising method to prepare lignocellulosic biomass-derived mesoporous biochars.
Meanwhile, it can be seen from Table 2 that surface areas and pore volumes of the biochar
samples were highly dependent on the process conditions. Compared with sample 2
prepared with deionized water as hydrothermal medium, sample 1 prepared in NaOH
solution had higher surface area and larger pore volume. On the one hand, a weakly alkaline
environment is suitable for the co-assembly between carbon precursor and soft template in
hydrothermal preparation of mesoporous carbon (Liang ef al. 2008). On the other hand, the
delignification effect of NaOH (Rabemanolontsoa and Saka 2016) could result in the
partial removal of lignin and thus enhance the accessibility of the template to the structural
components of bamboo biomass, and these might increase the porosity of the final carbon
product. Moreover, an alkaline environment could benefit the generation of intermolecular
ester bonds between hemicelluloses and other components through saponification
(Carvalheiro et al. 2008), and thus lead to a more highly cross-linked structure, which is
necessary to ensure the stability of mesoporous biochar’s pore structure after removing the
template. Comparing the surface area of sample 1 with that of sample 3 (Table 2), it is
apparent that higher hydrothermal treatment temperature could result in a higher surface
area. It was shown in the authors’ previous work that the rise in temperature (from 80 to
120 °C) had a slight negative effect on the specific surface area of mesoporous carbon with
soluble phenolic resin as carbon source (Li ef al. 2020) in a similar microwave aqueous
synthesis process, and the different tendency in this study might be because of the
decomposition of bamboo lignocellulose in hydrothermal environment. A series of
reactions could occur in the hydrothermal treatment of lignocellulosic biomass. Water-
soluble small molecules including sugars, furfural, and 5-hydroxymethylfurfural (HMF)
released from the hydrolysis, dehydration, and decarboxylation of biomass (Fakkaew et al.
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2015) can form hydrogen bonds with soft templates and have been used as carbon resources
for mesoporous carbon production (Liang ef al. 2008). A higher temperature may prompt
a higher degree of the generation, dissolution, and consequent transformation of these
intermediates (Khan et al. 2019) and benefit the formation of mesoporous structure of the
final product. Among samples 1, 4, and 5, sample 5 having the lowest F127 content
exhibited the highest BET surface area, while sample 4 with the highest F127 content had
the lowest surface area (Table 2). Normally, a soft template is applied at a low
concentration in mesoporous carbon preparation to obtain a highly ordered sample. Too
high F127 composition might lead to an insufficient assembly and cause the macroscopic
phase separation of the carbon resource and soft template after hydrothermal treatment,
and these could be the reason for the low porosity of sample 4. It can be observed from the
pore properties of sample 5 and 6 that longer reaction time had a slightly negative effect
on both the BET surface area and pore volume of the mesoporous biochars. This result
suggests that the co-assembly reaction related to pore development should reach
equilibrium quickly in microwave-assisted/hydrothermal environment.

Table 2. Pore Properties of the Mesoporous Bamboo Biochars

Bamboo
Temp Reaction | Sawdust: SEeEc-il;‘ic -IF-’cc))tr?el A\Igec:fcg °
Samples oy Time F127 Reaction Agent .
(°C) (min) (Mass Surface Volume | Diameter
2 3
Ratio) Area (m?/g) | (cm?3/g) (nm)
1 140 50 1:1 0.2 mol/L NaOH 106.8 0.081 4.01
2 140 50 1:1 Deionized water 13.0 0.017 6.50
3 100 50 1:1 0.2 mol/L NaOH 40.3 0.089 6.37
4 140 50 1:2 0.2 mol/L NaOH 87.2 0.116 6.74
5 140 50 2:1 0.2 mol/L NaOH 287.7 0.313 6.42
6 140 80 2:1 0.2 mol/L NaOH 263.8 0.190 4.64
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Fig. 1. Pore diameter distribution of the mesoporous bamboo biochars: (a) samples 1 through 3;
(b) samples 4 through 6

The chemical composition and binding environment of the biochar samples from
XPS spectra are displayed in Fig. 2. Figure 2a shows that the mesoporous bamboo biochars
mainly contained C (284.8 eV) and O (531.8 eV), and samples 1 and 3 through 6 also
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exhibited the characteristic peaks of Na (1072.0 eV), which should be a residue from the
NaOH solution as reaction agent. As shown in Figs. 2b through 2g, C-(C, H) (284.5 eV),
C-O (286 eV), C=0 or O-C-0O (286.8 eV), COO- (288.6 eV), and C=C (291.5 eV, n—n*
transitions in highly ordered and graphite structures) (Zhu et al. 2019) were the five carbon
forms present on the surface of the mesoporous biochars, implying the presence of
graphite-like carbon and O-containing functional including hydroxyl groups, ether groups,
ester, and carboxyl groups on the samples. Relative area percentages of the carbon
functionalities are listed in Table 3. The C-(C, H) areas of the samples were in the range of
61.5% to 73.0%, implying a hydrophobic surface of all these biochar samples. Different
hydrothermal agents (deionized water and 0.2 mol/L NaOH) did not show remarkable
influences on the carbon species, because samples 1 and 2 revealed quite similar carbon
environments. Sample 3 prepared at a lower temperature of 100 °C showed a slightly lower
graphitic character with lower intensity of C-(C, H) and higher relative area of C-O
compared to sample 1 prepared at 140 °C, indicating that hydrothermal temperature could
slightly influence the carbonization degree of the final char products. A marked decline in
C-(C, H) area along with an increment in C-O area could be observed in sample 4 prepared
with the highest soft template ratio compared to sample 1 and 5, which should be attributed
to the higher oxygen content of F127 than that of bamboo sawdust. Sample 6 displays
higher C-(C, H) content and lower C-O concentration than sample 5, which could be due
to the more severe decomposition of bamboo sawdust’s lignocellulose at a longer
microwave assisted hydrothermal treatment time.
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Fig. 2. (a) XPS survey; (b-g) C1s fits of the bamboo derived mesoporous carbon sample 1-6

Table 3. Relative Atomic Concentration of C in the Mesoporous Bamboo
Biochars

Sample | C<(C,H)(%) | C-O (%) o-c?-ao(% ) | coo-) C=C (%)
Sample 1 73.0 11.0 6.8 6.3 29
Sample 2 72.0 11.0 6.0 5.9 5.2
Sample 3 70.8 16.1 4.4 5.3 3.4
Sample 4 61.5 22.7 3.9 5.2 6.8
Sample 5 68.4 12.4 6.9 5.8 6.6
Sample 6 73.0 10.0 6.8 5.1 5.1

Unlike the smooth and non-porous surface of the bamboo sawdust feedstock
reported in the previous work (Li et al. 2023), mesoporous bamboo biochar sample 5
displayed obvious macroscopic pores, as shown in Fig. 3(a), compared to bamboo
hydrochars produced without templates (Li et al. 2016). Homogeneous, wormlike but
disordered porous structures could be observed throughout the whole biochar sample from
its TEM images (Fig. 3(b)), while some highly ordered pore structures could also be seen
locally (Fig. 3(b)). These results further confirm that microwave assisted
template/hydrothermal treatment could be a prospective method to prepare mesoporous
carbon from lignocellulosic biomass.
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(b)
Fig. 3. SEM (a) and TEM (b) images of sample 5

Adsorption Isotherms and Thermodynamics

The experimental adsorption isotherm plots of 2-naphthol, BH, and CR on the
carbon samples and the corresponding isotherm curves predicted from Langmuir and
Freundlich equations are presented in Figs. 4a through 4c. It is observed that the
mesoporous bamboo biochars had different adsorption abilities for the three adsorbates.
The adsorption capacities at the initial concentration of 0.5 mg/mL for 2-naphthol, BH, and
CR on the biochar samples were in the range of 35.0 to 155.7, 76.1 to 129.6, and 57.9 to
114.4 mg/g, respectively, and the adsorption amounts of 2-naphthol and CR on most of the
mesoporous biochars were higher than those on bamboo hydrochars (Li et al. 2016).
Compared to bamboo hydrochars, most of the mesoporous biochars prepared in this study
exhibited richer mesoporous pores and higher surface areas that should benefit the
adsorption for organics. Meanwhile, their more hydrophobic surface should enable
different adsorption mechanisms. In contrast, the adsorption amounts of CR on the
mesoporous biochars were much higher than those on activated carbon prepared from coir
pith reported in literature (Namasivayam and Kavitha 2002), and it was reported that CR
could block micropores (Pelekani and Snoeyink 2001); it could be inferred that
mesoporous structure is favorable for the adsorption of organics larger in size such as CR.
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Among all the biochar samples, sample 5 presented the highest adsorption capabilities for
all the three organics, which might be attributed to its highest surface area and pore volume.
However, sample 6 with the second largest surface area did not show comparable
adsorption capacities. In contrast, sample 4 with a quite low specific surface area displayed
relatively high adsorption amounts for the organics among all the carbon samples except
sample 5, which could be due to its more abundant oxygen-containing functional groups
than the other samples (Table 2). Both Sample 1 and Sample 6 exhibited quite low
adsorption capacities for BH and CR (Fig. 4b and 4c). The molecular dimensions of 2-
naphthol, BH, and CR were calculated to be approximately 0.80 nm x 0.53 nm, 1.47 nm X
0.66 nm x 0.32 nm, and 2.29 nm x 0.82 nm x 0.60 nm, respectively (Li ef al. 2013). This
result may be attributed to the samples’ smaller pore size, which can easily be blocked by
the larger organic molecules. These results suggest that the adsorption capacities of the
organics on the mesoporous bamboo biochars depend on both the pore properties and
functional groups of the biochar samples. Specifically, a high surface area indicates an
abundance of adsorption sites, while surface functional groups can facilitate weak
intermolecular interactions, such as hydrogen bonding, between the adsorbent surface and
organics. Furthermore, pore diameter plays a crucial role in the adsorption of organics with
larger molecular sizes. The adsorption isotherm curves of 2-naphthol on samples 1 through
4 are near-linear (Fig. 4a), indicating a partition-involved adsorption mechanism (Chiou et
al. 2015) and a low adsorption affinity.
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Fig. 4. Experimental adsorption isotherm plots and fit curves of 2-naphthol, BH, and CR on the
mesoporous bamboo biochars at 298 K
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The Freundlich model fit the experimental data better (with R? values between
0.941 and 0.995) than the Langmuir model for all the three organics on most of the
mesoporous bamboo biochar samples, implying a heterogenous surface of the adsorbent
and a physical adsorption dominated adsorption process. The Langmuir equation failed to
describe the adsorption of 2-naphthol on mesoporous biochar sample 2 and 3, which should
be attributed to the near linear shape of these adsorption isotherms. The 1/ value from the
Freundlich model for these two adsorption isotherms was higher than 1, implying
unfavorable adsorption processes in these cases.

Mesoporous bamboo biochar sample 5 presenting the highest surface area and the
largest adsorption amounts for all the tested organics was selected for the further tests.
Figure 5 gives the experimental adsorption isotherm data points as well as fit curves of 2-
naphthol, BH, and CR on sample 5 at 298, 308, and 318 K. The adsorption capacities of
all the three organics decreased with the increment of temperature, while the K1 values
from the Langmuir model decreased and 1/n values from the Freundlich model increased,
indicating a decreasing adsorption affinity with the increasing temperature. This further
confirms the physisorption dominated adsorption mechanism for the organics on the
selected mesoporous bamboo biochar. The mesoporous biochars prepared in this study
provided hydrophobic surfaces, but they still had small amounts of O-containing functional
groups on their surfaces (Table 2). These could contribute to physisorption for organics
through hydrophobic interactions and hydrogen bonds, and the presence of mesopores also
determines the possibility of the pore-filling mechanism in the adsorption (Abbas et al.
2018). Meanwhile, the surface chemistry (Fig.2) of the biochar samples did not reveal
chemisorption sites to form covalent bonds with organics. These reveal the physisorption
dominated adsorption mechanism. In contrast, the oxygen-containing functional groups
also indicated that the mesoporous biochar contained a certain proportion of noncarbonized
fractions, which could contribute to the partition mechanism for the adsorption of organics.
During partitioning, organics could solubilize within the matrix of organic matter of the
mesoporous biochar to enhance the adsorption (Abbas et al. 2018). At higher adsorption
temperatures of 308 and 318 K, physical interactions weaken, and the partition mechanism
becomes dominant, which should be the reason for the nearly linear shapes of the
adsorption isotherms.
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Fig. 5. Experimental adsorption isotherm plots and fit curves of 2-naphthol, BH, and CR on
sample 5 at three temperatures

The changes in adsorption enthalpy (AH), free energy (AG), and entropy (AS) were
calculated through the Van’t Hoff equation for each organic on sample 5, to further
illustrate the nature of the adsorption process, and the values were collected in Table 4. The
negative free energy changes with absolute values less than 40 kJ/mol and negative
enthalpy values suggest a spontaneous and exothermic adsorption process with physical
adsorption as the predominant mechanism for all the three organics (Nuengmatcha et al.
2014). Such interactions should be mainly driven by van der Waals forces, n-r interactions,
and electrostatic interactions. Physical adsorption is significantly influenced by specific
surface area and pore size, surface area determines the number of adsorption sites, directly
affecting adsorption capacity, while pore size determines whether adsorbate molecules can
access the internal pores and further influences adsorption kinetics and selectivity. Optimal
adsorption performance requires a combination of high specific surface area and
appropriate pore size distribution. This agrees with the inferences derived from the
adsorption capacity data. The negative AS values denoting the decrease in randomness
should be attributed to the transition from three-dimensional motion to two-dimensional
movement of the adsorbates after adsorption.

Table 4. Thermodynamic Parameters for Each Adsorbates on Sample 5

Adsorbate AG (kJ/mol) AH AS
298 K 308 K 318K (kJ/mol) (KJ/mol.K)
2-naphthol -4.895 -4.318 -3.982 -18.47 -0.046
BH -4.851 4534 -4.641 7.912 -0.011
CR -4.857 -4.401 -4.658 7.715 -0.010

Adsorption Kinetics

The measurements of adsorption kinetic plots and corresponding fit curves of 2-
naphthol, BH, and CR on mesoporous biochar sample 5 at 298 K are shown in Fig. 6. The
organics were adsorbed rapidly on the mesoporous biochar, and the adsorption could reach
equilibrium within 20 min for 2-naphthol, 40 min for BH, and 60 min for CR. The time
was proportional to the molecular size of the adsorbates, which reveals the effect of pore
diffusion on the adsorption rate.
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Fig. 6. Adsorption kinetics of 2-naphthol, BH, and CR on sample 5 at 298 K

The results indicate that the pseudo-second-order model best fit the experimental
kinetic data (R? > 0.981) for all the three organics, while the intraparticle diffusion model
showed the lowest R? values <0.690). It was reported that sorption behavior that fits the
pseudo-second-order equation well can wusually be attributed to diffusion-based
mechanisms (Hubbe et al. 2019; Hubbe 2021). The sizes of the three organics were all
smaller than the average pore size of sample 5, which was 6.6 nm (Table 2). It could also
be observed that the R? values of the intraparticle diffusion model followed the order: R%.
naphthol < R%gn < R’cr, which is consistent with the molecular size order of the three
adsorbates. These indicate that diffusion is the true rate-limiting step in this study, and with
the increasing molecular size of the adsorbates, steric hindrance might become more
important in adsorption kinetics.

CONCLUSIONS

1. The results support the usage of microwave assisted template/hydrothermal treatment
as an efficient approach to produce mesoporous biochars from directly assembly
between lignocellulosic biomass and soft template. Such chars may serve as potential
sorbents for removing or separating organics from water.

2. The prepared mesoporous biochars exhibited notable pore properties (BET surface area:
13.0 to 287.7 m*/g, pore volume: 0.017 to 0.313 cm?®/g, average pore diameter: 4.01 to
6.74 nm) and small amounts of O-containing functional groups. Process conditions,
including synthesis composition, temperature, reaction time, and reaction agent, clearly
affected the physical and chemical properties of the biochars and their adsorption
capabilities for organics.

3. The mesoporous bamboo biochars accommodated adsorption quantities for 2-naphthol,
berberine hydrocholoride, and Congo red in the range of 35.0 to 155.7, 76.1 to 129.6,
and 57.9 to 114.4 mg/g, respectively, at the initial concentration of 0.5 mg/mL.
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4. Sample 5, prepared at 140°C for 50 minutes with a mass ratio of bamboo sawdust to
F127 at 2:1, exhibits the highest surface area and the greatest adsorption capacity for
all three organic compounds. On this sample, the adsorption is spontaneous and
exothermic with physical adsorption as the predominant mechanism for all the tested
organics, and is also fast.
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APPENDIX
) ) 0.KC
Langmuir equation: == - ¢ S1
g q 0. 1K, C. (SD)
Freundlich equation: Q, = KFCe” " (S2)

where O, (mg/g) is the maximum monolayer adsorption capacity estimated by Langmuir
model, K; (mL/mg) is the Langmuir constant related to the affinity of binding. Kr
((mg/g)(mL/mg)"™) and 1/n are the Freundlich constants relating adsorption capacity and
intensity, respectively.

Pseudo first-order equation: O, =¢.(1—e™") (S3)
. th,q’
Pseudo second-order equation: Q, = ———— (S4)
thyq, +1
742
Intraparticle diffusion equation: O =kt”+C (S5)

where g. (mg/g) is the calculated adsorption amount at equilibrium, ki (1/min) and k>
(g/(mg-min)) are the rate constants from the pseudo first-order and pseudo second-order

models, respectively, initial adsorption rate is defined as v, = k,q_, ki (mg/(g.min"?)) is
the apparent diffusion rate constant, and C is a constant.
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Fig. S1. N2 adsorption/desorption isotherms of the mesoporous bamboo biochars: (a) samples 1
through 3; (b) samples 1, 4, and 5; (c) samples 5 and 6

Table S1. Model Fitting Parameters of Adsorption Isotherm Data for 2-naphthol

at 298 K
Langmuir Fitting Freundlich Fitting
Sample
i My | (mimg) | % mggmimgye W | R
1 118.8 0.8835 0.995 63.98 0.796 0.995
2 - - - 122.0 1.18 0.981
3 - - - 126.8 1.25 0.941
4 5581 0.04412 0.988 235.9 0.974 0.989
5 168.4 12.09 0.927 198.8 0.348 0.961
6 125.7 4.322 0.934 127.0 0.502 0.962

Table S2. Model

Fitting Parameters of Adsorption Isotherm Data for BH at 298 K

Langmuir Fitting

Freundlich Fitting

Sample
i moie) | mimg | (mggmmgye M| R
1 132.5 3.624 0.945 128.0 0.533 0.961
2 83.46 10.55 0.979 92.07 0.328 0.990
3 190.4 3.243 0.951 181.2 0.563 0.970
4 101.8 17.68 0.996 111.6 0.234 0.986
5 141.6 14.59 0.979 163.2 0.299 0.990
6 82.77 16.08 0.981 92.58 0.263 0.995
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Table S3. Model Fitting Parameters of Adsorption Isotherm Data for CR at 298 K

Langmuir Fitting Freundlich Fitting
Sample
i mye) | mimg | (mggmmgye M| R
1 78.37 7.028 0.993 83.80 0.400 0.999
2 107.7 4.245 0.934 108.5 0.508 0.957
3 78.92 6.252 0.990 82.75 0.417 0.986
4 104.8 4,943 0.957 108.4 0.477 0.973
5 110.6 29.61 0.969 125.4 0.197 0.985
6 105.3 4.318 0.984 105.7 0.500 0.995

Table S4. Model Fitting Parameters of Adsorption Isotherm Data for 2-naphthol,
BH, and CR at 298, 308, and 318 K on Sample 5

Langmuir Fitting

Freundlich Fitting

Adsorbate | Temperature (K) Qm K. ) . /ma)tin / )
(mglg) | (mL/mg) R Kr (mg/g)(mL/mg) 1/n | R
298 168.4 12.09 |0.927 198.8 0.348/0.961
2-naphthol 308 250.2 | 0.7548 |0.985 120.1 0.801/0.989
318 5982 0.00005 0.958 177.6 1.08 0.960
298 141.6 14.59 |0.979 163.2 0.299/0.990
BH 308 220.0 1.546 |0.952 160.6 0.708/0.960
318 1350 0.1569 |0.945 172.8 0.859/0.951
298 110.6 29.61 ]0.969 125.4 0.197/0.985
CR 308 2z 8201 10.995 236.3 1.01 0.995
318 202.5 1.514 |0.983 144.5 0.701|0.988
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Table S5. Model Fitting Parameters of Adsorption Kinetic Data of 2-naphthol, BH, and CR on Sample 5 at 298 K

Pseudo-first-order Model Pseudo-second-order Model Intraparticle Diffusion Model
Adsorbate : in1/2 2
ge (Mg/g) | k1(1/min) | R2 | ge (Mg/g) k2 vo (mg/(g.min)) | R? ki(mg/(g.min#)) | C (mg/g) | R
6.195 7917 | 0.439
2-naphthol | 139.7 | 0.2849 | 0.983 | 143.0 | 0.00628 128.4 0.988
BH 159.7 | 0.1637 |0.993 | 167.9 | 0.00223 62.85 0.996 12.45 62.11 | 0.611
CR 122.6 | 0.06501 | 0.949 | 133.8 | 0.00079 14.15 0.981 6.920 47.48 | 0.690
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