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Abstract: This study aims to optimize the use of lacquer residue biomass (LBM). We investigated the ability of LBM to remove
Pb* heavy metal ions and the typical cationic dye methylene blue (MB) and anionic dye Congo red (CR) by simultaneous
adsorption from composite systems, as well as the relevant factors. Scanning electron microscopy (SEM), X-ray diffraction
(XRD), and Fourier transform infrared spectroscopy (FTIR) were used to characterize adsorption behavior. The adsorption
kinetics of Pb*-MB/CR composite systems can be effectively characterized by the pseudo-second-order kinetic model (R*>
0.97). In the Pb*-MB composite system, adsorption was antagonistic with similar adsorption sites. However, in the Pb*-CR
composite system, we found that adsorption was synergistic with different adsorption sites, which led to a higher simultaneous
adsorption capacity for a higher initial Pb*-CR concentration, unlike the Pb*-MB system. In both composite systems, an
appropriate increase in LBM dosage and system temperature within a certain range was conducive to simultaneous adsorption
and removal of Pb>-MB/CR composite systems. The optimal solid—liquid ratio and temperature were 1:75 and 30 °C, respectively.
The adsorption and removal rates of Pb>* and MB were 99.98% and 90.49%, respectively, and those of Pb** and CR were
93.99% and 77.39%, respectively, in (50, 50) mg/L of Pb*-MB/CR composite systems under these conditions. Adsorption
removal of Pb** and MB improved with higher pH levels, and worsened with the increase of ionic strength in the solution, while
the removal rate of CR showed an opposite trend. The coexisting anion and cation types had limited influence on the simultaneous
adsorption removal of Pb*", MB, and CR. The results of desorption showed that LBM can be utilized as a disposable material
for simultaneously treating Pb>-MB/CR composite systems. The simultaneous adsorption mechanisms of Pb*’-MB/CR mainly
involved hydrogen bonding, =—m bonding interaction, and electrostatic interaction.
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1 Introduction

With the ongoing urbanization and industrializa-
tion in China, large quantities of wastewater are con-
tinuously released into the aquatic ecosystem, includ-
ing organic and inorganic pollutants, pesticides, heavy
metals, and dyes. Because dyeing and printing are
major industries in the country, the wastewater from
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the Chinese textile-dyeing and printing sector consti-
tutes a significant proportion (approximately 40%) of
the overall volume of industrial wastewater released.
Synthetic dyes are the main pollutants (Cai, 2018;
Ye et al., 2020a, 2020b, 2024; Lin et al., 2023). Due
to their unique chemical properties, they possess char-
acteristics such as a wide range of pollutants, long du-
ration, and resistance to biodegradation. Cr, Pb, Cu,
Ni, Fe, Zn, Hg, Cd, and other heavy metal elements
remain in wastewater as well. Catalysts, mordants,
and metal antimicrobial additives are all sources of
these heavy metals (Li SQ et al., 2019; Cang et al.,
2021; Song et al., 2023). Most heavy metals, dyes,
and dye metabolites accumulate in large quantities in
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animals, humans, and the environment, which can
cause extensive damage to humans and ecosystems
even at low concentrations. In the past, treatment of
such compound-polluted wastewater was often char-
acterized by a combination of several methods, which
was cumbersome and costly. Therefore, it is critical to
reasonably design and develop a single material for
the simultaneous removal of compound pollutants.
Current methods for removing heavy metals and
dyes from wastewater include chemical precipitation,
ion exchange, photocatalytic degradation, advanced
oxidation processes, and adsorption; or combinations
of these techniques (Kim et al., 2021; Ma et al., 2021;
Li et al., 2022). Adsorption technology is widely used
because of its high efficiency, low cost, easy opera-
tion, energy savings, and sustainability (Alorabi and
Azizi, 2023). At present, biomass materials from vari-
ous byproducts and wastes left by industrial, agricul-
tural, and forestry production are seen as potential ad-
sorption materials because of their economic accessi-
bility and sustainability. The surface of these byprod-
ucts has a porous structure and contains rich active
functional groups such as aminos, carboxyls, and hy-
droxyls, as well as organic matter such as cellulose,
amino acids, lipids, and other substances that have
strong interactions with anionic and cationic dyes,
and heavy metals. This results in excellent adsorption
properties with regard to heavy metals and dyes. Many
biomass materials have been used in composite pollu-
tion systems with heavy metals and dyes, such as cel-
lulose materials, bagasse, fruit peel, humus, and solid—
waste ash (Xie et al., 2020; Meneses et al., 2022; An
et al., 2023; Chen RP et al., 2024). Cyclic venturi bio-
reactor technology is the latest microbial treatment
process developed by our research group, which has
been applied in a series of equipment enterprises,
including Yanfeng Automotive Decoration System
Wuhan Co., Ltd. of China. The lacquer components
are fully degraded in operation, but the lacquer resi-
due biomass (LBM) contains more nascent organic
matter and virgin mineral fillers that are also rich in
functional groups. If LBM can be used, it would not
only avoid the risks caused by improper disposal of
waste but also meet the “Carbon Peaking and Carbon
Neutrality Goals”, which offers economic value. LBM
has been reported to be a better adsorbent for anionic
and cationic dyes in single systems (Lu et al., 2024),
but it remains to be investigated whether LBM could

serve as an innovative adsorbent for managing waste-
water contaminated with both dyes and heavy metals.

In view of this, we used LBM as our research ob-
ject and selected the heavy metal Pb*, the cationic dye
methylene blue (MB), and the anionic dye Congo red
(CR) as the target pollutants to construct simulated
composite wastewater systems. We then explored the
simultaneous removal ability for Pb*-MB/CR com-
posite systems as well as the interactions between Pb*
and MB or CR.

This approach revealed the application potential
of LBM, with a view to offering an affordable, readily
accessible, and ecological biomass material for con-
current remediation of heavy metals and dyes in waste-
water, and also using a “waste resource”.

2 Materials and methods
2.1 Reagents and instruments

Chemical reagents: MB, CR, Pb(NO,),, H,SO,,
HNO,, HCl, and NaCl were analytically pure and pur-
chased from Sinopharm Chemical Reagent Co., Ltd.,
China. The structural formulas of MB and CR are
shown in Fig. S1 of the electronic supplementary ma-
terials (ESM).

Instruments: electronic analytical balance (BSA224
S-CW, Sartorius, Germany), ultraviolet spectropho-
tometer (UV-2450, Shimadzu, Japan), pH meter
(PHS-25, Shanghai Yidian Co., Ltd., China), thermo-
static oscillator (HZ-9211KB, Jiangsu Taicang Science
and Educations Equipment Factory, China), benchtop
low-temperature centrifuge (L-550, Hunan Xiang Yi
Laboratory Instrument Development Co., Ltd., China),
atomic absorptions spectrometer (NOVAA300, Jena
Analytical Instruments AG, Germany), scanning elec-
tron microscope (SEM) (SU8010, Hitachi Scientific
Instruments Ltd., Japan), X-ray diffractometer (XRD)
(Bruker D8 Advance, Bruker Ltd., Germany), Fourier
transform infrared spectroscopy (FTIR) (NICOLET
iSSOFT-IR, Thermo Fisher, USA).

2.2 Source and preparation of LBM

The LBM used here was taken from the recircu-
lating venturi bioreactor in the microbial treatment
section for residual spray lacquer mist in Yanfeng Au-
tomotive Decoration System Wuhan Co., Ltd. The
treatment of this bioreactor was carried out by bacterial



strains including the strain group Beijerinckia sp. with
adhesive and dispersing properties (LM-W, preserva-
tion number: CGMCC No. 17168), Brachymonas sp.
with flocculation and precipitation properties (LM-R,
preservation number: CGMCC No. 17167) (Xie et al.,
2021), and the residual product obtained after treat-
ment was dried to produce the LBM biomass used
in this experiment, which had a moisture content of
1.00%. Additionally, the dried LBM was sifted through
a 100-mesh sieve. The obtained LBM consisted mainly
of organic matter (56.24% organic matter and 29.75%
protein). Of the major constituent elements, C had the
highest mass fraction of 36.79%. There were many
mineral fillers from the original lacquer in the LBM:
the contents of CaCO,, SiO,, TiO,, Fe,Ti,0,, and
Ca,(PO,), were 34.75%, 0.19%, 5.19%, 1.07%, and
0.78%, respectively. Meanwhile, no content of harm-
ful heavy metals such as Pb, Cd, Zn, Cr, and Cu was
detected, and the extractable forms of the above ele-
ments in the leachate and dissolved organics were not
detected either. Therefore, the LBM could be classi-
fied as a material with lower environmental risk. The
surface of the LBM was predominantly negatively
charged (the pH point of zero charge (pH,,) was
about 4.1) and exhibited relatively moderate pore
size, specific surface area, and pore volume. It also
had good water permeability, which showed its prom-
ise as an adsorbent. Detailed measurements and data
sources for the above basic physical and chemical
properties of LBM are available in the published liter-
ature (Lu et al., 2024).

2.3 Adsorption Kinetics of the Pb*-MB/CR composite
systems

LBM was weighed into a series of 50 mL centri-
fuge tubes (0.20 g per tube), and 15 mL (50, 50) mg/L
Pb*-MB/CR composite system solution (the concen-
trations of Pb* and MB or CR were both 50 mg/L)
(pH 5.0) was added for adsorption reaction in the ther-
mostatic oscillator at 180 r/min and 30 °C. Samples
were taken from the centrifuge tubes at different
adsorption-reaction times, and the supernatant was ob-
tained after centrifugation at a speed of 4000 r/min
for 10 min. The concentrations of Pb*", MB, or CR
in the supernatant were determined by an atomic ab-
sorption spectrometer or ultraviolet spectrophotome-
ter (Azeez et al., 2022; Mu et al., 2022; Wang D et al.,
2024). We used the pseudo-first-order kinetic model
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(Eq. (1)) and pseudo-second-order kinetic model
(Eq. (2)) to fit the adsorption data.

In(g.—q,)=Ing.— k¢, (1
t 1 t
— = +—, 2
9. k,q: q. @

where ¢, is the adsorption capacity at equilibrium
(mg/g); t is the reaction time (min); ¢, is the adsorp-
tion capacity at time ¢ (mg/g); k, and k, are the kinetic
rate constants (mg/g).

2.4 Isothermal adsorption of the Pb*-MB/CR
composite systems

LBM was weighed into a series of 50 mL centri-
fuge tubes (0.20 g per tube), and 15 mL Pb*-MB/CR
composite system solution (pH 5.0) with different ini-
tial concentrations was added for adsorption reaction
in the thermostatic oscillator at 180 r/min and 30 °C.
When the adsorption reached equilibrium, the super-
natant was obtained after centrifugation at a speed of
4000 r/min for 10 min, and the concentration of Pb*,
MB, or CR in the supernatant was determined. The
Langmuir (Eq. (3)) and Freundlich (Eq. (4)) isother-
mal adsorption models were fitted linearly.

1 1 C
_— = + = R 3
qc qmaxKL qmax ( )
Ing.= %lnCeJranF, 4)
1
RL_ ma (5)

where C, is the equilibrium concentration (mg/L);
¢ 18 the maximum adsorption capacity of the adsor-
bent; K, is the Langmuir constant (L/mg); K, ((mg/g) -
(L/mg)'") and n are Freundlich constants; C, is the
highest initial concentration of the adsorbate (mg/L);
R, reflects the affinity of the adsorption process.

2.5 Adsorption thermodynamics of the Pb*-MB/CR
composite systems

To further understand the impact of temperature
during adsorption in the Pb”-MB/CR composite sys-
tems, Eqgs. (6)—(8) serve to calculate the thermody-
namic parameters of the two composite systems, in-
cluding the Gibbs free energy (AG®), enthalpy (AH®),
and entropy (AS°) (Sutar and Jadhav, 2024).
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Eq. (6) defines the standard thermodynamic equilibri-
um constant K (Han et al., 2009). C,,. is the concentra-
tion of adsorbate on the adsorbent at equilibrium;
AG" is the Gibbs free energy (kJ/mol); AH® is the en-
thalpy (kJ/mol); AS® is the entropy (kJ/(mol-K)); R is
the universal gas constant (8.314 J/(mol-K)); T is the
reaction temperature (K).

2.6 Influence of system adsorption conditions

We investigated the effect of different adsorption
conditions on the adsorption performance of the Pb*-
MB/CR systems ((50, 50) mg/L) with regard to pH
(1.0-5.0), background NaCl ionic strength (0.01-
0.05 mol/L), LBM dosage (0.05-0.40 g), and adsorp-
tion temperature (10-50 °C), based on the monofac-
tor analysis. We then carried out the adsorption reac-
tions in the thermostatic oscillator at 180 r/min. When
adsorption reached equilibrium, the supernatant was
obtained after centrifugation at a speed of 4000 r/min
for 10 min, and the concentration of Pb>", MB, or CR
in the supernatant was determined. The relationship
between the solid—liquid ratio and dosage is shown in
Table S1 of the ESM.

2.7 Interactions between coexisting pollutants in
the composite systems

To explore the interactions between Pb*" and MB
or CR in the composite systems, we set the following
concentration combinations (Table S2 of the ESM).
The composite wastewater of 15 mL described above
was added to 50 mL centrifuge tubes containing 0.05 g
LBM, and adsorption reaction conditions were the
same as described. The supernatant was obtained after
centrifugation at a speed of 4000 r/min for 10 min
when adsorption reached equilibrium, and the concen-
trations of Pb*", MB, or CR in the supernatant were
determined. The interaction was evaluated with the
ratio of adsorption capacity R ; (Eq. (9)) (Du et al.,
2022).

R:@

q.i qs,i H (9)

where R is the ratio of the adsorption capacity, which
is usually categorized into three types: synergistic ef-
fect (R,>1), indicating a promotional effect within the
system; no interaction (R, =1), signifying no effect;
antagonistic effect (R ;<1), denoting an inhibitory
effect. The adsorption capacities (mg/g) of adsorbate
i (Pb*, MB, or CR) in single and composite systems
under the same adsorption conditions are denoted by
q,; and g,,,, respectively.

2.8 Effect of coexisting anions and cations on
adsorption of LBM in the Pb”-MB/CR composite
systems

LBM was weighed into a series of 50 mL centri-
fuge tubes (0.20 g per tube), and 15 mL (50, 50) mg/L
Pb*-MB/CR composite system solution was added
containing Na', Mg”, and Ca* cations (in the form of
chloride salt), and CO?3", SO:, and PO;™ anions (in the
form of sodium salt) (pH 5.0), with a resulting ionic
strength of 0.03 mol/L. The adsorption reactions were
carried out in the composite systems in the thermo-
static oscillator at 180 r/min and 30 °C. The superna-
tant was obtained after centrifugation at 4000 r/min
for 10 min when adsorption reached equilibrium. Fi-
nally, the concentration of Pb* and MB or CR in the
supernatant was determined.

2.9 Calculation of adsorption capacity and
adsorption removal rate

The adsorption capacity g (Eq. (10)) and removal
rate # (Eq. (11)) can be used to express the effect of
adsorption.

C,—C )V
q:( 0 We) , (10)
n= (Cogﬁ % 100%, (11)
0

where V is the volume of the adsorbent solution (L);
W is the dosage of LBM (g).

2.10 Desorption of LBM

LBM was weighed into a series of 50 mL centri-
fuge tubes (0.20 g per tube), and 15 mL (50, 50) mg/L
Pb*-MB/CR composite solution (pH 5.0) was added.
The adsorption reactions in the composite systems were
carried out in the thermostatic oscillator at 180 r/min
and 30 °C. The concentrations of Pb** and MB or CR



in the supernatant were determined when the adsorp-
tion reached equilibrium. We separated the adsorbed-
state LBM from the composite systems and obtained
the residual liquid volume ¥, by the gravimetric
method. Subsequently, 0.1 mol/L H,SO,, 0.1 mol/L
HNO,, and 0.1 mol/L HCI of 15 mL were used as de-
sorbents. The desorption reactions were carried out in
a thermostatic oscillator at 180 r/min and 30 °C. After
desorption reached equilibrium, the supernatant was
obtained after centrifugation at a speed of 4000 r/min
for 10 min. The concentration of Pb**, MB, or CR in
the supernatant was determined, and the desorption
capacity 1 (Eq. (12)) and desorption rate @ (Eq. (13))
were calculated.

A=C,(V,+V,)-C.V,,
0= 2 x 100%,
q

(12)
(13)

where C, is the concentration of desorbed adsorbate
(mg/L); V, is the desorbed liquid volume (L); V, is the
residual liquid volume (L).

2.11 Characterization of adsorption behavior

We observed and analyzed the LBM before and
after adsorption with SEM, XRD, and FTIR. The
surface morphology characteristics were observed with
SEM at an accelerating voltage of 3 kV. The FTIR
with the potassium bromide pressurization method was
controlled by the frequency range of 4000400 cm™
with a spectral resolution of 4 cm™ and 32 scans for
samples. The XRD measurement conditions were
as follows: copper K-alpha, with a tube current and
scanning range of 40 mA and 5°-90°, respectively.

3 Results and discussion

3.1 Kinetic characterization of adsorption in Pb*-
MB/CR composite systems

Adsorption is divided into three stages: transpor-
tation of the substance from the liquid phase to the
boundary layer at the surface of the adsorbent; attach-
ment to the surface of the adsorbent; penetration into
pore spaces. Initially, the rate of adsorption is typically
rapid, and then it reaches a constant value (Igberase
et al., 2018; Khoee et al., 2024).

It can be observed from Fig. 1a that for the Pb*-
MB system, at the onset of the adsorption process, the
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adsorption of Pb** from 0-60 min, of MB from 0—
30 min, and the adsorption removal rate of Pb* and
MB by LBM increased linearly as the fast adsorption
process was extended. The adsorption removal rates
of Pb* and MB reached 88.18% and 73.24% within
60 min and 30 min, respectively. The adsorption
rate depends on the availability of adsorption sites
(Changalvaei et al., 2021; Nizam et al., 2024). There-
fore, the fast adsorption rate and high removal effi-
ciency we observed can be attributed to the large num-
ber of surface vacancies on the LBM. Furthermore,
the initial concentration during the early phase offered
a significant impetus that facilitated the overcoming
of mass transfer resistance between the aqueous phase
and solid phase for the adsorbate ions (Tattibayeva
et al., 2022). With longer times, we observed that the
adsorption capacity continued to increase, albeit at a
decelerating pace, which indicated a slow reaction
process. Adsorption reactions tended to equilibrate
after 300 min and finally achieved the maximum ad-
sorption removal. The adsorption removal rates of Pb*
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Fig. 1 Effect of adsorption time on LBM adsorption of
Pb**-MB (a) and Pb*"-CR (b) composite systems
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and MB by LBM reached 99.23% and 84.16%, re-
spectively. These phenomena can be explained by ad-
sorbate ions gradually occupying the active site of the
adsorbent. The enhancement of mass transfer resis-
tance caused by the decrease of adsorbate concentra-
tion in the solution might also slow down the adsorp-
tion process, causing the adsorption reactions to reach
the adsorption equilibrium.

In the Pb*’-CR system (Fig. 1b), when Pb* and
CR were adsorbed for 30 min and 60 min, their ad-
sorption removal rates increased linearly with the pro-
longation of time, which would also be considered as
a fast adsorption process. In comparison to what we
saw in the Pb*’-MB system, the adsorption rate of
LBM for Pb* was faster. Therefore, we speculate that
coexisting CR has a weaker effect on the adsorption
of Pb*". Compared with MB, the adsorption of CR
had a longer adsorption reaction time and relatively
lower adsorption removal rate owing to the formation
of strong electrostatic attraction between the LBM
(negative charge) and the MB (positive charge and cat-
ionic type), which promoted faster adsorption of MB.
The removal rates of Pb** and CR increased slowly
with longer contact time, indicating a slow reaction
process, and the adsorption reactions of both reached
equilibrium at 360 min. Finally, the adsorption removal
rates of Pb*" and CR reached 93.81% and 76.32%, re-
spectively. It was clear that the adsorption removal
rate of Pb™ in the system with a lower initial concen-
tration of Pb*-MB was slightly higher than in the
Pb**-CR system, but the adsorption removal rates of
Pb* were all higher than 93% in both composite sys-
tems. These results might be due to LBM with a nega-
tively charged surface having enough adsorption sites
for Pb* at lower initial concentrations; however, more
negatively charged CR was retained in solution by the
negative-charge surface repulsion of LBM in the
Pb**-CR system, and sulfonic acid groups on CR in
solution could bind to Pb*, which slightly reduced the

adsorption removal rate of Pb™ in the Pb*-CR system.
The structural formula of CR is shown in Fig. S1.

To gain a deeper understanding of the kinetic
properties of LBM adsorption in the Pb*-MB/CR
composite systems, we applied both the pseudo-first-
order and pseudo-second-order kinetic models to fit
the kinetic data (the outcomes are detailed in Table 1).
According to the R* value of the fitting results, the
pseudo-second-order kinetic model provided a more
precise representation of the adsorption process for
both systems (R*>0.99). The adsorption capacities pre-
dicted by the pseudo-second-order kinetic model for
Pb* and MB were 15.08 mg/g and 3.17 mg/g, respec-
tively, and the predicted data closely aligned with the
actual data (14.89 mg/g and 3.16 mg/g). Meanwhile,
the adsorption capacities predicted for Pb** and CR
were 14.14 mg/g and 3.04 mg/g, respectively. The
predicted data also closely aligned with the actual data
(14.07 mg/g and 2.86 mg/g), suggesting that the ad-
sorption reactions in the Pb*-MB/CR composite sys-
tems were controlled by chemical mechanisms (Fan
etal., 2018; Lv et al., 2019).

3.2 Isothermal adsorption in Pb*-MB/CR composite
systems

Adsorption isotherms predominantly depict the
nature of interactions that occur between the adsor-
bate and adsorbent, and their relationship. Monolayer
molecular adsorption with uniform adsorption capacity
on the adsorbent surface is represented well by the
Langmuir isotherm model, whereas multilayer mo-
lecular adsorption of an adsorbent with an uneven
surface-active site suits to the Freundlich isotherm
model. Moreover, the energy distribution of the ad-
sorption site decreases exponentially (Kalam et al.,
2021; Semwal et al., 2023; Zhang YB et al., 2023).
We utilized both isothermal adsorption models to ana-
lyze the isothermal adsorption data of Pb*-MB/CR
composite systems, as depicted in Fig. 2 and Table 2.

Table 1 Kinetic parameters of the pseudo-first-order kinetic and pseudo-second-order Kinetic

Pseudo-first-order kinetic

Pseudo-second-order kinetic

Qewp (ME/E) g, (Mg/g) k (min™) R* ¢, (mge) g, (mg/g) k, (g/(mg'min)) R’

Adsorbate Concentration (mg/L)
Pb* 50 14.89 7.12
MB 50 3.16 1.06
Pb* 50 14.07 3.40
CR 50 2.86 3.10

0.03  0.88 14.89 15.08 0.01 0.99
0.02  0.88 3.16 3.17 0.04 0.99
0.01  0.69 14.07 14.14 0.01 0.99
0.02 0.87 2.86 3.04 0.01 0.97

9o, 18 the adsorption capacity obtained from the experiment; ¢, ,, is the theoretical adsorption capacity.
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Fig. 2 Langmuir and Freundlich adsorption isotherms of
Pb**-MB (a) and Pb**-CR (b) composite systems

It can be seen from Fig. 2 and Table 2 that the
Langmuir isotherm adsorption model only better char-
acterizes isothermal adsorption of LBM in the Pb*-
MB composite system (R*>0.97). It exemplifies the in-
tricate nature of adsorption of Pb*/MB on LBM, aris-
ing from diverse chemical interactions such as chemi-
cal bonding between adsorbate ions and adsorbent
surfaces, and electrostatic forces between adsorbate
ions and surface functional groups. The maximum ad-
sorption capacities for Pb** and MB were 7.63 mg/g
and 7.98 mg/g, respectively, at 30 °C. R, is a non-
dimensional equilibrium parameter representing the
equilibrium adsorption behavior, which can reflect
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whether the adsorption process is irreversible (R,=0),
favorable (0<R,<1), linear (R,=1), or unfavorable (R>
1). The results of R, revealed that the adsorption of Pb*"
and MB was a favorable adsorption process on LBM,
which meant that Pb*" and MB had a high affinity
with the LBM (Table 2). By contrast, the Freundlich
isothermal adsorption model had better fitting results
for Pb**-MB (R>>0.95) or Pb*-CR (R*>>0.90) compos-
ite systems simultaneously adsorbed by LBM. This
model accounts for multilayer adsorption, in which the
heat of adsorption and affinity are not uniformly dis-
tributed on a non-homogeneous surface (Hajiahmadi
et al., 2024). The intensity of the interactions between
the adsorbate and adsorbent can be inferred from the
surface heterogeneity factor 1/n. If 1/n tends towards
0, this indicates that it might be more heterogeneous
in nature; if it is 0<1/n<I, this signifies that the level
of adsorption is favorable; if 1/n=1, it implies that ad-
sorption is independent of the adsorbent concentra-
tion. Conversely, if 1/n>1, adsorption is unfavorable
and the affinity is weak (Alorabi and Azizi, 2023;
Debnath and Das, 2023; Mondal et al., 2024). We
found that the 1/n value was less than 1 for Pb*-MB/
CR composite systems, which suggested that the ad-
sorption processes in Pb*-MB/CR were effective and
the complex multi-layer adsorption processes were
dominated by chemisorption (Selim et al., 2018). The
above results show that the adsorption performance of
LBM for Pb*-MB/CR composite systems might be
controlled by different mechanisms.

3.3 Thermodynamics of the Pb*-MB/CR composite
systems

The adsorption thermodynamic parameters of the
Pb*-MB/CR composite systems at different tempera-
tures are shown in Tables 3 and 4. The AG® of Pb*™,
MB, and CR in both systems was negative, which
confirmed that the adsorption had good spontaneity
(Sangor and Al-Ghouti, 2023). Meanwhile, the AG®
increased when the temperature rose, which showed
that the spontaneity of the process was enhanced.

Table 2 Parameters of Langmuir and Freundlich isothermal adsorption models

Langmuir isothermal adsorption model

Freundlich isothermal adsorption model

Adsorbate ¢, (mg/g)

Gy (ME/L) K, (L/mg) R, R K. ((mg/g)-(L/mg)"") 1/n R
Pb* 8.10 7.63 0.60 0.01 0.98 4.17 0.13 0.95
MB 7.61 7.98 0.08 0.05 0.97 1.37 0.37 0.99
Pb* 14.18 68.30 0.02 0.21 0.89 1.32 0.94 0.90
CR 12.56 86.66 0.01 0.48 0.88 0.39 0.99 0.96
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Table 3 Thermodynamic parameters of the Pb*-MB
composite system

Adsorbate Temperature  AG° AH° AS°
(X) (kJ/mol) (kJ/mol) (kJ/(mol-K))

Pb** 293 -12.37 8.39 0.07

303 -13.08 8.39 0.07

313 -13.79 8.39 0.07

MB 293 =093 5794 0.20

303 -2.94 5794 0.20

313 -495 5794 0.20

Table 4 Thermodynamic parameters of the Pb**-CR
composite system

Adsorbate Temperature ~ AG° AH° AS°
(K) (kJ/mol)  (kJ/mol) (kJ/(mol-K))

Pb* 293 -3.02 64.15 0.23

303 -5.32 64.15 0.23

313 -7.61 64.15 0.23

CR 293 -1.17 32.89 0.12

303 -2.33 32.89 0.12

313 -3.49 32.89 0.12

This means that a higher temperature favors adsorp-
tion in both systems. AH° was positive, which further
proved that the adsorption of Pb*, MB, and CR by
LBM was endothermic. In addition, the positive AS°®
denoted an increase in the level of stoichiometry at
the solid—liquid interfaces in the systems (Angaru
et al., 2021; Gupta et al., 2024).

3.4 Influence of system adsorption conditions
3.4.1 Dosage of LBM

Fig. S2 of the ESM shows the comparison of ad-
sorption in Pb*-MB and Pb*-CR composite systems
with different LBM dosages. It is clear from the figure
that the adsorption and removal of Pb*, MB, and CR
rose as the dosage increased, with the amount of ad-
sorbent exerting a stronger effect on the adsorption of
MB and CR.

For the Pb*-MB system, the adsorption removal
rate of Pb*" gradually rose from 96.94% to 99.98%
when the dosage went from 0.05 g to 0.40 g. With a
dosage change from 0.20 g to 0.40 g, the adsorption
removal rate increased slowly, by only 0.52%. For
MB, when the dosage was 0.40 g, the adsorption re-
moval rate for the different concentrations reached the
maximum, rising from 51.80% to 90.49%. This was a
result of the significant increase in surface area in con-
tact with LBM and the usability of LBM adsorption

sites (Abbasi et al., 2024). While the adsorption capacity
of both decreased, Pb> decreased from 14.54 mg/g to
1.87 mg/g and MB decreased from 7.77 mg/g to
1.70 mg/g. An explanation for this tendency is that
the number of active adsorption sites increased when
the dosage of adsorbent increased; however, due to
the limited adsorbate concentration, the utilization ef-
ficiency of these sites was reduced, leading to a de-
crease in the mass per unit adsorption capacity of LBM
(Yang et al., 2023).

For the Pb*-CR system, when the dosage changed
from 0.05 g to 0.40 g, the adsorption removal rate of
Pb*" increased from 90.15% to 93.99%. For CR, when
the dosage changed from 0.05 g to 0.40 g, the adsorp-
tion removal rate increased from 65.55% to 77.39%.
When the dosage changed from 0.20 g to 0.40 g, ad-
sorptive removal of Pb* and CR tended to flatten out.
In addition, the adsorption capacity for both Pb** and
CR decreased, from 13.52 mg/g to 1.76 mg/g and
9.83 mg/g to 1.45 mg/g, respectively. Although a
higher dosage achieved a better adsorption removal
rate, saturation of the active site and avoidance of ex-
cessive waste were the keys to obtaining the best eco-
nomic benefit. Adsorption removal of both Pb*" and
CR in the composite systems had good performance
when the dosage was 0.20 g, so for the rest of the
study, we determined the solid—liquid ratio of 1:75 to
be the best adsorbent dosage.

3.4.2 System pH

The pH of a solution affects the chemical form
of metals and the protonation or deprotonation of ad-
sorbates and adsorbents. Therefore, pH is an impor-
tant factor during the adsorption process (Wang et al.,
2019). Taking into consideration the hydroxide precip-
itation behavior of Pb** under alkaline conditions, we
carried out the adsorption experiments of the Pb*'-
MB/CR composite systems at pH 1.0-5.0.

Fig. S3 of the ESM shows that the adsorption re-
moval rate and adsorption capacity of Pb* and MB in
the Pb*-MB composite system increased with the in-
crease of pH. After the pH increased from 1.0 to 5.0,
the adsorption removal rate and adsorption capacity of
Pb* increased from 35.31% and 1.32 mg/g to 99.46%
and 3.73 mg/g, and the removal rate and adsorption
capacity of MB increased from 4.22% and 0.16 mg/g
to 83.10% and 3.12 mg/g, respectively. This could
be related to the adsorbent surface charge. When pH
was low, the high concentration of H™ in the solution



readily protonated the adsorbent surface, causing elec-
trostatic repulsion with Pb*. Changing simultaneously
with higher pH, the positive charge on the surface of
LBM gradually decreased (pH,,=4.1). Consequently,
the adsorption of Pb*" and MB was driven by electro-
static attraction. Further, the removal rate and adsorp-
tion capacity of Pb* continued slowly increasing and
leveled off at pH 4.0—5.0, which implied that the ex-
tent of protonation on the adsorbent’s surface, along
with the competitive adsorption between H' and Pb*™,
was diminished (Ghafil et al., 2024).

The difference can be seen in Fig. S3b, in which
the adsorptive removal of Pb* and CR show different
trends. As the pH rose from 1.0 to 5.0, the adsorption
removal rate and adsorption capacity of Pb™ increased
from 45.23% and 1.70 mg/g to 93.15% and 3.49 mg/g,
respectively. In contrast, those of CR decreased from
89.16% and 3.34 mg/g to 76.32% and 2.86 mg/g, re-
spectively. This is because MB and CR are different
types of ionic dyes, and with the rise in pH, the in-
crease of OH™ resulted in electrostatic repulsion be-
tween LBM and anionic CR, which were both nega-
tively charged. In addition, it can be seen by compar-
ing Figs. S3a and S3b that pH had a more obvious in-
fluence on Pb*-MB. These results prove that electro-
static attraction is important during adsorption. In
particular, the changing trend of Pb* in the Pb*-CR
system is not significant, demonstrating that other
non-electrostatic interaction factors also contribute
to adsorption, for example, n—n packing and hydro-
gen bonding forces (Li PP et al., 2024). In conclusion,
an appropriate increase in pH was favorable for ad-
sorption in the Pb*-MB composite system, while the
best pH was 5 for the Pb*-CR composite system.

3.4.3 Ionic strength

Ionic strength is another key factor that affects
interactions between the adsorbate and the interface
of an adsorbent. In general, the effect of ionic strength
is mainly manifested as: (1) changes in the structure
of the adsorbent bipolar layer; (2) a decrease in the ra-
dius of hydrated ions; (3) competition for active sites
between coexisting ions (Wang et al., 2013; Chen
L et al., 2024).

For the Pb*-MB system, the adsorption removal
and adsorption capacity of Pb*” and MB decreased with
the increase of ionic strength (Fig. S4a of the ESM).
When NaCl increased from 0.01 mol/L to 0.05 mol/L,
the adsorption removal and adsorption capacity of Pb™
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and MB decreased by 1.33%, 0.05 mg/g, and 26.78%,
1.00 mg/g, respectively. This further proves that the
surface of LBM is mainly characterized by a negative
charge. The main reason for these results is that the
competition of electrolyte ions caused electrostatic
bonding between higher concentrations of Na" and
LBM (Khodabakhshi et al., 2022; Liu S et al., 2022).

For the Pb*-CR system (Fig. S4b), the adsorp-
tion removal rate and adsorption capacity of Pb*" in-
creased slightly with the ionic strength, from 94.83%
and 3.56 mg/g to 97.56% and 3.66 mg/g, respec-
tively, after which there was a decrease of 1.27% and
0.05 mg/g; whereas for CR, the adsorption removal
rate and adsorption capacity also increased and
then decreased slightly with the increase of ionic
strength, from 76.87% and 2.88 mg/g to 78.11% and
2.97 mg/g, respectively, and then decreased by 0.91%
and 0.03 mg/g. The removal of Pb* and CR decreased
slightly with the further increase of ionic strength.
This might be due to excess ions forming a barrier be-
tween LBM and Pb*" and CR (Chanzu et al., 2019;
Tang et al., 2020).

Overall, higher ionic strength had less effect on
Pb* and CR. In the case of the anionic dye CR, the
presence of Na' neutralized the anionic negative charge
of CR and weakened the electrostatic repulsion; thus,
it facilitated the migration of the anionic dye from the
solution to the surface of LBM. In addition, the “salt-
out” effect promoted the adsorption of CR (Liu Y
et al., 2022). The increase in CR adsorption promoted
the adsorption of Pb* to a certain extent. This is due
to the bridge bonding between Pb*" and CR. This syn-
ergistic effect was also clarified subsequently. In both
composite systems, the adsorption removal of Pb* ex-
hibited good performance, which also verified the ex-
istence of chemisorption between Pb** and LBM. We
speculate that the adsorption force of Pb* and LBM
was too strong to allow desorption. In conclusion, an
appropriate reduction of ionic strength for the Pb*-MB
composite system, but an increase of ionic strength
for the Pb**-CR composite system, are conducive to
co-adsorption.

3.4.4 System temperature

The effect of temperature can be observed in
Fig. S5 of the ESM. In the Pb*-MB system, LBM
had a high adsorption removal rate for Pb* in 10—
50 °C. This implies that LBM has a strong affinity for
Pb*, with a large number of unoccupied adsorption
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sites at the beginning which can adsorb rapidly in spite
of the lower temperature. As the temperature rose, the
adsorption removal rate of Pb*" showed a slightly in-
creasing trend, and the adsorption removal and adsorp-
tion capacity increased from 99.11% and 3.72 mg/g to
99.58% and 3.73 mg/g, respectively; for MB, the ad-
sorption efficiency reached the maximum at 40 °C,
with the adsorption removal and adsorption capacity
increasing from 49.16% and 1.84 mg/g to 84.336%
and 3.16 mg/g, respectively. Then they slightly de-
creased at 50 °C (by 10.87% and 0.41 mg/g). For the
Pb*-CR system, the adsorption removal and adsorption
capacity of Pb* and CR increased with increasing tem-
perature from 70.51% and 2.64 mg/g to 94.96% and
3.56 mg/g, and from 48.50% and 1.87 mg/g to 78.37%
and 2.94 mg/g, respectively.

The higher reaction temperature enhanced the
thermal movement of molecules and promoted their
adsorption capacity. In addition, the increase in tem-
perature led to a decrease in the viscosity of the ad-
sorption solution, thus facilitating the adsorption re-
moval rate. One possible explanation for the slight de-
crease in adsorption removal and adsorption capacity
for MB at 50 °C may be the increase in molecular mo-
bility that promoted the desorption of previously ad-
sorbed MB (Abegunde et al., 2024). Alternatively, at
higher temperatures, the hydrogen bonds between
MB and LBM might be severed, leading to reduced
adsorption capacity, as found by Aryee et al. (2022).
The increase in the system temperature generally pro-
moted the adsorption capability of LBM, which fur-
ther highlighted the fact that within a certain tempera-
ture range, adsorption of Pb*, MB, and CR is mainly
a heat-absorbing process, in concordance with the
laws of adsorption thermodynamics. In brief, an ap-
propriate increase in temperature for Pb*-MB/CR
composite systems is favorable for adsorption.

3.5 Interactions between coexisting pollutants in
composite systems

3.5.1 Interaction between Pb* and MB in a composite
system

The results of the interaction between Pb** and
MB in simultaneous adsorption are shown in Fig. S6
of the ESM. Fig. S6a illustrates that with an in-
crease in MB concentration (50 mg/L, 100 mg/L, and
150 mg/L), the adsorption capacity of Pb*" at different
concentrations (50 mg/L, 100 mg/L, and 150 mg/L)

decreased by 0.93 mg/g, 1.82 mg/g, and 2.04 mg/g,
respectively. Meanwhile, with an increase in the con-
centration of Pb* (50 mg/L, 100 mg/L, and 150 mg/L),
the adsorption capacity of MB at different concentra-
tions (50 mg/L, 100 mg/L, and 150 mg/L) decreased
by 2.53 mg/g, 3.70 mg/g, and 6.43 mg/g, respectively
(Fig. S6c). We can conclude that in the composite sys-
tem, Pb*" and MB had the same negatively charged
adsorption sites; thus, there were different degrees of
antagonism between them. Because some active sites
of LBM might be occupied after the adsorption of one
component, the spatial site resistance is enhanced,
which leads to the adsorption of the other component
being further reduced. Certainly, the inhibition of ad-
sorption of another component became more obvious
as the concentration of the competing component in-
creased. The reason could be that increasing the con-
centration of the composite system provided a higher
possibility of contact between the active site and the
adsorbate. When the adsorption sites on the LBM sur-
face were almost occupied, this caused large numbers
of adsorbate ions to compete for the relatively small
number of available sites until adsorption saturation
was reached.

Cationic dyes and heavy metal ions mainly in-
volve cationic complexation with each other in simul-
taneous removal, so their diffusion rate to LBM was
low and they competed with each other (Visa et al.,
2010). Therefore, there was hardly any synergistic or
independent adsorption in the composite system of
Pb*" and MB. On the one hand, given the electronega-
tivity of LBM, the same positive charge of Pb** and
MB made it possible to have similar adsorption sites.
On the other hand, Pb> would also have electrostatic
repulsion with MB. Meanwhile, the inhibitory effect
of the two components was different, and the adsorp-
tion removal rate of Pb** was always high, above
96.94%; in other words, the inhibitory effect of MB
on the adsorption removal rate of Pb* was not obvi-
ous. This indicates that LBM has enough adsorption
sites for Pb*" to adsorb at this concentration. Com-
pared with MB, the adsorption removal rate of Pb* by
LBM was greater. The above implies that the adsorp-
tion removal of Pb** by LBM was in a favorable posi-
tion in the competitive adsorption. This outcome stems
from the variations in the electronic structure and size
of Pb* and MB. Research has indicated that ions with
higher charge densities tend to have higher exchange



rates. The positive charge of Pb** was greater than the
number of MB ions, while the spatial structure of Pb**
was smaller than that of MB. These characteristics
were more favorable for ion exchange (Wang and
Ariyanto, 2007). A comparable observation was made
by Liang et al. (2020) regarding the competitive ad-
sorption between MB and Cu*’, which they investi-
gated by utilizing magnetic graphene oxide/alginate
microbeads (mGO/CA). They found that since the hy-
drated ionic radius of Cu*" was smaller than that of
MB and the charge density was higher than that of
Cu”, mGO/CA could adsorb much more Cu* than
MB (Liang et al., 2020). Alinezhad et al. (2020) ob-
tained a higher maximum adsorption capacity of Hg™
than MB in binary aqueous solution by using new
polymer composites.

At a lower Pb*" concentration (50 mg/L), the R,
was close to 1.0, so the MB had less effect on the ad-
sorption of Pb* (Fig. S6b). This meant that the ad-
sorption sites of LBM were relatively adequate under
these conditions and LBM still removed Pb™, even in
the presence of competing components. However, as
the concentration of Pb* increased, 0.72<R,,<0.97,
which further showed that the inhibitory effect was
strengthened when Pb*" concentration was higher.
Combined with 0.39<R, ,;,<0.64 (Fig. S6d), the inhibi-
tory effect of MB adsorption by Pb*" was stronger. In
a word, LBM had a stronger affinity for Pb* than MB
in the composite system.

3.5.2 Interaction between Pb* and CR in a composite
system

The results of the interaction between Pb* and
CR in simultaneous adsorption are shown in Fig. S7
of the ESM. In Fig. S7a, it can be seen that with the
increase of CR concentration (50 mg/L, 100 mg/L,
and 150 mg/L), the adsorption capacity of Pb*" at
different concentrations (50 mg/L, 100 mg/L, and
150 mg/L) increased by 0.15 mg/g, 0.96 mg/g, and
2.07 mg/g, respectively. With the increase in Pb** con-
centration (50 mg/L, 100 mg/L, and 150 mg/L), the
adsorption capacity of MB at different concentra-
tions (50 mg/L, 100 mg/L, and 150 mg/L) increased
by 1.11 mg/g, 2.38 mg/g, and 5.94 mg/g, respectively
(Fig. S7¢). Thus, there was a synergistic effect be-
tween CR and Pb*. Clearly, when the concentration
of one component increased, it promoted the adsorp-
tion process of the other component within a certain
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concentration range, gradually enhancing the promo-
tion effect. The subsequent process predominantly
contributed to the simultaneous adsorption of anionic
dyes and heavy metal ions. Initially, the anionic dyes
had the potential to engage in complexation with the
heavy metal ions and be adsorbed. Then, a certain
component preferentially occupied the active site and
acted as a bridge to promote the adsorption of other
components through coordination, complexation, or
electrostatic attraction; for example, the carboxyl, ami-
no, or sulfonic acid groups of the dye molecule could
be used as binding sites (Qin et al., 2019). Therefore,
in the Pb*-CR composite system, LBM could still ef-
fectively adsorb Pb*" and CR, and the adsorption ef-
fect on Pb* was better. That was because the electro-
static attraction between the negative charge on the
LBM surface and Pb** would lead the migration of
Pb* to the LBM surface, which neutralized the nega-
tive charge on the LBM surface. Then, the adsorbed
Pb** could promote the adsorption of negatively
charged CR through the bridge bond. Similarly, the
adsorbed CR could further adsorb Pb* through bridge
bond. In addition, the hydroxyl, amino, and sulfonic
acid groups carried by CR and LBM combined with
H' in the solution to increase the adsorption of H,
which in turn reduced H' in the solution and enhanced
the pH of solution. It resulted in gradual expression of
a positively charged state on the surface of LBM, and
the adsorption of CR was also promoted by electro-
static attraction. In brief, this synergistic adsorption ef-
fect in the form of bridge bond enhanced the adsorp-
tion efficiency of Pb’" and CR (Liu et al., 2023). In ad-
dition, some of the Pb™ could bind to CR, and LBM
with a negatively charged surface had enough adsorp-
tion sites for Pb* at lower initial concentrations. The
parts of CR and LBM with negative charge repelled
each other and CR was retained in solution, so sulfonic
acid groups on CR in solution could interact with
Pb*". At the lower initial concentration of 50 mg/L,
R, ;,<1.0, possibly because LBM had an adequate
number of adsorption sites for Pb*" and the synergistic
effect of the coexisting CR was not significant. With
the increase of initial Pb* concentration, 1.08<R,,,<
1.38, and the promotion effect of CR showed an up-
ward trend. This synergistic relationship was also cor-
roborated by the fact that 1.05<R,,<1.35, as shown
in Fig. S7d.
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3.6 Influence of coexisting cations and anions on
adsorption in composite systems

Printing and dyeing wastewater usually contain
other complex components that come from various
chemical auxiliaries used in dye production and the
dyeing process. Therefore, it contains relatively high
concentrations of salt substances such as Na“, Mg”",
K, NO;, SOZ, and PO;". These cations and anions
usually affect adsorption. Therefore, it is of great sig-
nificance to explore the interference effect of com-
mon co-existing ions on adsorption. Figs. S8 and S9
of the ESM show the influence of interfering ions
with an ionic strength of 0.03 mol/L in Pb*-MB/CR
composite systems.

In the Pb*-MB composite system, when cations
and anions were added, adsorption and removal of
Pb™" were more strongly inhibited by cations than an-
ions; the addition of anions had almost no effect on
Pb*. The coexisting cations had an obvious effect on
the adsorption of MB compared to that of Pb*. For
MB, the adsorption removal rate decreased when cat-
ions were added. When the ionic strength of Na',
Mg*, or K" was 0.03 mol/L, the adsorption removal
rate of MB decreased by 7.88%, 41.38%, and 48.81%,
respectively. However, when anions were added, the
adsorption removal rate of MB increased by 0.54%,
1.02%, and 2.81%, respectively. The explanation is
that cations and MB have the same positive charge, so
they have similar adsorption sites. Cations can occupy
the active site of LBM and change its surface electri-
cal properties (Li et al., 2023). However, the addition
of anions produced more negative ion sites on the
LBM surface, which strengthened the electrostatic at-
traction with cationic MB. Therefore, the cations in-
hibited the adsorption removal of MB. At the same
time, the impact of interfering cations on MB was in
the order of Na'<Mg*<Ca™, because the electronega-
tivity as well as the charge of the coexisting ions influ-
enced the adsorption affinity between LBM and MB.
Since the charge quantity of Na“ was less than Ca*
and Mg™, and the electronegativity of Na" (0.93) was
less than Ca* (1.00) and Mg™ (1.31), Ca* and Mg
had stronger hydration capacities and electrostatic at-
traction to easily occupy the active sites (Jiang et al.,
2022; Liu et al., 2024). Thus, Ca> and Mg** com-
peted more strongly with MB. The influence of inter-
fering anions on MB was in the order of NO;<SO; <
PO7, indicating that ions with higher valence states

had greater potential than univalent ions and car-
ried more negative charge, resulting in a greater
influence on MB adsorption (Brahma and Saikia,
2022).

In the Pb*-CR composite system, the addition of
cations and anions promoted the adsorption of Pb*',
with slight increases of 0.78%, 2.77%, 1.92%, 0.68%,
1.17%, and 3.75% after adding 0.03 mol/L of Na’,
Mg*, Ca*, NO3, SO7, and PO7, respectively. The ad-
dition of cations was beneficial to the adsorption of
Pb*, as the increased adsorption of CR enhanced the
negative charge on the surface of LBM, providing ad-
ditional adsorption sites. The influence of coexisting
anions on Pb* was in the order of NO;<SO; <PO;".
SO; and PO} easily formed stable precipitation with
Pb**, which reduced the concentration of Pb™ in the
form of precipitation; thus, LBM exhibited a higher
adsorption removal rate of Pb*". For CR, when the
ionic strength of Na“, Mg*", and K* was 0.03 mol/L,
the adsorption removal rate of CR increased by 7.90%,
12.46%, and 19.78%, respectively. This is due to the
fact that the cations in the solution neutralized the re-
pulsive force between the negatively charged LBM
and CR. This finding is in alignment with the afore-
mentioned research outcomes regarding the impact of
ionic strength. In addition, Mg” and Ca** had higher
positive charge than Na“, which explained why Mg*
and Ca™ had a stronger promotion effect, and the “salt-
out effect” generated by Mg* and Ca® made the pre-
cipitated CR more easily adsorbed (Wu ZD et al.,
2021). He et al. (2023) also found that Ca*, Na’, and
K™ gave activated carbon a positive charge, thus en-
hancing electrostatic interactions between the adsor-
bent and CR with high adsorption of CR. In contrast,
we found that the anions hindered the adsorption of
CR. The influence was in the order of NO;<SO; <
PO, and there was a decrease of 15.10%, 19.25%,
and 22.91% after adding the 0.03 mol/L NO;, SO7,
and PO;, respectively. Because NO;, SO7, PO;", and
CR are all anions, they could compete for similar ad-
sorption sites, while NO*, which had a lower charge
density, was less competitive (Sahu et al., 2021). Fur-
thermore, SO} competed with sulfonic acid groups of
CR molecules. PO?™ formed H,PO;, HPO;, and PO;
through ionization, which consumed more adsorption
sites than other compounds (Brahma and Saikia, 2022;
Wu SJ et al., 2022). This resulted in greater inhibition
of CR adsorption.



The above results indicate that LBM has the po-
tential to simultaneously adsorb Pb*", MB, and CR in
actual wastewater treatment, especially since it main-
tains a good adsorption removal rate for Pb*. They al-
so confirm that electrostatic action plays a crucial role
in this adsorption process.

3.7 Desorption characteristics and recycling
potential of LBM after adsorption

Optimal recyclability and stability are important
features of ideal adsorbent materials (Wang Y et al.,
2024b). In order to achieve stability and the potential
for LBM regeneration and recycling after adsorption,
we tried three different desorbents. The outcome is
shown in Fig. S10 of the ESM.

Currently, the usual desorption methods for the
regeneration cycle of biomass materials include acid
desorption and alkali desorption (Patel, 2021). H' dis-
places large amounts of heavy metal ions and dyes
due to competitive adsorption, so regeneration is gen-
erally achieved by treating adsorbents in an inorganic
acid solution (Lan et al., 2023).

In the Pb*-MB composite system, the desorption
rates of Pb* were 12.32%, 12.96%, and 9.68%, and
the desorption rates of MB were 68.4%, 76.53%, and
83.81% when H,SO,, HNO,, and HCI were respec-
tively used as desorbents. In the Pb*-CR composite
system, the desorption rate of CR was 0%, while the
desorption rate of Pb*" was also low. The desorption
rates when 0.1 mol/L H,SO,, 0.1 mol/L HNO,, and
0.1 mol/L HCI were used as desorbents were 5.94%,
7.16%, and 5.45%, respectively. The desorption rates
of different systems were determined by the structural
features of the LBM and the properties of the adsor-
bate. Biomass with rich functional groups plays a key
role in the strong complex adsorption of cationic Pb™
(Li L et al., 2024). Therefore, complexation generated
more lead complexes, while the complexation reac-
tion of MB was not evident, resulting in a higher de-
sorption rate for MB than Pb*". In addition to the pos-
sible complexation and chelation between LBM and
Pb>, LBM also contained more minerals such as
Ca,(PO,), and Fe,Ti,0,, which formed insoluble pre-
cipitates with Pb”*" by exchanging ions and removing
them as microprecipitation. This led to a portion of
the LBM being difficult to desorb, such that the de-
sorption of Pb** was much less than that of MB. Com-
pared with the Pb*-MB composite system, desorption
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of Pb* in the presence of CR was less, due to the
establishment of robust complexes between Pb* and
CR with sulfonic acid groups through electrostatic in-
teraction and coordination (Tran et al., 2022). Mean-
while, the other part of the LBM that adsorbed Pb*
suffered from the promotion of CR, which firmly
bonded the Pb* to the LBM. This explained why Pb**
and CR were more difficult to desorb, and why the
LBM that adsorbed Pb* and CR had better stability.
In view of this, LBM could be utilized as a disposable
material for simultaneous adsorption removal of Pb*-
CR. Although the Pb*-MB composite system could
be desorbed, the desorption rate was not high and there
was a substantial difference between the two systems.
The time and cost required for the desorption process
lead to the conclusion that LBM as a treatment in the
Pb*-MB composite system is also more suitable as a
disposable material. In addition, attention should be
paid to avoiding the release of Pb**, MB, and CR in
the treatment of post-adsorption LBM material, be-
cause the material had a certain desorption rate, which
meant that pollutants might be released from the ad-
sorbent surface into the environment when rainwater
leached, leading to secondary pollution.

The mechanism of the adsorption process is also
closely related to the desorption process. If an adsor-
bent can be desorbed with water alone, the adsorption
bond is usually weak, whereas desorption with an ac-
id or alkali desorbent is more difficult, showing that
stronger chemisorption has occurred. LBM clearly ex-
hibited chemisorption of Pb*’, MB, and CR.

3.8 Characterization of adsorption behavior

3.8.1 Surface characteristics of LBM before and after
adsorption in composite systems

SEM was used to scan the surface characteristics
as shown in Fig. 3. It is clear that the surface of LBM
without adsorption presents an irregular and uneven
cluster-like morphology at the microscopic level, rich
in crystalline substances. The various particles also
have pores of different sizes (Fig. 3a). The uneven
folds and porous structure could provide abundant ac-
tive adsorption sites and promote the efficiency of in-
teractions in pores.

After adsorption in Pb*-MB/CR composite sys-
tems (Fig. 3), LBM has an obvious honeycomb struc-
ture and rough cavities, and many sheets and broken
structures have formed on the surface because Pb*",
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Fig. 3 Surface characteristics of LBM before (a) and after
adsorption of Pb**-MB (b) and Pb*-CR (c) composite
systems

MB, and CR have entered the adsorption sites and
destroyed the surface structure. Due to the interaction
between the adsorbates and LBM, the adsorbates ag-
gregated on the surface of LBM, which made the sur-
face rougher and looser and formed irregular dis-
persed shapes. The specific surface area and pore vol-
ume of LBM are small, so the pore structure is not the

primary controlling factor for adsorption with LBM.
The primary factor is surface adsorption, and these re-
sults coincide with those obtained via SEM.

3.8.2 XRD characteristics of LBM before and after
adsorption in the composite systems

In order to understand the contributions of min-
eral components in LBM during the adsorption pro-
cess, we used XRD to analyze LBM before and after
adsorption in the composite systems, and the results
are shown in Fig. 4. LBM before and after adsorption
has obvious characteristic peaks at 27.40°, 28.28°,
36.10°, 41.10°, 43.94°, 54.20°, 56.40°, 62.61°, 63.88°,
68.80°, and 69.61°, which correspond to the character-
istic peaks of TiO,. In addition, 27.40° indicates the
characteristic diffraction peak of SiO,. 36.81°, 39.11°,
41.23°, 54.30°, and 56.61° indicate the characteristic
diffraction peaks of Fe,Ti,0,. 39.11° is the characteristic
diffraction peak of Ca,(PO,),, and 35.96° and 56.61°
are the characteristic diffraction peaks of CaCO,.
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Fig. 4 XRD characteristics of LBM in the Pb*-MB/CR
composite systems before and after adsorption (a: before
adsorption; b: after adsorption of Pb*-MB; c: after
adsorption of Pb**-CR)

Compared with the post-adsorption LBM, the
corresponding characteristic peaks shown by LBM be-
fore adsorption were sharper and the peak height was
higher, meaning that the crystallinity of related miner-
als was higher. After adsorption, the peak heights of
the relative features of LBM decreased, and so did the
intensity of the peaks, due to the adsorption reaction
between the mineral surfaces in the LBM and the ad-
sorbate molecules during the adsorption process which
changed the surface structure of the LBM. This caused



the mineral crystals of the aforementioned minerals to
change to an amorphous and loose structure, which re-
sulted in a decrease in the crystallinity of the minerals
in the outer layer of the LBM. The small peak at
about 28.28° represents TiO,, which decreased signifi-
cantly after adsorption, indicating that it played an im-
portant role in adsorption. Moreover, SiO, and TiO,
had many surface adsorption sites. Pb**, MB, and CR
were adsorbed in the vacancy through physical ad-
sorption, and hydroxyl produced by hydration acted
on Pb’* and both dyes. In addition, SiO,, Fe,Ti,O,,
TiO,, and Ca,(PO,), facilitated the adsorption of Pb*,
MB, and CR by LBM through bridge bonds. The Ca™*
in LBM reacted with the sulfonic acid groups in the
anionic dye CR, resulting in precipitation of adsorp-
tion. In LBM, the anionic phosphate in Ca,(PO,), also
reacted with MB and Pb*, forming a stable structure.
This also explains the incomplete or very low desorp-
tion of MB, CR, and Pb*" after adsorption.

3.8.3 FTIR characteristics of LBM before and after
adsorption in the composite systems

LBM contains abundant C, N, O, H, and other
elements as well as organic matter, indicating that it
contains more organic matter such as microbial resi-
dues and microbial metabolites, which would inevita-
bly participate in the adsorption process. In order to
understand the adsorption action between the relevant
functional groups on LBM and the adsorbent, we
used FTIR to analyze the LBM before and after ad-
sorption (Fig. 5).

In the composite systems, due to the interactions
between different functional groups and components,
the different types of adsorption processes were com-
plicated. It can be seen from Fig. 5 that the infrared
absorption peaks of most groups shifted, implying
that they reacted with the adsorbate. For the Pb*-MB
composite system, at the peak of 3318 cm™', the
stretching vibration peaks of —OH and N—H shifted to
3394 cm™'. The C=O0 stretching vibration peak shifted
to 1726 cm™, the —COOH and C=N stretching vibra-
tion peaks shifted to 1686 cm™, and the C=C skeletal
vibration peak shifted to 1550 c¢m™. Meanwhile, for
the Pb*-CR composite system, the O-H and N-H
stretching vibration peaks at 3318 cm™ shifted to
3415 cm™. The peak at 1685 cm™ can be ascribed to
—COOH stretching vibration groups. The C=N stretch-
ing vibration groups shifted to 1687 cm™ and the
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Fig. 5 FTIR characteristics of LBM in Pb**-MB (a) and
Pb*-CR (b) composite systems (A: before adsorption; B:
after adsorption)

C=C skeleton vibration peak of 1546 cm™' shifted to
1550 cm™. This proves that the abundant amino and
carboxyl groups of LBM can form strong complex-
ations with Pb*" and thus have a high adsorption ca-
pacity for Pb™. In addition, O—H (as an electron donor)
can form complex with Pb*", MB, and CR (Kyzas
et al., 2015; Li B et al., 2019b). Thus, the hindering
effect of complexes was also one of the reasons for
the decrease in the adsorption removal rate in the
composite system. Combining the molecular structure
figures of both dyes (Fig. S1), it can be demonstrated
that there are a number of N-containing groups in MB
that act as hydrogen bond acceptors. This was linked
to the creation of hydrogen bonds with the oxygen-
bearing functional groups on LBM, such as hydro-
xyl, carboxyl, and carbonyl groups. The —NH,, —SO5,
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and —N=N- groups carried by CR could also form
hydrogen bonds with the above-mentioned functional
groups on LBM (Li B et al., 2019a; Zhang QY et al.,
2023). The bending vibration peaks of —-CONH, at
1378 cm™ and 1230 cm™ after adsorption of the
Pb**-MB composite system shifted to higher wave
numbers, and the C—H stretching vibration peak at
506 cm™' weakened significantly and shifted to
515 ¢cm™. This represented the C-H bending vibra-
tion peak at 1459 cm™', which shifted to 1463 cm™
after adsorption of the Pb*-CR composite system, and
the C-H stretching vibration peak at 506 cm™ disap-
peared, which can be attributed to complexing reac-
tions during adsorption. Moreover, Pb*", MB, and CR
were adsorbed by hydroxyl groups because of electro-
static interactions, and the aromatic rings on the dye
molecule and the C=C double bond carried by CR
formed a m—m bonding system with the LBM. Some
characteristic peaks such as —CH, stretching vibration
and C=C skeleton vibration peaks were not signifi-
cantly shifted. However, it is clear that the strength of
infrared characteristic peaks was enhanced after ad-
sorption in the two composite systems. Meanwhile,
the strength of infrared characteristic peaks of —OH
and N-H groups, which were significantly shifted,
was also enhanced. These results indicate that some
organic substances, i.e., MB and CR, were adsorbed
on the LBM surface. This is because in the composite
system, the possible interactions between adsorbates
and LBM resulted in an increase in the above-
mentioned groups due to the adsorbed MB or CR on
the LBM surface.

In summary, the positively charged groups (e.g.,
—OH) and negatively charged groups (e.g., —COOH)
carried by LBM achieved synergistic removal of Pb*
and anionic dyes in water by electrostatic attraction.
Vibrational changes in the O—H, N-H, and -COOH
stretching vibration peaks indicate complexation with
Pb*', MB, and CR; N groups also played an important
role as hydrogen receptors and hydrogen bonds with
oxygen-containing functional groups such as O-H,
—COOH, and C=0 carried by LBM. In addition, O—H
and C—H stretching vibration peaks, the C=N stretch-
ing vibration peak, and the C=C skeleton vibration
peak could combine with the MB and CR through
non-covalent interactions such as CH—n or m—n conju-
gated effects. This proves that functional groups such
as hydroxyls, aminos, carbonyls, alkyls, and carboxyls,

interact with an adsorbent and make important contri-
butions to competitive adsorption.

4 Conclusions

LBM is a suitable, novel material for simultane-
ous adsorption removal of heavy metals and dyes in
the composite system of printing and dyeing wastewa-
ter. The adsorption kinetics of Pb*-MB/CR composite
systems can be effectively characterized by the pseudo-
second-order kinetic model (R>>0.97), which is domi-
nated by the chemisorption process. In the Pb*-MB
composite system, both the Langmuir isothermal ad-
sorption model (R>>0.97) and Freundlich isothermal
adsorption model (R*>0.95) better describe the iso-
thermal adsorption characteristics of Pb* and MB,
while only the Freundlich isothermal adsorption mod-
el accurately describes the isothermal adsorption char-
acteristics of Pb* and CR in the Pb*-CR composite
system (R>>0.90). In the Pb*-MB composite system,
the adsorption is antagonistic with similar adsorption
sites. However, the adsorption is synergistic with dif-
ferent adsorption sites in the Pb**-CR composite sys-
tem, which leads to a higher simultaneous adsorption
capacity with a higher initial Pb*-CR concentration
than that of Pb*-MB. In the Pb*-MB/CR composite
systems, an appropriate increase of the LBM dosage
and system temperature within a certain range contrib-
utes to the simultaneous adsorption removal of Pb*
and MB or CR. The optimal solid-liquid ratio and
temperature are 1:75 and 30 °C, respectively. The ad-
sorption and removal rates of Pb*” and MB were
99.98% and 90.49%, respectively, and those of Pb*
and CR were 93.99% and 77.39%, respectively, in
(50, 50) mg/L of Pb**-MB/CR composite systems
under these conditions. The adsorption removal of
Pb* and MB increases with the pH level and decreas-
es as the ionic strength increases, while the removal
rate of CR shows an opposite trend, slowly decreas-
ing with the increase of pH and increasing with the in-
crease of ionic strength.

The coexisting cation and anion types have a
limited effect on the simultaneous adsorption removal
of Pb*, MB, and CR. In the Pb*-MB composite sys-
tem, the desorption rates of LBM-adsorbed Pb*" and
MB were lower than 12.96% and higher than 68.40%,
respectively, with a large difference in the desorption



rate; whereas in the Pb*-CR composite system, the
desorption rates of LBM-adsorbed Pb*" and CR were
lower than 7.16%, indicating that LBM-adsorbed Pb**
and CR had good stability. Therefore, based on the
different adsorption characteristics of LBM in the two
systems, we suggest that it could be utilized as a dis-
posable material for simultaneous adsorption and re-
moval of Pb*-MB/CR composite systems. In addi-
tion, the structure and various inorganic and organic
components of LBM contribute to simultaneous ad-
sorption and removal. The characterization results re-
veal that the adsorption of the two composite systems
is controlled by complex interactions involving hydro-
gen bonding, complexations, 7—n bonding interactions,
and electrostatic interactions.
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