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Abstract
Effective hydrogel adsorbents are widely used in toxic dyes removal, but weak toughness and inferior adsorption performance 
limit their actual application. Herein, a dual-functionalized epoxy and amino groups hyperbranched polysiloxane (HPSi) 
cross-linker was initially developed, bentonite (BT) was incorporated with sesbania gum (SG), acrylic acid/acrylamide (AA/
AAm) was utilized as monomers to synthesize hydrogel adsorbent H-SG/BT(AA/AAm) for the adsorption of methylene blue 
(MB) and malachite green (MG). Various characterization techniques, adsorption parameters test and mechanism analysis 
demonstrated that HPSi and BT endowed H-SG/BT(AA/AAm) with enhanced mechanical strength (tentative extensibility 
of 2645% and elastic recovery was over 90%). The hydroxyl of BT and SG was completely insert into the hydrogel then 
significantly enhanced the swelling and adsorption capacity. H-SG/BT(AA/AAm) exposed a promising adsorption capacity 
towards MB and MG with maximum adsorption capacity of 1226 mg/g and 783 mg/g. Kinetic and isotherm studies indicated 
that the adsorption of MB and MG onto H-SG/BT (AA/AAm) closely followed the pseudo-second-order kinetic model 
and Langmuir isotherm. The adsorption efficiency of H-SG/BT (AA/AAm) for MB and MG could still reach 80% after 
five adsorption–desorption cycles. Clearly, H-SG/BT(AA/AAm) composites can be effectively utilized as an eco-friendly 
adsorbent for dyes adsorption in aqueous environments.

Highlights

• H-SG/BT(AA/AAm) was successfully synthesized by hyperbranched polysiloxane (HPSi) crosslinker.
• HPSi and BT enhanced the mechanical properties of H-SG/BT(AA/AAm).
• SG and BT synergistically enhance the adsorption performance of H-SG/BT(AA/AAm).
• H-SG/BT(AA/AAm) exhibits high adsorption capacity for MB and MG.
• The adsorption mechanism of H-SG/BT(AA/AAm) was proposed.
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Introduction

Synthetic dyes, with over 100,000 types and an annual pro-
duction exceeding 700,000 tons, are prevalent in various 
industries (Saigl et al. 2023). Methylene blue and malachite 
green are among the toxic dyes, posing carcinogenic and 
teratogenic risks to life and damaging ecosystems (Khatooni 
et al. 2023; Vaid et al. 2023; Wang et al. 2021). Therefore, 
effective dye removal is crucial for water treatment, many 
effective strategy (like photocatalysis, electrochemical treat-
ment, reverse osmosis, membrane separation and adsorp-
tion) have been used to remove toxic organic dyes (Hoosh-
var et al. 2024). Among them, the adsorption technology 
via hydrogels stands out for its simplicity and efficiency 
(Njuguna and Schönherr 2022). Hydrogels, with 3D polymer 
porosity structure, high water absorption, and active groups 
like –OH, –CONH–, and –COOH, provide a sustainable and 
efficient adsorption method for dye wastewater treatment 
(Wu et al. 2021; Zhu et al. 2023a, b; Khan et al. 2023). 
Reports have founded that advances in polymer science 
have yielded materials like magnetic molecularly imprinted 
polymers for targeted compound separation and sensitive 
sensors for detecting specific contaminants in water (Wang 
et al. 2023a, b, c; Shao et al. 2022). Furthermore, hydro-
gel materials exhibit a wide range of applications in water 
purification (Yan and Li 2021). Zhu et al. (2023a, b) created 
a graphene/polyacrylamide hydrogel with a 300% swell-
ing capacity and 110.25 mg/g  Ni2+ adsorption. Zhang et al. 
(2022) used laccase-immobilized hydrogels for 98.7% bis-
phenol A removal. Zhan et al. (2024) showcased hydrogels 
as sensors for automated irrigation control. Conductive PVA 
hydrogels, as in Xu et al. (2023), enhance flexible sensors in 
wearable tech and robotics. Bahaar et al. (2023) formulated 
PEG-based hydrogels for Sorafenib’s controlled release, 
while Sidheekha et al. (2023) developed electroactive poly-
aniline/chitosan hydrogels for flexible supercapacitors.

Organic molecules containing a large number of func-
tional groups, such as cellulose, chitosan, and gum, are 
extensively used as matrices for composite hydrogels. 
However, the available hydrogels suffer from issues such 
as susceptibility to cracking and breaking, low mechanical 
strength, and insufficient adsorption capabilities (Pandey 
et al. 2023; Yang et al. 2022). Studies suggest that the incor-
poration of polysaccharides into hydrogels has shown prom-
ise in improving their adsorption properties, environmental 
tolerance, and water retention abilities (Wu et al. 2021). 
Wei et al. (2016) introduced a natural hydrophilic polysac-
charide into a PNIPAM hydrogel network via free radical 
polymerization, resulting in semi-interpenetrating network 
hydrogels that exhibited enhanced mechanical strength and 
excellent biocompatibility. Sesbania gum (SG) is a natural 

polysaccharide substance taken from the endosperm of ses-
bania japonica seed. The SG molecule consists of a β-1,4 
glycosidic bond to mannose and its side chain has a sin-
gle ring composed of α (1 → 6) glycosidic bond to galac-
tose. Besides, the mannose and galactose are in a 2:1 ratio 
(Devkar et al. 2023). SG is decomposable, non-allergenic, 
and eco-conscious. The abundant ortho-cis hydroxyl groups 
in SG, along with its regular galactose side chain, can form 
hydrogen bonds with external organic and inorganic sys-
tems, potentially allowing for interactions with organic 
dyes. In addition, the molecular structure of SG contains 
the water-soluble part (63–68%) and the water-insoluble 
part. The water-soluble part gives SG higher water absorp-
tion and excellent swelling effect, which was favourable for 
adsorption of dyes, and the water-insoluble part makes SG 
have good stability in water. The crosslinking ability enables 
it to form highly elastic composite gel. Although studies 
on SG hydrogels have primarily focused on drug retarda-
tion and water retention agents. In our previous study, we 
found that SG could form stable SG-La beads with trivalent 
metal cations  (La3+,  Fe3+, etc.). The maximum adsorption 
capacity of AAB-SG-La beads incorporated with activated 
silica clay could reach 588 mg/g for Congo red (Yu et al. 
2022). Whereas poor elasticity, recycling performance, poor 
structural integrity and easy dispersion limit sesbania gum 
hydrogel application. To address these issues, additional 
components like polymers, inorganic materials, and met-
als are often added to enhance its properties and expand its 
applications in adsorption-related fields (Ren et al. 2023).

Bentonite (BT), a common layered inorganic silicate 
mineral, is characterized by its interlayer cations that are 
exchangeable, facilitating exfoliation. This property, along 
with the abundance of hydrophilic moieties (–OH), allows 
BT to interact with organic polymers, creating heterogene-
ous materials that can bridge polymer chains via hydrogen 
linkage and homogenize the polymer network (Shirsath et al. 
2011). Wang et al. (2023a, b, c) leveraged this interaction 
by introducing clay-based organic sheet silicates (COSS) 
into polyethylene (PE) and ethylene–vinyl acetate copolymer 
(EVA) blends. The COSS not only restricted the movement of 
molecular chains but also elevated the thermal decomposition 
temperature of the polymer matrix. Moreover, bentonite has 
better compatibility with polymers after organic modification 
and is uniformly dispersed in polymers. BT could provide 
more adsorption sites, both BT and SG have abundant –OH 
groups, the incorporation of bentonite into the SG hydrogel 
material enhances its adsorption capabilities through a syner-
gistic effect (Jiang et al. 2022). Meanwhile, the crosslinking 
degree of the composite hydrogel was enhanced, resulting in 
a decrease in swelling ratio and the final adsorption capacity. 
Combining SG and BT can greatly enhance the mechanical 
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strength of the hydrogel and improve its thermal stability and 
chemical degradation resistance. Sekine et al. (2020) syn-
thesized CMCF/CA/BT, which showed greater compressive 
strength (> 80 MPa) and better removal efficiency on MG and 
MB. Furthermore, owing to the loading effect of the hydrogel, 
the blend of bentonite in the hydrogel can also solve the prob-
lem of powder adsorbent materials unrecyclable and easily 
causing secondary pollution (Pandey 2017).

Toughening of hydrogels can also be achieved by 
developing novel crosslinkers into the hydrogel network. 
However, the commonly used cross-linking agent N,N-
methylenebisacrylamide (MBAA) has limitations such as 
a short molecular chain, few reactive functional groups, 
and high toxicity. Hyperbranched polysiloxane are highly 
branched polymers that possess numerous functionalized 
groups (like amino and epoxy groups), which can provide 
sufficient adsorption active sites for dye molecules and 
enhance the mechanical properties of hydrogels (Chen 
et al. 2023). Li et al. (2019a, b) synthesized hyperbranched 
polysiloxane (HSi) with tunable molecular structures as a 
novel crosslinker to form the polyacrylamide/chitosan (PCH) 
hydrogels, confirmed that the tensile strength, elongation 
at break, and toughness of PCH1 hydrogels were higher 
than those of the PM hydrogels (crosslinker was MBAA). 
Considering the molecular structure and synthesis mechanism 
of commonly used hydrogel monomers (C=C double bond 
and free radical polymerization), the presence of functional 
groups enables HPSi to participate in the formation process 
of polymer networks as a crosslinker.

Therefore, we prepared a novel amine/epoxy dual-
functional hyperbranched polysiloxane HPSi crosslinker to 
enhance the mechanical properties of hydrogels. Utilizing 
acrylamide (AAm) and acrylic acid (AA) as monomers, 
sesbania gum (SG) as a hydrogel matrix, incorporated 
with bentonite (BT) to synthesize H-SG/BT(AA/AAm) 
adsorbents for adsorbing MB and MG. SG and BT can 
significantly enhance the properties of hydrogels not only 
through the formation of hydrogen bonds and physical 
entanglements, but also by increasing the adsorption 
capacity via interactions between –OH groups and dyes. 
Moreover, HPSi strengthens polymer chain connections 
and hydrogel mechanics through monomer polymerization 
and macromolecule interactions. The effect of essential 
adsorption parameters (like monomer ratios, initial dye 
concentrations, adsorption time, pH, ionic strength, and 
temperature) and the swelling behavior of hydrogel were 
all examined. Additionally, the dye sorption process was 
characterized using adsorption isotherm, kinetic models, 
and thermodynamic analysis. Eventually, the adsorption 
mechanism and reuse performance of the hydrogel were 
further explored.

Materials and Methods

Materials

Acrylic acid (AA), acrylamide (AAm), sesbania gum 
(SG,  [C6H9O5(CH2COONa)]n, Fig. S1), (3-aminopropyl) 
tr iethoxysilane (KH550), and γ-glycidoxypropyl 
trimethoxysilane (KH560) were purchased from Macklin 
Chemical Regent Co., Ltd. (Shanghai, China). Potassium 
persulfate (KPS), sodium hydroxide (NaOH), hydrochloric 
acid (HCl), and sodium chloride (NaCl) were bought from 
Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). 
Methylene blue (MB) and Malachite green (MG) were 
obtained from Macklin Chemical Regent Co., Ltd. (Shanghai, 
China). Bentonite (BT) was provided by Guanghua Regent 
Co., Ltd. (Guangdong, China). All reagents used in the 
experiments were analytical grade and ultrapure water was 
used in whole experiments.

Fabrication of H‑SG/BT(AA/AAm) Adsorbent

The adsorbent H-SG/BT(AA/AAm) was synthesized using 
the free radical copolymerization method. Sesbania gum 
solution was prepared in hot (60 °C) ultrapure water at a 
concentration of 2 wt%. Then, 2 g bentonite (BT) was dis-
solved in 30 mL 2 wt% SG solution with magnetic stirring 
for 3 h. Subsequently, 6 g AAm, 15.6 mL AA solution neu-
tralized with NaOH, and 0.6 g HPSi were added into the SG/
BT suspension successively and stirred thoroughly. After, 
0.1 g of KPS was added to the general mixture as an ini-
tiator and stirred for 10 min. Eventually, the mixture was 
through a vacuum oven drying at 80 °C for 3 h to obtain 
H-SG/BT(AA/AAm). Furthermore, the synthesis of H-SG/
BT(AAm), H-SG(AA/AAm), and H-BT(AA/AAm) has 
been done according to the mentioned method (Scheme 1). 

Swelling determination of H‑SG/BT(AA/AAm)

A higher swelling ratio increases the pores between 
macromolecular chains in hydrogels and exposes active 
sites to water and dye molecules that make adsorption 
equilibrium reach rapidly (Yan and Li 2021; Mokhtar et al. 
2020). The swelling behaviors of H-SG/BT(AA/AAm) were 
investigated using gravimetric analysis. Firstly, the vacuum 
freeze-dried hydrogel samples (W0) and subsequently 
immersed in deionized water (DW) with a volume of 
100  mL. The samples were taken out from DW at a 
predetermined time and gently blotting the surface moisture 
with filter paper. Finally, the swollen hydrogel samples 
proceeded to weigh (Wt). The effects of swelling time, pH, 
and salt solution on the swelling properties of composite 
hydrogel were determined. All experiments within the 
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study were repeated three times. The swelling ratio (SR) of 
hydrogel adsorbents was employed using the Eq. (1)

where W0 (g) and Wt (g) are the weight of the dry and 
swollen hydrogel samples, respectively. To get an accurate 
value, four hydrogel samples were tested and used the mean 
to evaluate the swelling behavior of the hydrogel.

Characterization

Fourier transform infrared spectrophotometer (FT-IR) 
analysis of H-SG/BT(AA/AAm) adsorbent was per-
formed with a Shimadzu IRTracer-100 FTIR spectrometer 
(400–4000  cm−1). The hydrogel morphology was examined 
using a field emission scanning electron microscope (FE-
SEM, SU8220 S-3400 N, Hitachi, Japan). The pore size and 
specific surface area of H-SG/BT(AA/AAm) were obtained 
using the Brunauer–Emmett–Teller (BET) method. Energy 
dispersive X-ray spectroscopy (EDS) was employed to deter-
mine the elemental distribution on the surface of composite 
hydrogels. XRD analysis was completed on BT, SG, H-SG/
BT(AAm), H-SG(AA/AAm), and H-SG/BT(AA/AAm) 
using a D/max 2500 V X-Ray diffractometer (Rigaku, Japan) 
with Cu kα radiation (λ = 1.5406 Å) at a scan rate of 10°/
min in the 5°–80° (2θ). The H-SG/BT(AAm), H-SG(AA/
AAm) and H-SG/BT(AA/AAm) were also analyzed on 
a TAQ500 thermogravimetric analyzer under a nitrogen 
atmosphere with a rate of 10℃/min in the temperature range 
of 25–800 °C. A Shimadzu UV–Vis spectrophotometer was 
used to investigate the adsorption behavior of MB and MG 
on the hydrogel (UV-2550, Shimadzu, Japan).

The zero-charge point  (pHpzc) of composite hydrogels was 
determined using the pH drift equilibrium technique. Four 
conical flasks with 100 mL of 0.01 M NaCl were used as 

(1)SR =
Wt −W

0

W
0

electrolytes, and pH was varied from 2 to 10 using 0.1 M 
HCl and NaOH. 0.1 g composite hydrogel was added to each 
flask and oscillated for 48 h. The final pH measured after 
48 h was plotted versus the initial pH and the intersection 
point was taken as pHzpc of the composite hydrogels.

A WDW-05L tensile machine with a 100  mm/min 
stretching speed was used to assess the tensile strength at 
room temperature. The hydrogel samples were divided into 
5 mm thick dumbbell shapes (10 mm in length and 5 mm in 
width). The tenacity of hydrogel samples was determined by 
calculating the integral of stress–strain relationship during 
tensile testing. The cylindrical hydrogel (20 mm in diameter 
and 20 mm in height) was subjected to compression testing 
at a rate of 100 mm/min, within a maximum compressive 
deformation of 90%.

Adsorption Studies of H‑SG/BT(AA/AAm)

The adsorption of MB and MG cationic dyes was done in 
the batch system using H-SG/BT(AA/AAm). The adsorption 
study was performed in pH 2–10, 100 mL MB and MG 
solution with concentration of 20–800 mg/L, adsorbent dose 
of 0.5 g/L, contact time of 0–48 h, temperature of 25–65 °C 
and salinity of 0–1 wt%. The effect of AA/AAm monomer 
ratios and effective parameters like pH, temperature, contact 
time, salinity, and dye concentrations on the adsorption 
behaviors was investigated. The residual dye in an aqueous 
solution was measured using a UV–Vis spectrophotometer 
at a maximum wavelength of 664 nm and 617 nm. The 
adsorption process underwent three iterations and the 
average of the data was presented as the desired result.

The equilibrium adsorption capacity (qe) and percent 
removal ratio (R%) involved considering dye solution 
concentrations in which H-SG/BT(AA/AAm) was added 
before (C0) and after adsorption (Ce). For this, Eqs. (2) and 
(3) below were used.

Scheme 1  Schematic illustra-
tion of the synthetic mechanism 
of H-SG/BT(AA/AAm)
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where qe (mg/g) is the amount of dye absorbed when the 
reaction reached equilibrium. C0 and Ce (mg/L) are the 
initial and equilibrium concentration of dye solutions, m 
(mg) is the amount of hydrogel used and V (L) is the MB/
MG solution volume.

Reusability Studies

Reusability is a critical parameter for evaluating the 
adsorption performance of an adsorbent in actual 
applicat ions.  Therefore,  adsorption–desorption 
experiments were carried out five cycles to investigate 
the reusability of H-SG/BT(AA/AAm). The experimental 
procedure involved desorbing the saturated hydrogel 
samples, which had adsorbed MB and MG, using 0.1 mol/L 
HCl for a duration of 4 h. Afterward, the desorbed hydrogel 
was washed and neutralized with deionized water several 
times to prevent any potential impact of HCl on H-SG/
BT(AA/AAm). The collected desorbed hydrogel was dried 
at 65 °C to prepare it for the subsequent adsorption cycle, 
allowing for a comparison of the impact of different cycles 
on the adsorption capacity.

Results and Discussion

Characterization of H‑SG/BT(AA/AAm)

Functional Group Analysis of Composite Hydrogels

To analyze the structure characterization and chemical bonds 
of the composite hydrogel, FT-IR spectroscopy is employed. 
The resulting FT-IR spectra for samples AA, AAm, SG, BT, 
and H-SG/BT(AA/AAm) are presented in Fig. 1a. AAm dis-
played the asymmetric and symmetric stretching vibration 
peaks of N–H in amide bond at 3369  cm−1 and 3196  cm−1, 
respectively. 1673  cm−1 and 1611  cm−1 was the stretching 
vibration peaks of C=O group in amide-I (Jiang et al. 2023). 
The peaks at 1659  cm−1, 1551  cm−1, and 1458  cm−1 showed 
the stretching vibrations of –COONa in the AA structure, 
while 1405   cm− 1 was attributed to the –COOH flexural 
vibration. The characteristic absorption bands observed at 
1039  cm−1 correspond to the Si–O–Si stretching vibration 
in BT structure (Mamytbekov et al. 2023). The absorption 
peaks at 3454  cm−1 and 2954  cm−1 related to the stretching 
vibrations of O–H and C–H groups were observed in SG 

(2)qe =

(

C
0
− Ce

)

× V

m

(3)R =
C
0
− Ce

C
0

× 100%

(Flores-Cespedes et al. 2023). The 917  cm−1 characteristic 
peak related to epoxy groups matches the 920  cm−1 epoxy 
group characteristic peak of HPSi in H-SG/BT(AA/AAm), 
indicating that the presence of covalent bonds between the 
epoxy and hydroxyl groups in SG molecule. Focusing on 
magnified FT-IR spectra ranging from 1400 to 1800  cm−1, 
characterized peaks attributed to amide I (C=O stretching), 
amide II (N–H flexural vibration) and the carbonyl bend-
ing vibration of –COOH were presented at 1670   cm−1, 
1622  cm−1, and 1408  cm−1, respectively. Additionally, the 
peaks at 1658  cm−1, 1560  cm−1, and 1456  cm−1 related to 
–COONa carbonyl stretching vibration (Devkar et al. 2023). 
The H-SG/BT(AA/AAm) maintained the absorption peaks 
of AA and AAm, with shifted positions due to their polym-
erization. Moreover, the presence of BT broadened the O–H 
stretching vibration at 3462  cm−1, which is likely due to 
hydrogen bond occurrence in the polymer and BT (Lan et al. 
2019). These observations confirmed that H-SG/BT(AA/
AAm) has been successfully synthesized with abundant 
chemical moieties (–COOH, –NH2, and –OH), which are 
beneficial for eliminating dyes from wastewater.

Crystal Structure Analysis of Composite Hydrogels

XRD analysis is one of the most effective methods 
to investigate the crystalline solids phase of hydrogel 
materials. The XRD patterns of BT, SG, H-SG/BT(AAm), 
H-SG(AA/AAm), and H-SG/BT(AA/AAm) are illustrated 
in Fig. 1b. A distinct diffraction peak at 2θ = 20.13° was 
observed in SG, which is caused by the semi-crystalline 
nature of SG (Tang et al. 2020). The diffraction peak of 
H-SG(AA/AAm) at 2θ = 20.13° became wider and its 
intensity diminished. Grafting of AAm and AA caused a 
decrease in the overall crystallinity of H-SG(AA/AAm) 
(Abdel-Bary and Elbedwehy 2018). The peaks at 2θ of 
5.72°, 19.70°, 26.64° and 61.99° in the BT spectrum 
were indicative of montmorillonite (Santoso et  al. 
2023). In addition, the reflection peaks at 2θ = 21.84° 
corresponded to quartz in the BT sample, indicating the 
main components of BT are montmorillonite and  SiO2 
(Khan et  al. 2020). Both H-SG(AA/AAm) and H-SG/
BT(AA/AAm) showed characteristic diffraction peaks of 
montmorillonite and quartz at 2θ of 19.70° and 26.64°, but 
with weaker intensity, suggesting that BT is fully dispersed 
and exfoliated within the hydrogels (Ghafelebashi et al. 
2018). A decrease in the diffraction peak of hydrogels 
was observed in the spectrum, indicating the associations 
among AA, AAm, SG, and BT involve hydrogen bonding, 
as supported by the FTIR analysis results (Dai et al. 2018).
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Thermal Stability Analysis of Composite Hydrogels

Thermogravimetric analysis (TGA) is a method used to 
determine the thermal stability and composition of materials 
as a function of increasing temperature. The TGA results 
of H-SG/BT(AAm), H-SG(AA/AAm), and H-SG/BT(AA/
AAm) samples are depicted in Fig. 1c. Based on the desired 
figure, the samples in the temperature of 25–800 °C have 
four steps of weight loss. The initial step involved a 12% 
weight loss for composite hydrogels occuring at 25–121 °C, 
which is attributed to water evaporation (Ghadami et al. 
2022). The second weight loss occurred at 121–243 °C, 
resulting in a 7% weight loss due to the degradation of 
composite hydrogel components into  CO2 at elevated 
temperatures. In the temperature range of 243–511 °C, the 

hydrogel undergo a 42% weight loss because of the C–O–C 
groups and AA/AAm polymer chains decomposition within 
hydrogel skeleton. In the final stage, the hydrogel lost 4% 
weight when the temperature increased from 511 to 707 °C, 
which was relevant to the minimal non-volatile residue in 
the hydrogel. TGA analysis demonstrates that the H-SG/
BT(AA/AAm) has greater thermal stability than H-SG/
BT(AAm), with the overall weight loss decreasing from 
77 to 67%. In the third stage, the H-SG/BT(AA/AAm) 
hydrogel weight loss peak moved from 430 °C to a higher 
temperature of 511 °C, which is ascribed to the –COOH 
(from AA) acting as an anchor between the polymer chains 
and the bentonite (Melendez-Ortiz et al. 2022; Wang et al. 
2019). The inclusion of AA polymer in H-SG/BT(AA/
AAm) imparts a more rigid structure and confers higher 

Fig. 1  a FTIR spectra of AA, AAm, BT, SG, H-SG/BT(AA/AAm); 
b XRD spectra of SG, BT, H-SG/BT(AAm), H-SG(AA/AAm) and 
H-SG/BT(AA/AAm); c TGA spectra of H-SG/BT(AAm), H-SG(AA/

AAm) and H-SG/BT(AA/AAm); d  pHpzc of H-SG/BT(AAm), 
H-SG(AA/AAm), H-BT(AA/AAm) and H-SG/BT(AA/AAm)
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thermostability of the hydrogel. Compared to H-SG(AA/
AAm), H-SG/BT(AA/AAm) had less weight loss as the 
cross-linked mesh structure formed by interweaving of SG 
and AA/AAm with the BT lamellar structure likely enhances 
the cross-linking architecture (Wang et al. 2022; Pereira 
et al. 2020). These findings clearly demonstrate that the 
integration of BT bolsters the thermostability and strength 
of H-SG(AA/AAm).

Zeta Potential Analysis of Composite Hydrogels

The surface charge of the adsorbents in an aqueous solution 
is characterized by the point of zero charge. The  pHpzc 
of the composite hydrogels were determined using zeta 
potential analysis. As presented in Fig. 1d, the adsorbent 
surface becomes negatively charged when pH >  pHpzc, 
thereby favoring the adsorption of cationic dyes  (MB+ and 
 MG+) due to the electrostatic force. The  pHpzc of H-SG/
BT(AAm), H-SG(AA/AAm), H-BT(AA/AAm), and H-SG/
BT(AA/AAm) were found to be 7.12, 5.81, 5.93, and 6.18 
respectively. In acidic conditions, the –COOH and –OH 
groups are protonated, exhibiting electrostatic competition 
between the positively charged adsorbent and the cationic 
dye molecules (Khatooni et al. 2023). Additionally, reducing 
the concentration of  H+ can increase the available negatively 
charged sites and surface area for cationic dyes to be located 
in hydrogel. Consequently, this improves adsorption 
efficiency of hydrogel adsorbents through electrostatic forces 
(Myint et al. 2020; Benhouria et al. 2015).

Morphological Structure Analysis of Composite Hydrogels

The morphological structures of freeze-dried H-SG/
BT(AAm), H-SG(AA/AAm), H-BT(AA/AAm), and H-SG/
BT(AA/AAm) as observed in Fig. 2. The network struc-
ture of H-SG/BT(AAm) was highly dense with the smallest 
pore size (Fig. 2a), suggesting a high degree of crosslink-
ing between the monomer AAm and the matrix SG. Fur-
thermore, the BT within H-SG/BT(AAm) is not unevenly 
encapsulated, which may be due to the alkyl chains of SG 
reducing the interaction of hydrophilic groups (Wang and 
Wang 2010), thereby enhancing the compatibility between 
the polymer and BT. Although H-SG/BT(AAm) possesses 
good mechanical properties, its swelling degree is also com-
promised due to the dense network structure. The H-SG(AA/
AAm) exhibited a thicker wrinkled structure with larger 
pores (Fig. 2b), which may reduce the adsorptive specific 
surface area and the compressive elastic recovery perfor-
mance to some extent. This effect could be detrimental 
to both the adsorption capacity and the recyclability of 
H-SG(AA/AAm). In comparison, H-BT(AA/AAm) fea-
tured smaller surface wrinkles, fewer pores, and smaller 
pore sizes (Fig. 2c). Moreover, the encapsulation of BT 
particles by the polymer was uneven, likely due to the lower 
degree of polymerization between the AA and AAm mono-
mers. This reduced compatibility with BT in the absence 
of SG, consequently diminishing the adsorption capacity 
and tensile performance of H-BT(AA/AAm). In contrast, 
H-SG/BT(AA/AAm) featured a three-dimensional network 

Fig. 2  SEM images of H-SG/
BT(AAm) (a), H-SG(AA/AAm) 
(b), H-BT(AA/AAm) (c), and 
H-SG/BT(AA/AAm) (d)
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structure with numerous fine wrinkles and smaller pore sizes 
(Fig. 2d), which was more conducive to optimal adsorption 
performance and also endowed the material with suitable 
mechanical properties, ensuring its recyclability. In sum-
mary, the introduction of SG not only promotes the uniform 
dispersion of BT within H-SG/BT(AA/AAm) but also pro-
vides a network structure for H-SG/BT(AA/AAm) through 
moderate crosslinking with AA/AAm. Moreover, the BET 
analysis results are summarized in Table S3. BET surface 
area for H-SG/BT(AA/AAm) was 0.0783  m2/g, indicating 
the porous structure made H-SG/BT(AA/AAm) efficiently 
capture molecule of dyes (Shi et al. 2023).

Swelling Properties of Composite Hydrogels

Testing the swelling ratio is crucial for optimizing the 
hydrogel's performance in absorbing contaminants, as a 
higher swelling capacity typically translates to a larger 
surface area for interaction with pollutants. Therefore, 
the swelling behavior of the hydrogels was investigated. 
The swelling curves of H-SG/BT(AAm), H-SG(AA/
AAm), H-BT(AA/AAm), and H-SG/BT(AA/AAm) are 
depicted in Fig. S4. The swelling trends of all hydrogels 
were similar: they initially swollen rapidly, followed by a 
slow and equilibrium state. The water absorption process 
of H-SG/BT(AA/AAm) can be characterized by two 
distinct stages: initially, the carboxyl groups of H-SG/
BT(AA/AAm) establish hydrogen bonding interactions 
with water molecules, resulting in the adsorption of 
water and subsequent hydrogel swelling. As the hydrogel 
absorbs water and undergoes swelling, its network 
structure expands. This expansion initiates hydrolysis of 
its hydrophilic groups, generating ions and establishing 
a concentration gradient with the surrounding aqueous 
solution. The internal network structure of the hydrogel 
is continuously infiltrated by water molecules until the 
osmotic pressure inside and outside becomes balanced, 
which maximizes its swelling capacity and achieves 
swelling equilibrium (Ozsoy et al. 2022). The swelling 

ratio of H-SG/BT(AAm), H-SG(AA/AAm), H-BT(AA/
AAm), and H-SG/BT(AA/AAm) were 77 g/g, 505 g/g, 
358  g/g, and 501  g/g, respectively. The incorporation 
of SG into H-BT(AA/AAm) resulting in the hydrogel’s 
swelling ratio increase from 358 to 501 g/g, which was 
attributed to the hydrophilic groups (–OH) present in 
SG have a strong propensity to form hydrogen bonds 
with water molecules. Compared to H-SG(AA/AAm), 
the incorporation of BT into H-SG(AA/AAm) increased 
crosslinking network density, resulting in the hydrogel’s 
swelling ratio decrease from 505 to 501 g/g. The hydrogel 
exhibited a deswelling state at 24–48 h, because of the 
hydrogen bonding between protonated carboxyl groups and 
amide groups along the hydrogel molecular chains then 
brought release of excess moisture. It was evident that 
the amount of released water from H-SG/BT(AA/AAm) 
was less than that from H-SG(AA/AAm), because the BT 
inclusion enhanced water retention (Elsaeed et al. 2022). A 
higher cross-linking degree corresponds to a low swelling 
capacity (Chang et al. 2022). The cross-linking degree 
of H-SG/BT(AAm) is higher than that of H-SG/BT(AA/
AAm). Additionally, carboxyl groups have a higher affinity 
for forming hydrogen bonds with water than amide groups. 
Consequently, H-SG/BT(AAm) showed a reduced ability 
to swell in comparison to H-SG/BT(AA/AAm), which 
was also consistent with the mechanical property changes 
observed in the hydrogels.

The pH significantly influences the ionization process and 
the availability of adsorption sites, therefore the impact of 
solution pH on the swelling behavior of the hydrogels was 
investigated across a pH range from 2 to 10. As illustrated 
in Fig. 3a, the swelling ratios of H-SG/BT(AAm), H-SG 
(AA/AAm), H-BT(AA/AAm), and H-SG/BT(AA/AAm) 
were 12 g/g, 3 g/g, 3 g/g and 4 g/g at pH 2. The presence of 
a large amount of  H+ in the extreme acid condition inhibited 
the ionization of carboxyl and amide groups. The forma-
tion of intramolecular hydrogen bonds between an exces-
sive amount of H + ions and these groups caused the hydro-
gels to contract. As the pH value increased, the –COOH 

Fig. 3  The swelling curves of 
H-SG/BT(AAm), H-SG(AA/
AAm), H-BT(AA/AAm), and 
H-SG/BT(AA/AAm) hydrogels 
in a different pH solutions and b 
varied salt solutions
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and –NH2 groups became ionized, which enhanced electro-
static repulsion and subsequently increased hydrogel swell-
ing. The maximum swelling values of H-SG/BT(AAm), 
H-SG(AA/AAm), H-BT(AA/AAm), and H-SG/BT(AA/
AAm) at pH 7 corresponded to 67 g/g, 356 g/g, 505 g/g and 
501 g/g, respectively. It was noticed that the swelling ratios 
of four hydrogels decreased when the pH exceeded 7. This 
is because the  OH− in the solution can neutralize with the 
acrylic acid of the hydrogels, resulting in the generation of 
sodium acrylate on the polymeric molecular chains (Li et al. 
2023). Furthermore, due to the  Na+ ionization of the sodium 
acrylate, the permeability between the inside and outside of 
the hydrogels decreased with the increase of  Na+ within the 
solution. This phenomenon hinders the movement of water 
molecules into hydrogels, leading to a decrease in swelling 
ratios (Ghumman et al. 2022).

To investigate the salinity tolerance of hydrogels, we 
immersed them in different concentrations of sodium 
chloride solutions (0.1–1  wt%) for 24  h. The ionic 
strength of salt solutions on swelling of hydrogels is 
illustrated in Fig. 3b. As the  Na+ concentration increased 
from 0 to 1 wt%, the swelling ratios of H-SG/BT(AAm), 
H-SG (AA/AAm), H-BT(AA/AAm), and H-SG/BT(AA/
AAm) correspondingly decreased from 67 g/g, 502 g/g, 
341 g/g and 484 g/g to 12 g/g, 51 g/g, 36 g/g and 43 g/g, 
respectively. It was observed that the swelling ratios of 
hydrogels diminished with the concentration of salt solutions 
increased. This drastic decrease in the swelling ratio is 
attributed to the reverse osmosis process. The increased 

ionic strength of swelling media then reduced osmotic 
pressure between external medium and internal polymer 
network. Because of the inhibition of –COO− dissociation 
by Donnan equilibrium, a decrease of osmotic pressure 
and swelling capacity of hydrogels occurred (Matsuda 
et al. 2019). Additionally, the shielding effect of  Na+ and 
cations encircled the carboxylate ions led to a reduction of 
electrostatic repulsion, which in turn caused swelling ratios 
to decrease. Sodium salts can inhibit the effect of polymer 
chain relaxation, and a high concentration of  Na+ caused 
self-polymerization of polymer chains in hydrogels then 
decreased swelling ratios (Bashir et al. 2018).

Mechanical Property Analysis of Composite 
Hydrogels

Assessing the mechanical properties of hydrogels is crucial 
for ensuring their durability over an extended period. Fig-
ure 4 illustrates the photographs of H-SG/BT(AA/AAM) 
(w = 5.0 mm, h = 2.0 mm) hydrogel in different mechanical 
conditions. Figure 4 illustrates the photographs of H-SG/
BT(AA/AAM) (w = 5.0 mm, h = 2.0 mm) hydrogel in dif-
ferent mechanical conditions. As shown in Fig. 4a, H-SG/
BT(AA/AAm) was able to lift a bottle with a load-bearing 
of 500 g full water. The absence of cracks and fractures 
indicates that the H-SG/BT(AA/AAm) possesses excel-
lent mechanical traits. The H-SG/BT(AA/AAm) displayed 
exceptional elasticity, with up to 400% elongation and could 
be knotted without any mechanical damage (Fig. 4b, c). 

Fig. 4  Photographs of the 
H-SG/BT(AA/AAm) after 
sustaining a weight of 500 g 
(a), stretching (b), knotting (c), 
and compression (d); tensile 
properties of various composite 
hydrogels (e); compressive 
properties of various composite 
hydrogels (f)
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After undergoing high-intensity squeezing deformation, the 
composite hydrogel (d × h: 20.0 mm × 20.0 mm) promptly 
returned to its initial shape, showcasing its remarkable 
toughness (Fig. 4d).

Figure 4e shows the tensile characteristics of various 
composite hydrogels.  The H-SG/BT(AA/AAm) 
demonstrated a tension strength of 116  kPa, a snap 
elongation of 2645%, and a fracture work of 257 kJ/m3. 
These mechanical properties were significantly superior 
to those of the H-SG/BT(AA/AAm)-M cross-linked 
with conventional agents (42  kPa, 326%, and 11  kJ/
m3), respectively. The fracture work of H-BT(AA/AAm) 
reached 112 kJ/m3, lower than that of H-SG/BT(AA/AAm), 
suggesting that SG enhances the toughness of the composite 
hydrogel. As shown in Fig. 4f, the compression strength of 
H-SG/BT(AA/AAm) was 0.43 MPa, significantly better 
than MBAA hydrogel (0.10 MPa). It also slightly surpassed 
the H-SG(AA/AAm) (0.27  MPa) and H-BT(AA/AAm) 
(0.39 MPa), signaling that the combination of BT and SG 
enhances the mechanical performance. The interaction 
between reactive groups (–COOH, –NH2, and –OH) of 
polymer chains and BT (–OH) generates additional cross-
linking sites. Adjusting the AA to AAm ratio modifies the 
mechanical strength and deformation of the hydrogel. Short-
chain breaks absorb mechanical energy and increase tensile 
strength, while long-chain polymers maintain elasticity. The 
mechanical properties are attributed to several enhancement 
mechanisms, including polymer chain fracture, cross-linking 
of multifunctional groups, and compounding of components 
at various scales (Du et al. 2016).

Analysis of Adsorption Behavior

Effect of Monomer Ratios on MB and MG Adsorption

Exploring the impact of monomer ratios in the synthesis 
of hydrogels on the adsorption of MB and MG is crucial 
for tailoring the adsorbent properties to achieve optimal 
dye removal efficiency. Therefore, the adsorption effects of 
H-SG/BT(AA/AAm) with different monomer ratios (m(AA/
AAm) = 1:3, 1:2, 1:1), H-SG/BT(AAm), H-SG(AA/AAm), 
and H-BT(AA/AAm) on MB and MG were investigated. 
As presented in Fig. 5a, b, the H-SG/BT(AAm) exhibited 
a maximum adsorption capacity of 162 mg/g for MB and 
420 mg/g for MG. Subsequently, the adsorption capacities 
of H-SG/BT(AA/AAm) for MB (increased from 703, 895 to 
1226 mg/g) and MG (increased from 478, 668 to 783 mg/g) 

were further enhanced with a higher acrylic acid content 
(m(AA/AAm) ratio ranging from 1:3 to 1:1). These interac-
tions are attributed to –COOH/–OH groups of the hydrogel 
interacting with MB and MG molecules, and the carboxyl 
groups exhibited a stronger adsorption affinity for MB and 
MG than the amide groups. The adsorption capacity of MB 
(1103–1226 mg/g) and MG (662–783 mg/g) has increased 
after adding SG to H-BT(AA/AAm). It was attributed to the 
electrostatic attraction between the SG and dye molecules, 
facilitating dye adsorption onto the hydrogel. A decrease 
in MB adsorption capacity from 1275 to 1226 mg/g and an 
increase in MG adsorption capacity from 492 to 783 mg/g 
after adding BT into H-SG(AA/AAm). This could be attrib-
uted to the BT enhanced cross-linking degree of the hydro-
gel then reducing the available active sites for MB adsorp-
tion. Considering the influence of AA on the adsorption 
and mechanical properties, the H-SG/BT(AA/AAm) with a 
molar ratio of AA to AAm of 1:1 was selected as the adsor-
bent to subsequently investigate the adsorption properties 
of MB and MG.

Effect of Initial Dye Concentrations and Contact Time 
on Adsorption

The effect of initial MB and MG concentration (range 
from 20 to 800 mg/L) on the adsorption capacity of H-SG/
BT(AA/AAm) was investigated with 0.5 g/L adsorbent 
dosage. The MB and MG solutions were shaken in a water 
bath shaker at 25 °C for 720 and 1080 min, respectively. 
The resulting adsorption capacity of H-SG/BT(AA/AAm) 
with various initial concentrations of MB and MG are 
shown in Fig. 5c. With increasing initial concentrations 
of MB and MG, the adsorption efficiency of MB and MG 
initially showed an increasing trend then followed by a 
plateau. This was because the occupation of more saturated 
reaction sites on the H-SG/BT(AA/AAm) for dye molecules 
to locate. Besides, higher interaction of dye molecules with 
the surface and active sites in the adsorbent structure could 
be the cause for the high removal efficiency at low MB 
and MG concentrations. As dye concentration increased, 
due to the adsorbent sites of H-SG/BT(AA/AAm) became 
saturated, and competition between dye molecules for the 
limited active sites of H-SG/BT(AA/AAm). Consequently, 
the dye adsorption capacity decreased with higher initial 
dye concentrations. H-SG/BT(AA/AAm) exhibited 
maximum adsorption capacities of 1226 mg/g for MB at 
a concentration of 800 mg/L, and 783 mg/g for MG at a 
concentration of 600 mg/L.

Establishing equilibrium in dye adsorption is contingent 
upon a critical factor: the contact time. The effect of 
contact time on MB and MG adsorption by H-SG/BT(AA/
AAm) was studied with 100 mg/L of MB and MG, contact 
time of 0–48 h. Figure 5d shows the adsorption capacity 

Fig. 5  The effect of different monomer ratios (a, b), dyes initial con-
centration (c), contact time (d), initial pH (e), salt concentrations (g), 
and temperature (h) on the adsorption capacity of MB and MG by 
H-SG/BT(AA/AAm); f equilibrium pH of MB and MG adsorption by 
H-SG/BT(AA/AAm)

◂
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increased rapidly in the initial 8 h, which was attributed 
to the presence of abundant active sites on the hydrogel 
surface. As the contact time increased from 5 to 720 min, 
the adsorption capacity of H-SG/BT(AA/AAm) for MB 
raised from 17 to 183 mg/g, while for MG escalated from 
5 to 156 mg/g. The adsorption capacity of H-SG/BT(AA/
AAm) for dyes raised slowly until it reached adsorption 
equilibrium at 1440 min. There was a positive correlation 
between the adsorption capacity and efficiency of the 
hydrogel with increasing adsorption time, as the adsorption 
sites remained unsaturated at initial period. Specifically, 
H-SG/BT(AA/AAm) achieved removal efficiency of 92% 
for MB after 720 min and 85% for MG after 1080 min. 
The dye removal capacity stabilized as the polymer's active 
sites reached saturation, maintaining a constant quantity 
post-optimization. Considring the adsorption efficiency 
and capacity, the optimal adsorption times of H-SG/
BT(AA/AAm) for MB and MG were 720 and 1080 min, 
respectively.

Effect of pH on MB and MG Adsorption

Solution pH is one of the most critical factors that 
manipulate the adsorption behavior since it affects both 
dye molecules and the surfaces of hydrogel adsorbents. 
Due to the tendency of MG to readily precipitate in a white 
form at pH levels above 8, the pH range of MG was limited 
to 2–8 (Aracier et al. 2021). The solution pH of MB was 
varied from 2 to 10. The effect of initial dye solutions pH 
on H-SG/BT(AA/AAm) adsorbing MB and MG as shown in 
Fig. 5e. The minimum adsorption capacity of MB and MG 
by H-SG/BT(AA/AAm) were 33 mg/g and 73 mg/g at pH 
2, respectively, with removal efficiencies of 17% and 36%. 
This phenomenon may be attributed to the protonation of 
–NH2, –COO−, –OH groups at the hydrogel surface, leading 
to electrostatic repulsion with the cationic dye molecules 
(Hua et al. 2023). According to the results of pH on the 
swelling behavior of hydrogels, a large amount of  H+ in 
the environment formed intramolecular hydrogen bonds 
with –COO− groups, resulted in lower swelling ratios and a 
decline of the contact active sites on H-SG/BT(AA/AAm) 
surface, ultimately causing a decrease in the adsorption 
capacity.

The adsorption capacity of H-SG/BT(AA/AAm) for 
MB (33–181 mg/g) and MG (72–189 mg/g) significantly 
increased with increasing the pH from 2 to 4. This was 
attributed to the deprotonation of –COOH and –NH3

+ 
groups in the H-SG/BT(AA/AAm), which led to an 
increased number of negatively charged surface binding sites 
for the adsorption of cationic MB and MG molecules. It 
was observed that the adsorption capacity of H-SG/BT(AA/
AAm) for MB and MG no longer exhibited significant 
changes with pH when pH > 4. In the pH range of 8–10, 

the adsorption capacity of MB on H-SG/BT(AA/AAm) 
decreased slightly, because of the neutralization reaction 
between –COOH and NaOH in the hydrogel prompted 
soluble sodium acrylate along the hydrogel chains. Besides, 
the augmentation of ionized  Na+ would diminish the 
dissimilarity in permeation between H-SG/BT(AA/AAm) 
and dye molecules, impeding the ingress of MB molecules 
into the hydrogel. Furthermore, the intensified competition 
between  Na+ ions and active cationic groups within MB 
molecules resulting in adsorption capacity declined.

The pH of the solution reached equilibrium after 
adsorbing MB and MG are depicted in Fig. 5f. The pHpzc 
value of H-SG/BT(AA/AAm) is 6.18, indicating that the 
adsorbent possesses a negative surface charge at pH > 6.18. 
Specifically, the H-SG/BT(AA/AAm) exhibited an 
equilibrated pH higher than 6.18 for MB (within pH 5–10) 
and MG (within pH 6–8). It has been speculated that an 
electrostatic interaction between the hydrogel and MB/
MG molecules facilitating the removal of cationic dyes. 
The H-SG/BT(AA/AAm) exhibited the highest adsorption 
capacities for MB and MG at pH 5 and 4, respectively. 
Moreover, the equilibrium pH values closely resemble 
those found in natural water, eliminating the need for any 
adjustments before the dye adsorption process, indicating 
that the H-SG/BT(AA/AAm) certainly has practical 
applications.

Effect of Ionic Strength on MB and MG Adsorption

The dye wastewater containing a certain concentration of 
sodium chloride can improve homogenization during the 
dyeing process. To simulate the coexisting ions in dye waste-
water thereby introducing sodium salt, its effect on adsorb-
ing MB and MG was explored by altering the NaCl concen-
tration. As shown in Fig. 5g, the mass concentration of NaCl 
of 0–1 wt% had a significant negative impact on adsorp-
tion capacity of MB (decreased from 183 to 118 mg/g) and 
MG (decreased from 177 to 63 mg/g) by H-SG/BT(AA/
AAm). This was because that as the NaCl mass content 
rose, Na⁺ ions in the solution competed with the MB and 
MG for adsorption sites on H-SG/BT(AA/AAm). These  Na+ 
ions also form complexes by cross-linking with carboxyl 
groups within the hydrogel. Furthermore, the ion addition 
reduced the internal osmotic pressure of the hydrogel, mak-
ing it lower than the external osmotic pressure. It has been 
reported that the cations can occupy the anion active sites 
on the hydrogel’s surface as the ionic strength elevates (Tas-
delen et al. 2022). Higher ionic strength causes a reduc-
tion in the adsorption capacities of the hydrogel. Also, the 
shielding effect resulting from high ionic strength dimin-
ishes the MB and MG adsorption capacities on the hydrogel 
(Melo et al. 2018; Sharma et al. 2022). The findings confirm 
that electrostatic interactions play an important role in the 
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adsorption process between the adsorbent and adsorbate, 
aligning with the experimental observations regarding pH 
values. Consequently, the H-SG/BT(AA/AAm) exhibited a 
positive adsorption phenomenon, which made it potentially 
advantageous in high-salinity effluent treatment.

Effect of Temperature on MB and MG Adsorption

The temperature of the dye solution is a critical determinant 
of the adsorption capacity and yield, as it influences the rate 
at which dye molecules move. The effect of temperature on 
the adsorption behavior of MB and MG by H-SG/BT(AA/
AAm) is illustrated in Fig. 5h. Upon examination of the 
graph, it is evident that the adsorption capacities of MB 
and MG on H-SG/BT(AA/AAm) demonstrate a negative 
correlation for MB and a positive correlation for MG with 
temperature within the range of 25–65  °C. This trend 
can be attributed to the diminishing interactions between 
H-SG/BT(AA/AAm) and the solvent as the temperature 
rises. Additionally, the number of available adsorption 
sites increases with temperature, which in turn boosts the 
adsorption capacity of the hydrogel. Also, the increased 
thermal motion of dye molecules at higher temperatures 
can enhance migration and diffusion rates, further increasing 
the adsorption capacity. However, higher temperatures may 
also lead to desorption of dye molecules from the hydrogel 
surface, this depending on the binding affinity of the dye 
molecules to the H-SG/BT(AA/AAm). Compared to 
MB, MG exhibits a more robust binding affinity with the 
H-SG/BT(AA/AAm), resulting in a higher propensity for 
adsorption and consequently a higher adsorption capacity for 
MG. In contrast, MB is more prone to desorption, causing its 
adsorption capacity to decrease. Considering the mechanical 
strength of the hydrogel decreases and its internal structure 
changes with higher temperatures, and the economic cost 
in practical applications also increases (Shaki 2023). The 
adsorption process of MB and MG by the hydrogel was 
conducted at a temperature of 25 °C.

Adsorption Isotherm and Kinetics Analysis of MB 
and MG Adsorption

Langmuir and Freundlich models are particularly suitable 
to recognized the adsorbate-adsorbent interactions. There-
fore, the parameters fitted by the Langmuir and Freundlich 
adsorption isotherm models are presented in Table 1. The 

Langmuir model exhibited higher correlation coefficients 
(R2) for adsorbing MB and MG on H-SG/BT(AA/AAm) com-
pared to the Freundlich model. Specifically, the R2 values of 
the Langmuir model were 0.993 for MB and 0.992 for MG, 
higher than the Freundlich model (0.800 for MB and 0.875 
for MG). The maximum experimental adsorption capacities 
of MB and MG on H-SG/BT(AA/AAm) were 1226 mg/g 
and 783 mg/g, respectively. These values were closer to the 
qm values obtained from the Langmuir model (1250 mg/g for 
MB and 833 mg/g for MG). Therefore, it can be concluded 
that the adsorption processes of both MB and MG on H-SG/
BT(AA/AAm) better conform to the Langmuir model, indi-
cating a monolayer adsorption on the adsorbent surface with 
no further uptake upon reaching saturation. Furthermore, the 
KL values of the Langmuir model changed between 0 and 1. 
MB exhibited superior adsorption efficiency on H-SG/BT(AA/
AAm) compared to MG, as indicated by the higher KL values 
(0.19 for MB and 0.03 for MG) (Ben et al. 2020). Both MB 
and MG have 1/n values of Freundlich model consistently less 
than 1, verify that the adsorption processes of MB and MG on 
H-SG/BT(AA/AAm) were favorable in chemical process and 
easily implemented (Wang et al. 2023a, b, c). The 1/n value 
of MB on H-SG/BT(AA/AAm) (0.46) was lower than that 
of MG (0.52), indicating that more favorable adsorption of 
MB by H-SG/BT(AA/AAm). These results support the notion 
that electrostatic attraction is active for the adsorption of dyes 
within the hydrogel.

Adsorption kinetics, an essential method for predicting 
adsorption behavior and rates, was utilized to explore the 
adsorption mechanism of MB and MG molecules onto H-SG/
BT(AA/AAm). Table 2 displays the fitting parameters of 
the adsorption kinetics. The correlation coefficients (R2) of 
the pseudo-first-order model were below 0.95 for both MB 
and MG adsorption on H-SG/BT(AA/AAm), while the R2 
values of the pseudo-second-order model were all above 
0.95. Additionally, the adsorption capacities calculated from 
the pseudo-second-order model  (MBqe, cal = 1250  mg/g, 
 MGqe, cal = 833 mg/g) were in better agreement with the 
experimental adsorption capacities  (MBqe, exp = 1116 mg/g, 
 MGqe, exp = 783 mg/g). Therefore, the adsorption process of 
MB and MG on H-SG/BT(AA/AAm) followed the pseudo-
second-order kinetic model, indicating that chemisorption 
played a dominant role in the adsorption behavior (Jiang et al. 
2023).

To investigate the diffusion of MB and MG molecules 
into the pores of H-SG/BT(AA/AAm), the parameters of 

Table 1  Linear fitting 
parameters of the adsorption 
isotherm model for MB and MG 
adsorption on H-SG/BT(AA/
AAm)

Dyes Langmuir model Freundlich model qm,exp/(mg/g)

KL/(L/mg) qm,cal/(mg/g) R2 Kf/(mg/g) 1/n R2

MB 0.19 1250 0.992 215 0.46 0.800 1226
MG 0.03 833 0.993 44 0.52 0.875 783
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intra-particle diffusion model are also given in Table 2. The 
adsorption-diffusion process can be divided into three seg-
ments: external film diffusion, intra-particle diffusion, and 
surface adsorption. Analysis of the fitting results using the 
intra-particle diffusion model revealed that the rate constants 
for these segments followed the order  K1 >  K2 >  K3. This 
suggests that the adsorption process involved surface adsorp-
tion initially, followed by rapid intra-particle diffusion, and 
finally concluded with a slower intra-particle diffusion 
process (Lu et al. 2022). The surface adsorption segment 
of H-SG/BT(AA/AAm) exhibited a rapid adsorption rate, 
higher than the subsequent two segments. In conclusion, the 
film diffusion mainly governed the rate-limiting adsorption 
process for MB and MG onto H-SG/BT(AA/AAm).

Thermodynamic Analysis of MB and MG Adsorption

Thermodynamic study determines whether adsorption is 
spontaneous, quantify its thermodynamic tendency, and 
identify the dominant adsorption model. Therefore, the 
values of ∆H, ∆S, and ∆G were also calculated, and the 
obtained values are listed in Table 3. It can be seen that 
all ∆G values were negative, indicating that the adsorption 
of MB and MG by H-SG/BT(AA/AAm) was spontaneous. 
The negative value of ΔH (− 14.51 kJ/mol) demonstrated 
the exothermic essence of MB adsorption on H-SG/BT(AA/
AAm), suggesting that the heating is not conducive to MB 
adsorption. The negative value of ∆S (− 21.18 J/mol K) veri-
fied that the orderliness of whole solution system increased 
after MB adsorbed. Whereas, positive value of ΔH (29.87 kJ/
mol) confirmed the endothermic process of MG adsorption 
on H-SG/BT(AA/AAm). The differences in MB and MG 

adsorption on H-SG/BT(AA/AAm) can be attributed to tem-
perature effects. As the temperature increases, dye molecules 
have enhanced diffusion capacity but reduced surface ten-
sion with the hydrogel, leading to a decrease in dye adsorp-
tion capacity. However, temperature also promotes hydrogel 
swelling, creating additional adsorption sites and increasing 
the binding rate of dye molecules. MB, being smaller in size, 
can more easily penetrate the hydrogel's interior, resulting in 
a higher adsorption capacity compared to MG. Additionally, 
the change in dye molecules also impacts the solution envi-
ronment, contributing to the distinct adsorption thermody-
namics observed in the experiments conducted by Liu et al. 
(2019). The positive value of ∆S (121.73 J/mol K) signifies 
an increase in entropy, reflecting a state of disorder at the 
solid–liquid interface (Banisheykholeslami et al. 2021). The 
adsorption process is associated with physical adsorption 
(hydrogen bonding and Van der Waals forces) when ∆H var-
ies between 2 and 10 kJ/mol, whereas higher ∆H (> 40 kJ/
mol) represents the chemisorption (Mahmoud et al. 2021; 
Abuhatab et al. 2020). The ∆H of MB and MG adsorption 
on H-SG/BT(AA/AAm) was 14.51 kJ/mol and 29.87 kJ/mol, 
respectively. It is noteworthy that the adsorption process may 
potentially encompass various reaction pathways (such as 
ion exchange, hydrogen bonds, and electrostatic attraction).

Reusability Analysis of H‑SG/BT(AA/AAm)

Regeneration and reutilization of adsorbents are crucial 
for their potential commercial applications. Therefore, an 
adsorption–desorption experiment with H-SG/BT(AA/
AAm) was also conducted. A notable advantage of H-SG/
BT(AA/AAm) is its quick separability from the solution 

Table 2  Fitting parameters of adsorption kinetic models of MB and MG adsorption on H-SG/BT(AA/AAm)

Dyes (mg/L) Pseudo-first order kinetic model Pseudo-second order kinetic model Intra-particle diffusion 
model

qm,exp/(mg/g)

k1 ×  10−4/min−1 qe,cal/(mg/g) R2 k2 ×  10−4/(g/
mg min)

qe,cal/(mg/g) R2 K1 K2 K3

MB
 100 12.0 114 0.713 0.366 200 0.995 7.85 0.73 0.21 191
 600 17.0 719 0.855 0.037 1250 0.996 44.79 4.87 0.25 1116

MG
 100 10.0 158 0.898 0.180 213 0.999 7.02 2.85 0.69 192
 600 12.0 558 0.824 0.046 833 0.997 28.88 12.81 1.47 783

Table 3  Thermodynamic 
adsorption parameters of H-SG/
BT(AA/AAm)

Dyes ∆H (kJ/mol) ∆S (J/mol K) ∆G (kJ/mol) R2

298 K 308 K 318 K 328 K 338 K

MB  − 14.51  − 21.18  − 8.19  − 7.99  − 7.77  − 7.56  − 7.35 0.991
MG 29.87 121.73  − 6.41  − 7.62  − 8.84  − 10.06 –11.27 0.981
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without the need for any additional tools. According to the 
results of pH experiments, the adsorption capacity of MB 
and MG on H-SG/BT(AA/AAm) was sensitive to low pH 
levels. Also, the  H+ ions in HCl can react with the negatively 
charged functional groups (such as  COO−) on the hydro-
gel, thereby eliminating the attraction of these functional 
groups to the cationic dyes MB and MG (Poornachandhra 
et al. 2023). Relevant literature has reported that HCl, when 
used as the eluent in desorption experiments, has demon-
strated a high desorption rate (Jana et al. 2019). Therefore, 
0.1 mol/L HCl was used as desorption solution for reusing 
the adsorbent.

The adsorption–desorption results of the H-SG/BT(AA/
AAm) after adsorbing MB and MG are depicted in Fig. 6. 
In the experiment, the hydrogel was added to the contam-
inant solution, and after reaching adsorption saturation, 

it was regenerated using a 0.1 mol/L HCl eluent. Over 
five cycles, the adsorption efficiency of H-SG/BT(AA/
AAm) for MB declined by 12%, dropping from 93 to 
81% (Fig. 6b). Likewise, the efficiency for MG fell by 
6%, from 90 to 84%, over the same cycles (Fig. 6c). The 
reduced adsorption performance is attributed to repulsion 
between the positively charged MB and MG molecules 
and the protonated hydrogel surface in an acidic medium 
(Vaid et al. 2023). Besides, some of the residual dye being 
adsorbed on the adsorbent surface, the gradual blockage 
of the active sites and the inevitable loss of adsorbents 
during the desorption recovery process also caused the 
decline in activity of H-SG/BT(AA/AAm) for MB and 
MG after reuse (Li et  al. 2019a, b; Uko et  al. 2022; 
Benamer-Oudih et al. 2023). The desorption efficiency of 
the H-SG/BT(AA/AAm) for MB declined by 7% (from 

Fig. 6  Adsorption–desorption process of H-SG/BT(AA/AAm) (a); reusability test of H-SG/BT(AA/AAm) for MB (b) and MG (c) adsorption
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87 to 80%), and for MG, it fell by 12% (from 89 to 78%). 
These declines confirm that the HCl eluent was effective 
for desorption, maintaining consistent performance. After 
five adsorption–desorption cycles, the removal efficiency 
for both MB and MG remained at 80%, suggesting that 
H-SG/BT(AA/AAm) has favorable cycling behavior. 

Adsorption Mechanism

To further explore the adsorption mechanisms of MB and 
MG dyes on H-SG/BT(AA/AAm), the materials were char-
acterized using FT-IR and SEM–EDS analyses before and 
after adsorption. As shown in Fig. 7, the peaks at 1599  cm–1 
and 1395  cm–1 were assigned with aromatic bonds, while 
peaks at 884   cm−1 and 665   cm–1 corresponded to C–H 

bending and C–S–C stretching vibrations, respectively 
(Chen et al. 2022). These adsorption peaks were observed 
after MB adsorption, confirming the adsorption of MB on 
hydrogel (Fig. 7a). Post-adsorption MG, a characteristic 
absorption peak of aromatic skeleton C=C at 1587  cm−1 was 
observed. A new peak at 1171  cm−1 assigning phenyl ring 
C–N stretching vibration of MG was also identified (Fig. 7b) 
(Vaid et al. 2023). Moreover, a broad absorption peak at 
3456  cm–1 shifted plainly to the vicinity of 3445  cm–1 after 
the adsorption of MB and MG. The observed shift in –OH 
and N–H vibration peaks to lower wavenumbers suggests 
that the hydroxyl and amine groups of t H-SG/BT(AA/
AAm) could potentially interact with MB and MG molecules 
through hydrogen bonding (Khan et al. 2023). Apart from 
that, the peaks at 1658  cm−1, 1560  cm−1, and 1456  cm−1 

Fig. 7  FTIR and SEM–EDS images of H-SG/BT(AA/AAm) before and after MB (a, c), MG (b, d) adsorption
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ascribed to –COO– stretching vibration peaks were sub-
sided and shifted to 1654–1665  cm−1, 1547–1562  cm−1 and 
1455–1458  cm−1, respectively. These changes signify that 
the –COOH functional groups may engage in electron trans-
fer with nitrogen atoms in MB and MG molecules, leading 
to the formation of chemical bonds.

The SEM and EDS images of H-SG/BT(AA/AAm) 
post-adsorption of MB and MG are observed in Fig. 7c, 
d. With molecular formulas of  C16H18ClN3S for MB and 
 C23H25ClN2 for MG, the distinctive elements S and Cl can 
be used to identify whether the dyes are adsorbed onto the 
hydrogel. Therefore, the uniform distribution of S and Cl 
elements across the hydrogel surface suggests that MB and 
MG have been successfully adsorbed onto H-SG/BT(AA/
AAm). Compared with H-SG/BT(AA/AAm), the pore 
diameter was observed to decrease after the adsorption 
of MB and MG, with some porosity still evident on the 
surface. This reduction was attributed to the electrostatic 
interaction between the positively charged dyes and the 
negatively charged carboxyl groups (–COOH) present on the 
hydrogel. Moreover, due to their macromolecular nature, the 
dyes can obstruct the pores during the adsorption process, 
contributing to the observed decrease in adsorbent pore size.

From the FTIR and SEM–EDS results, the –OH, –COOH, 
and –NH2 groups on the H-SG/BT(AA/AAm) surface have 
shown chemical bond interactions with dye molecules. The 
SG chains and BT surface, both of which have abundant 
–OH groups, can interact with –N(CH3)3 groups in MB and 
MG molecules through hydrogen bonding. Additionally, 
the negatively charged BT surface is bonding with cationic 
groups in the dyes via electrostatic attraction. The  pHpzc of 
H-SG/BT(AA/AAm) was 6.18, and the pH values consist-
ently remained higher than 6.18 after reaching adsorption 
equilibrium. This indicates that electrostatic interactions 
significantly contributed to the MB and MG adsorption. 
According to the kinetic model and thermodynamic study, 
it was found that the multiple mechanisms (including 

electrostatic interactions, chemical bonds, and hydrogen 
bonds) are involved in the dye removal process on H-SG/
BT(AA/AAm). In addition, the high porosity and swelling 
of H-SG/BT(AA/AAm) also favor dye adsorption by facili-
tating the swift movement of dye molecules. The potential 
adsorption mechanisms between the hydrogel and dye mol-
ecules are depicted in Fig. 8.

Conclusion

The H-SG/BT(AA/AAm) was successfully functionalized 
by a unique cross-linking agent HPSi with the aim of 
enhancing mechanical behavior and used for adsorbing MB 
and MG. It was concluded that the –OH and –COO− groups 
of BT, SG and AA/AAm were synergistically immobilized 
in H-SG/BT(AA/AAm), exhibited a remarkable equilibrium 
adsorption capacity (1226  mg/g for MB and 783  mg/g 
for MG), highest removal efficiencies of MB and MG 
(maintained above 90% at pH 4–8). The main adsorption 
forces between hydrogels and dyes was chemical bonding, 
hydrogen bonding, and electrostatic attraction. H-SG/
BT(AA/AAm) exhibited good swelling properties and 
sustainable adsorption capacity for MB and MG, with 86% 
retention after five reuse cycles and desorption efficiency 
over 78%. The characterization results of H-SG/BT(AA/
AAm) showed that HPSi and BT has refined the porous 
structure of hydrogel, the tensile strength and rupture work 
of H-SG/BT(AA/AAm) prepared with HPSi crosslinker 
were 2.76 and 23.36 times higher than MBAA hydrogel. 
Adsorption kinetics and isotherms analysis of MB and 
MG were better fitted with the pseudo-second-order 
kinetic and Langmuir isotherm models, indicating that 
monolayer adsorption dominated by chemical adsorption 
was the primary mechanism. Thermodynamic analysis 
reflected that the adsorption of MB by H-SG/BT(AA/
AAm) was spontaneously feasible and exothermic, while the 

Fig. 8  Possible adsorption 
mechanism of MB and MG by 
H-SG/BT(AA/AAm)
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adsorption of MG was spontaneously feasible and thermally 
absorptive. In conclusion, H-SG/BT(AA/AAm) possessed 
high efficiency in cationic dyes adsorption. Therefore, the 
multifunctional, biodegradable, highly swollen and resilient 
H-SG/BT(AA/AAm) can make a significant contribution to 
industrial dye effluents treatment and can also be utilized 
as a potential material in controlled-release agricultural 
fertilizers and pesticides.
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