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Water treatment faces significant challenges due to the increasing complexity of pollutants and the need for
more efficient, sustainable treatment methods. However, current adsorbent materials often struggle with
issues such as low adsorption capacity, slow kinetics, and poor reusability, limiting their practical
application. In this study, we developed a novel hierarchical porous hybrid gel (HPHG) for water
treatment to address the limitations of conventional adsorbents. The HPHG features a multi-level porous
structure (from 48 £ 28 nm to 4385 + 823 nm) that significantly enhances its porosity and specific
surface area. We systematically investigated the relationship between the material's structure and its
adsorption performance. Kinetic studies revealed a tendency towards a pseudo-second-order
adsorption model, attributed to the material's unique structural features that facilitate rapid mass
exchange channels inside HPHG and provide abundant active sites for pollutant adsorption. Reusability

tests demonstrated that the material retained 85.4% of its initial adsorption capacity after five
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Accepted 11th September 2024 adsorption—desorption cycles, highlighting its potential for practical applications. This study provides
valuable insights into structure—performance relationships in advanced water treatment materials,

DOI: 10.1039/d4ra05844e offering a promising approach for designing next-generation adsorbents with superior efficiency and
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1 Introduction

Water pollution caused by organic dyes has become a signifi-
cant environmental issue due to their extensive use in indus-
tries such as textiles, leather, paper, and plastics."™ These dyes,
often toxic and non-biodegradable, pose serious threats to
aquatic life and human health. Conventional dye removal
methods, including chemical precipitation, membrane filtra-
tion, and biological treatment, often fall short in efficiency,
cost-effectiveness, and sustainability.>* Consequently, there is
an urgent need for innovative materials and methods to effec-
tively address this problem. Recent years have seen the inves-
tigation of various materials for dye removal applications.”*™*
Adsorbent materials have garnered significant attention due to
their high efficiency and reusability. Activated carbon, with its
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large surface area and porosity, has long been popular for
enhancing adsorption capacity.’*® However, its high cost and
regeneration difficulties limit practical application. Other
materials such as clay minerals, zeolites, and agricultural
wastes offer advantages like low cost and availability but often
suffer from lower adsorption capacities and selectivity."**
Nanomaterials have emerged as a promising alternative due to
their high surface area and unique physicochemical
properties.?*° For instance, metal-organic frameworks (MOFs)
like Zeolitic Imidazolate Framework-8 (ZIF-8) have demon-
strated excellent adsorption capacities for various dyes owing to
their tunable pore structures and high surface areas.**
However, integrating these nanomaterials into a matrix that
facilitates practical application while maintaining or enhancing
their adsorption properties remains challenging.

Hydrogels, with their high-water content and tunable prop-
erties, have been identified as suitable matrices for incorporating
nanomaterials. Composite hydrogels integrating nanoparticles
such as ZIF-8 have shown improved dye adsorption capacities
due to synergistic effects between the hydrogel matrix and
embedded nanomaterials.**** Nonetheless, optimizing these
hydrogels’ structure to maximize surface area and porosity is
crucial for further enhancing their adsorption capacity.

The introduction of multi-level porous structures into
nanocomposite hydrogels represents a significant advancement
in this field. By creating a hierarchical pore structure, it is
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possible to increase the specific surface area and provide more
active sites for dye adsorption.” In this study, we have devel-
oped a multi-level porous nanocomposite hydrogel by incor-
porating ZIF-8 as a nano-adsorbent and using protein as
a foaming agent based on our previous work.* The mechanical
foaming process generated large pores of approximately 200
micrometers, while the intrinsic hydrogel structure formed
smaller pores of about 20 micrometers. Additionally, the ZIF-8
nanoparticles introduced nanometer-scale micropores. We
confirmed the successful incorporation of ZIF-8 into the
hydrogel matrix through Fourier-transform infrared spectros-
copy (FTIR) and X-ray diffraction (XRD). Scanning electron
microscopy (SEM) provided evidence of the multi-level porous
structure within the hydrogel. We evaluated the performance of
this novel hydrogel through adsorption experiments using
methylene blue, methyl orange, and rhodamine B as model
dyes. The results demonstrated superior dye adsorption
capacities compared to traditional hydrogels and nano-
composites. Moreover, the hydrogel exhibited excellent recy-
clability, maintaining high adsorption efficiency (85.4% for RB)
over multiple cycles of dye removal and regeneration.

In summary, this study presents a novel approach to
enhancing the performance of nanocomposite hydrogels for
dye removal through the introduction of multi-level porous
structures. The combination of large, small, and nanometer-
scale pores significantly increases the specific surface area
and adsorption capacity, offering a promising solution for effi-
cient and sustainable dye removal from wastewater.

1.1 Materials

Soluble lyophilized silk fibroin (SF) was obtained from Simatach
Co. Ltd. (Suzhou, China). Acrylamide (AM) (M,, = 71.08), car-
boxymethyl cellulose (CMC) (M,, = 250 000), and poly(ethylene
glycol) diacrylate (PEGDA) (M, = 600) were purchased from
Aladdin Technology Co., Ltd. Lithium phenyl (2,4,6-trime-
thylbenzoyl) phosphinate (LAP) (photoinitiator) was acquired
from EFL Technology Co., Ltd. ZIF-8 nanoparticles (pore size:
0.5-1.1 nm) were sourced from Qiyue Biotechnology Co. Ltd.

1.2 Preparation of foaming printing ink and HPHG

The hierarchically porous hybrid gel (HPHG) was prepared as
follows: 0.375 g of CMC and 0.225 g of SF powder were dissolved
in 9 mL of AM aqueous solution with varying AM concentrations
(10%, 20%, 30% wt%) under low-rate stirring (50 rpm) at 50 °C.
Subsequently, 0.03 g of LAP (0.2 wt%) and 0.12 g of PEGDA
(0.8 wt%) were incrementally added to the solution under
continuous stirring. The solution then underwent unidirec-
tional stirring at 2000 rpm for 15 minutes to form uniformly
emulsified foam at room temperature. The foaming precursor
was poured into a rectangular mold and exposed to UV irradi-
ation (405 nm) to fabricate HPHG. The resulting HPHG was
freeze-dried for dye adsorption applications.

1.3 Characterization

Material morphologies and structures were characterized using
a JEOL ]JSM-5900LV SEM (Tokyo, Japan). Samples were
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lyophilized and sputter-coated with gold before imaging. FTIR
spectroscopy was performed with a Nicolet 560 spectrometer in
the range of 600-4000 cm ™. X-ray diffraction analysis was con-
ducted on an Ultima IV X-ray diffractometer (Rigaku, Akishima,
Japan) from 264 angles of 5° to 50° with CuK, radiation (A =
0.154056 nm) at a scanning speed of 10° min~". Dynamic rheo-
logical behavior was evaluated using a parallel plate rheometer
(TA-AR2000ex, TA Instruments, USA) with a testing frequency
range of 0.01 to 100 Hz at 25 °C. Strain sweeps were conducted
from 0.01% to 10% at a fixed frequency of 1 Hz to identify the
linear viscoelastic region. Rheology samples measured ¢2 X
1 mm with a 50 um plate-to-plate distance. Tensile tests were
performed at room temperature using an Instron 5967 universal
testing machine with a feed speed of 100 mm min~'. Tensile
samples measured 60 x 10 x 1 mm.

1.4 Adsorption experiments

Adsorption experiments were conducted using cationic dyes
Rhodamine B (RB) and methylene blue (MB), and anionic dye
methyl orange (MO). For adsorption kinetics, 500 mg of freeze-
dried HPHG was added to 10 mL of 10 mg L™ dye suspension
at room temperature under continuous stirring. Aliquots of 3 mL
were taken every 30 minutes, and dye concentrations were deter-
mined using a UV-visible spectrophotometer. Standard curves for
each dye were constructed to facilitate adsorption performance
measurements. Adsorption kinetics were studied using pseudo-
first-order and pseudo-second-order models. For static adsorp-
tion, 500 + 10 mg of freeze-dried HPHG was added to 10 mL of dye
solution (10 mg L™, pH = 7). For the desorption process, the dyes
were removed by washing with ethanol three times, followed by
immersion in diluted water for 2 hours. Subsequently, the gel was
dried in an oven at 60 °C. Solution concentrations were measured
at various time intervals at room temperature (25 °C).

2 Results and discussion
2.1 Design and fabrication of HPHG

The introduction of hierarchically porous structures within
hydrogels is an effective strategy to enhance the specific surface
area for dye adsorption. In this study, we developed a facile
foaming printing strategy for the fabrication of hierarchically
porous hybrid hydrogels (HPHG), as illustrated in Fig. 1. To
create micropores within the hydrogels, each several hundred
microns in size, we devised an environmentally friendly
mechanical stirring method incorporating silk fibroin. The
inclusion of a thickener ensures uniform and prolonged
dispersion of bubbles, enhancing the viscosity and printability
of the foaming ink. Following robust magnetic stirring for 10
minutes at 2000 rpm, bubbles are generated and uniformly
dispersed in the foaming precursor. This precursor is then
exposed to UV irradiation to facilitate cross-linking. The hier-
archically porous structures within the hydrogels are designed
to offer substantial surface areas, thereby enhancing dye
adsorption efficiency. Based on our previous work, we deter-
mined that vigorous magnetic stirring at 2000 rpm produces
minimal and numerous bubbles that can be effectively
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Fig. 1 Schematic illustration of preparation and application of HPHG.

entrapped within gels after UV exposure. Consequently, we
selected this stirring rate for the fabrication of HPHG.

2.2 Structural characterization of HPHG

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

We conducted a detailed investigation into the microstructures
of HPHG. Fig. 2A reveals that the intrinsic network of 0ZIF-8
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HPHG displayed distinct hierarchically —macro-micro-
nanoporous structures without the introduction of ZIF-8. The
nanopore size of 0ZIF-8 was measured as 48 £ 28 nm, indicating
the assembly of silk fibroin (SF), carboxymethyl cellulose
(CMC), and ZIF-8. The micropore size, formed by the intrinsic
polyacrylamide (PAM) network of ZIF-8 HPHG, remained

Fig.2 SEM photos of HPHG with different content of ZIF-8. (A-A2) Images with different magnifications for HPHG without ZIF-8. (B—-B2) Images
with different magnifications for HPHG with 0.1 wt% ZIF-8. (C—-C2) Images with different magnifications for HPHG with 0.3 wt% ZIF-8. (D-D2)
Images with different magnifications for HPHG with 1.0 wt% ZIF-8 SEM different magnifications.
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consistent across different stirring rates, with a size of 4385 +
823 nm (Table S1+).

As seen in Fig. 2A, B, S1, and Table S27 the results show that
the ZIF-8 has been introduced in HPHG. Fourier-transform
infrared spectroscopy (FTIR) was employed to investigate the
structural characteristics of hydrogels with different acrylamide
(AM) concentrations and stirring rates (Fig. 3C). The spectra
reveal distinct adsorption bands at 1530 cm ™" (amide II band)
and 1630 cm ™' (amide I band), indicative of the B-sheets band
of SF, suggesting good compatibility between AM and SF and
a further reduction in SF crystallinity. As seen in Fig. 3D, major
summits at 26 = 7.4° (011), 10.4° (002), 12.7° (112), 14.8° (022),
16.4° (013), and 18.1° (022) are observed after introduction of
ZIF-8, which could be in excellent agreement with the theoret-
ical calculated pattern, suggesting that ZIF-8 has been
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successfully introduced in HPHG. Fig. 3E and F presents N,
adsorption/desorption and morphological properties of HPHG.
Fig. 3F shows the distribution of pores with ~5.94 nm in pore
diameter, implying the major existence of micropores in ZIF-8
structure side HPHG. The Brunauer-Emmett-Teller (BET)
theory-calculated totally specific surface area and micropore
volume of HPHG were improved from 1.54 m* g~ ' and 4.39 cm”
¢, indicating that the introduction of ZIF-8 can improve the
surface area of HPHG (Table S37).

2.3 Rheology behavior of HPHG

In terms of rheological properties, the HPHG exhibited higher
storage modulus and loss than those with higher ZIF-8
concentrations (Fig. 4A and B). This suggests that the intro-
duction of ZIF-8 can affect the rheology behavior remarkably.
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(A) SEM photo of 0.3ZIF-8. (B) EDS mapping photos of 0.3ZIF-8 with four elements (C, O, N, Zn). (C) FTIR curves of HPHA. (D) XRD curves

of HPHA. (E) N, adsorption—desorption isotherm curves. (F) DFT pore size distribution of HPHG.

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

RSC Adv, 2024, 14, 29384-29394 | 29387


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05844e

Open Access Article. Published on 16 September 2024. Downloaded on 4/20/2026 12:58:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

2x10* y
1.8x10* (1
P » :
1.6x10%- vt ety
< o 2 - " i
= 1.4x10*4 R R
e LR D
b1.2x1o4--;' B * T
104, v " * 0ZIF8 + 0.1ZIF-8
‘ 0.2ZIF-8 v 0.3ZIF-8
0.5ZIF-8 <« 1.0ZIF-8
8x10% - : :
0.1 1 10
c Frequency (Hz)
et = 0ZIF-8 + 0.1ZIF-8
1044 vv ¥ 4 0.2ZIF-8 v 0.3ZIF-8
a Y : 3 0.5ZIF-8 1.0ZIF-8
© vy
a vi,
® 1034 1
@10 P
(] 8
(7] \ ¢
S V1
102 . . .
5x100" 5x107"10° 5x10°10"
Frequency (Hz)

View Article Online

Paper

3.5x10°

v v
3x10°4 43
<
2.5%10%] S 314
< ¥ J 4 = o e
2x10°% vy _m¥ .
—_— < 2, = °*
© ) 0
o 1.5x10°1 ¢,
am
= - -
| ]
O 10%] o et
[ ., ="
= (0ZIF-8 e 0.1ZIF-8 0.2ZIF-8
, v 0.3ZIF-8 + 0.5ZIF8 <« 1.0ZIF-8
5x10 T T T
0.1 1
Frequency (Hz)
-1
3)(10 = 0ZIF-8 e 0.1ZIF-8 A~ 0.2ZIF-8
2.5%x10" LY v 03ZIF8 ¢ 05ZIF-8 <« 1.0ZIF-8
2x10" Yo gvyrvYTTYIYYY
. A A AL
bl A::A‘A‘AAA::&'?»'A:
% " e g ® . b '
F 1074 e
=9 a
- - . " n
5x102 . . =

-1

10°
Frequency (Hz)

Fig.4 Oscillatory frequency sweeps of HPHA with different ZIF-8 concentration. (A) Storage modulus, (B) loss modulus, (C) viscosity, and (D) tan

0 of HPHG.

However, the introduction of ZIF-8 cannot affect viscosity of
HPHG as shown in Fig. 4C. Moreover, all the hydrogels
exhibited low tan § values (<1) (Fig. 4D), indicative of good
elasticity across the samples.

2.4 Mechanical property of HPHG

The mechanical properties of various hydrogels were further
investigated, leveraging the hierarchically porous structures
within HPHG. The HPGH exhibited higher elongation at break
after introduction of ZIF-8 (Fig. 5A). The tensile strength,
toughness, and moduli of 0.3ZIF-8 HPHG were superior to those
of other hydrogels (Fig. 5B and C). The tensile strength of HPHG
seems no serious changes in all HPHG. As seen in Fig. 5D and E,
the introduction of ZIF-8 has damaged the compressive
strength of HPHG, indicating that the ZIF-8 as stress concen-
tration point inside gels.

2.5 Adsorption kinetic characterization of HPHG

Two kinetic models including the pseudo-first-order model, and
the pseudo-second-order model were utilized to analyze the
detailed adsorption process and mechanism of the freeze-dried
HPHG. The concentration of ZIF-8 has been fixed at 0.3 wt% for
further investigation. The pseudo-first-order kinetic equation is
widely used to analyze the solute with low concentration. It can
be represented as the eqn (1).*

29388 | RSC Adv, 2024, 14, 29384-29394

0= Qe x (1 —e ™ (1)

where Q, is the adsorbed dyes amount (mg g~ ') at time ¢, Q. is
the equilibrium adsorption capacity (mg g~ '), and k; is the rate
constant of the equation. As shown in Fig. 6A-D, the plots of
absorbance against dyes concentration show a linear relation-
ship. In Fig. 7, the k; and Q. can be obtained from the slope and
intercept of the lines. The correlation coefficient values (R?) of
RB and MB adsorption for 0ZIF-8 are 0.964 and 0.968, respec-
tively. The calculated Q. are 0.155 and 0.175 mg g !,
respectively.

The pseudo-second-order equation is dependent on the
surface absorbed amount and the equilibrium absorbed
amount.*® It can be written as follows

_ kZQezt
T 14k Qet

where k, represents the rate constant of the model, Q;, Q. and ¢
are the same as those in eqn (1). Fig. 6F and H exhibits the plots
of Q, versus t. The k, and equilibrium adsorbed amount (Q.) can
be obtained from the intercept and the slope of the plot lines. As
shown in Fig. 8, R* of RB and MB adsorption 0ZIF-8 are all
higher than 0.9 and the calculated data of Q. are closer to the
experimental values, indicating that the adsorption process
agrees well with the pseudo-second-order model.

< (2)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of HPHG, and (E) compressive moduli.

Adsorption isotherms can be used to describe the adsorption
property and equilibrium data. In order to optimally design the
adsorption process, it is essential to establish the most appro-
priate correlation for the equilibrium curve. In this study,
Langmuir and Freundlich adsorption isotherms were utilized to
investigate the adsorption process. The Langmuir adsorption
isotherm is one of the most commonly used models to inves-
tigate the adsorption equilibrium, which supposes that
adsorption of dyes occurs on a homogenous surface through
monolayer adsorption.*” The Langmuir formula is written as
follows:

Q.= (KL X QO x m x CH(1 + K. X Cp) (3)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where Kj, represents the Langmuir adsorption constant, C. is
the equilibrium concentration of the dyes (mg L"), Q. is the
same meaning as that in eqn (1), and Q,, represents the
maximum adsorbed amount of the HPHG (mg g~ '). As shown in
Fig. 61 and K, the plots of Q. versus C. yield straight lines. For the
optimization of the concentration of the ZIF-8 particles, we also
investigated the dye adsorption capability of HPGH with
different concentration of ZIF-8 (Fig. S41). And the values of Q,,
and K;, can be calculated from the slopes and intercepts of the
obtained straight lines for further investigation (Fig. S5t). Both
the R* for the Langmuir model are higher than 0.95, which
indicates that the adsorption process of the 0ZIF-8 and 0.3ZIF-8
fits well with the Langmuir adsorption isotherm. It can be also
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found that the 0.3ZIF-8 gel presents higher calculated adsorp-
tion capacity and equilibrium adsorbed amount than those of
the 0-ZIF-8 gel, indicating that the introduction of ZIF-8 could
improve the adsorbability of RB. The Freundlich isotherm* is
usually written as:

Q. = K x G (4)
where Ky is Freundlich isotherm constant, 1/n the influence
coefficient of solution concentration to the equilibrium
adsorption capacity, and Q. and C. are the same as those in eqn
(3). k¢ and n can be obtained from the intercepts and slopes of
the fitted lines plotted by Q. against C. (Fig. 6] and L). The linear
correlation coefficient of 0.3ZIF-8 is higher than 0.96, which is
similar than that for the Langmuir model. Meanwhile, the
correlation coefficient (0.94) of GOSF20 is smaller than that
(0.97) for the Langmuir model. The values of n at the equilib-
rium (1.97 for RB and 0.97 for MB, respectively) are higher than
1, indicating the excellent adsorption of RB than MB for those
prepared 0.3ZIF-8 gel. As shown in Fig. S2 and S37, the color of
dye solution is shallow and the color of the samples are dark,
also indicating such results. Furthermore, we also investigated
cyclic adsorption ability of 0.3ZIF-8 gel for RB, and MB. The
results show a good cyclic adsorption of 0.3ZIF-8 gel for RB and

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

MB (67.5% and 85.4% after five cycles, respectively). The HPHG
demonstrates excellent reusability, attributed to the specific
hierarchically porous structures and numerous functional
groups—such as carboxyl and amide groups of silk fibroin.
These functional groups serve as effective physical adsorption
sites, enabling successful adsorption and desorption even after
five cycles. In addition, MO dye adsorption effect of HPHG. The
HPHG exhibits low adsorption ability for MO. It may be related
to the negative zeta potential of HPHG as shown in Fig. S6 and
S7.+

3 Conclusion

In this study, we proposed a universe strategy to fabricate multi-
level hierarchically porous nanocomposite hydrogels with
excellent balance of mechanical, adsorption, and reusable
property. Kinetic studies revealed a tendency towards a pseudo-
second-order adsorption model, attributed to the material's
unique structural features that facilitate rapid mass exchange
channels inside HPHG and provide abundant active sites for
pollutant adsorption. Reusability tests demonstrated that the
material retained 85.4% of its initial adsorption capacity after
five adsorption-desorption cycles, highlighting its potential for
practical applications. The excellent reusability of HPHG

RSC Adv, 2024, 14, 29384-29394 | 29391


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05844e

Open Access Article. Published on 16 September 2024. Downloaded on 4/20/2026 12:58:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

further confirms that physical adsorption is the primary
mechanism governing its adsorption capabilities. This study
paves new road in structure-performance relationships in
advanced water treatment materials, offering a promising
approach for designing next-generation adsorbents with supe-
rior efficiency and sustainability.
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