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Abstract

Excessive use of tetracycline (TC) antibiotics in aquaculture, particularly in Vietnam, has contributed to environmental contamina-
tion and economic losses. To address this problem, we developed a novel cellulose-based multicomponent adsorbent material
(PGC) synthesized from sodium carboxymethyl cellulose and investigated factors influencing its TC adsorption capacity. The syn-
thesis process was optimized using parameters derived from the response surface methodology. The surface and structural proper-
ties of PGC were characterized, and the TC adsorption efficiency of PGC was assessed using high-performance liquid chromatogra-
phy—mass spectroscopy (HPLC-MS). Elemental analysis of PGC identified four key mechanisms governing its endothermic TC
adsorption mechanism: surface complexation, electrostatic interactions, hydrogen bonding, and CH—m interactions, with surface
complexation between CaZ* and TCs being dominant. Batch adsorption experiments conducted to examine the factors influencing
adsorption capacity revealed that PGC achieved up to 70% TC removal efficiency at an adsorbent dosage of 40 mg and an initial
TC concentration of 60 mg-L~! at pH 6-7, reaching equilibrium after 12 h. The surface characteristics and structural properties of
PGC were determined using various material characterization techniques, including FTIR, SEM, EDX, and BET. Verification ex-
periments under optimal conditions confirmed that the adsorption process followed second-order kinetics and the Langmuir
adsorption isotherm model. Under optimal experimental conditions, a maximum adsorption capacity (g,,) of 123.2 mg-g~! was esti-
mated using the Langmuir isotherm model. These findings indicate that PGC demonstrates strong potential as an effective
adsorbent for the removal of average 70% TC antibiotic residues, particularly oxytetracycline, chlortetracycline, TC, and doxycy-
cline.
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Introduction

The aquaculture industry plays a crucial role in the global
economy, particularly for coastal nations, including Vietnam.
However, its multibillion dollar contributions are accompanied
by the growing problem of excess antibiotic usage, notably
tetracyclines (TCs), a widely used class of antibiotics in recent
years [1-4]. Recent studies indicate that oxytetracycline (OTC),
a TC derivative, is the predominant antibiotic used in Vietnam’s
white leg shrimp farming industry, particularly during the
10-30 day and 30-45 day rearing periods [5]. The extensive use
of OTC is primarily attributed to its broad-spectrum activity,
rendering it effective in controlling various bacterial infections
in shrimp. However, unregulated antibiotic usage poses signifi-
cant risks, including the presence of antibiotic residues in
seafood, which threaten human health. More broadly, overuse
of antibiotics diminishes aquatic biodiversity and leads to sub-

stantial economic losses.

Nowadays, various methods, including adsorption, biological
processing, photocatalysis, and electrochemical methods, have
been used to remove antibiotics from contaminated water. How-
ever, these conventional treatment methods are restricted by
costs, prolonged treatment durations, low adsorption efficiency,
water matrices, and secondary pollutant formation, limiting
their overall efficiency. A promising method for tackling tetra-
cycline antibiotics involves membrane technologies such as
osmosis membrane technology [6,7]. However, this approach
presents significant upfront investment and recurring mainte-
nance costs, while the contents of organic material and dis-
solved salts significantly affect the function of the membranes.
Furthermore, challenges related to the draw solution and the
necessity for integrating additional membrane processes for its
regeneration remain key hurdles. Photochemical processes have
also garnered significant research interest for tetracycline antibi-
otic removal, leveraging UV radiation [8,9]. While this ap-
proach offers cost-effectiveness, simplicity, and environmental
benefits, its efficacy is strongly influenced by the compound’s
adsorption spectrum, the sample matrix, and the radiation inten-
sity. Activated carbon is a conventional approach [10,11], how-
ever, a major drawback of activated carbon is its incomplete
recovery after adsorption. Because adsorption primarily relies
on physical interactions such as hydrogen bonding interactions,
electrostatic forces, and van der Waals forces, adsorbed antibi-
otics may desorb and reenter aquatic environments [12]. More-
over, activated carbon exhibits low selectivity and adsorption
capacity. Among novel adsorbents, metal-organic frameworks
[13] and molecularly imprinted polymers (MIPs) [14] are par-
ticularly notable for their high target specificity. Although MIPs
are effective, their synthesis requires exceptional precision and
is time-intensive. Meanwhile, magnetic solid-phase extraction

columns [15] have been explored for TC removal; however,
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they are impractical for processing large sample volumes. These
limitations have spurred the development of more effective and

versatile adsorbents.

Modern adsorbents are available in diverse compositions. More-
over, they are easy to manufacture and generally both cost-
effective and environmentally friendly. Cellulose-based adsor-
bents, in particular, have garnered increasing attention in recent
years. For instance, Yao et al. used three-dimensional cellulose-
based materials to remove various antibiotics from water, in-
cluding TC, exhibiting high adsorption capacity and good reus-
ability [16]. Moreover, three-dimensional cellulose-based aero-
gels, which feature high porosity and a large specific surface
area, have demonstrated adsorption efficiency across a wide pH

range [17].

Although previous studies have offered valuable insights,
further research is needed to optimize the structural and compo-
sitional properties of materials to improve their performance.
For instance, carboxymethyl cellulose (CMC), an anionic deriv-
ative of cellulose, is a linear polysaccharide consisting of anhy-
droglucose units linked by $-1,4-glycosidic bonds. The key
distinction between CMC and cellulose is that some hydroxy
groups in cellulose are replaced by carboxymethyl
(-CH,COOH) groups. The introduction of carboxymethyl
groups greatly enhances the water solubility of CMC relative to
that of cellulose. CMC, recognized as one of the most promis-
ing cellulose derivatives, was first synthesized in 1918 [18].
Owing to its unique surface properties, high mechanical
strength, abundance of raw materials, and cost-effective synthe-
sis, CMC is now widely used in food, textile, pharmaceutical,

and wastewater treatment industries.

This study aims to synthesize a cellulose-based multicompo-
nent adsorbent material (PGC) using commercial sodium CMC,
cross-linked with glutaraldehyde (GA) and polyvinyl alcohol
(PVA); and cationized with CaZ" and Zn2* for the removal of
TC from aquaculture effluents. Our approach involves optimiz-
ing the material’s synthesis using the response surface method-
ology, and a wide range of characterization methods was per-
formed to assess the surface characteristics and morphology of
the synthesized adsorbent. Additionally, the study examines the
adsorption mechanism of TC on the material’s surface and eval-
uates the effects of pH value, adsorbent dosage, and matrix

composition.

As a biodegradable and easily recoverable material derived
from natural cellulose, this adsorbent offers a sustainable alter-
native to synthetic materials that pose environmental risks. In

addition to wastewater treatment, this material could be utilized
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in medicine, pharmaceuticals, air purification, and environ-

mental monitoring.

Results and Discussion

Experimental optimization

Conventional production and modification methods typically
involve the manipulation of a single independent variable while
holding all other variables constant [19]. However, chemical
processes frequently involve a multitude of interacting factors,
necessitating the simultaneous evaluation of potential interrela-
tionships. To address this challenge, statistical experimental
design methodologies, notably response surface methodology
(RSM), have been developed. RSM, a robust integration of
mathematical and statistical techniques, is extensively em-
ployed for process optimization and the elucidation of interac-
tions among experimental variables, ultimately leading to en-
hanced results [20,21]. The application of RSM enables
researchers to substantially decrease the number of experiments
needed while simultaneously achieving a more thorough
comprehension of the process under investigation and the iden-

tification of optimal operating parameters.

A response surface plot (Figure 1) was used to visualize vari-
able interactions and determine optimal process parameters. As
depicted in Figure 1a, the TC removal efficiency of the adsor-
bent decreases when both CMC mass (X1) and PVA mass (X2)
increase simultaneously. This decline is expected, as increasing
both CMC and PV A concentrations results in a highly viscous
and non-homogeneous mixture, which deteriorates material
quality and reduces adsorption capacity. When evaluating X2
independently, the optimal PVA concentration is determined to

(a)

(%) A1anooay

X1: CMC mass

(9) X2: PVA mass
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4.0
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be below 2.0 g. When the PVA concentration exceeds this
threshold, TC adsorption efficiency declines. This is because
higher PVA levels hinder dissolution and mixing, particularly
as viscosity increases. Similarly, TC adsorption efficiency
also declines as GA concentration increases. At high concentra-
tions, GA can dissolve PVA, compromising the material’s
stability. This interaction significantly influences the model
(p-value < 0.05), particularly through the GA volume (X3). The
interaction of the mole ratio between CaZt and MgZ* (X4) with
other factors also has a significant effect on the model, yielding
an optimal value of approximately 0.1. A substantial decrease in
X4 leads to a corresponding decline in the dependent variable
Y, particularly in the X1-X4 and X3-X4 interactions. This
effect arises because a reduction in X4 decreases water solu-
bility and hinders the formation of a homogeneous cellulose
mixture. Additionally, lower Ca?* concentrations impede
chelate formation between Ca2* and TC (Figure 1b). Response
surface methodology (RSM) optimization in MODDE 5.0 iden-
tified the following optimal values for maximizing the objec-
tive function: X1 = 1.5 g, X2 = 1.0 g, X3 = 0.01 mL, and
X4 = 0.1. These optimized parameters will be applied in the
synthesis of an adsorbent for TC removal from water.

Material characterization

FE-SEM and FTIR results

Figure 2 presents comparative field-emission SEM (FE-SEM)
images and FTIR spectra of commercial CMC and PGC.
Notably, the FE-SEM analysis of PGC (Figure 2d-f) reveals
significant morphological changes compared to pristine CMC
(Figure 2a—c). Specifically, the PGC surface exhibits numerous,
uniformly distributed spherical nanoparticles (<200 nm in diam-
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Figure 1: Response surface methodology (RSM) plots for synthesis optimization. (a) RSM plot showing the effect of X1 (CMC mass), X2 (PVA mass)
and (b) RSM plot showing the effect of X3 (mole ratio Ca2*/Mg?*) and X3 (GA volume) on the optimum efficiency of the synthesis.
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Figure 2: (a—c) FE-SEM images of commercial CMC, (d—f) FE-SEM images of PGC, and (g) FTIR spectra of commercial CMC and PGC.

eter), attributed to ZnO nanoparticles. The initial tubular struc-
ture of CMC is converted into a film-like structure owing to the
lateral bonding effect of GA and PVA, as well as the dissolu-
tion of cellulose by Zn2*. The rough, wrinkled surface and
cracks are likely due to the focused high-energy electron beam
during the FE-SEM imaging process [22]. Larger agglomerates,
possibly ZnSQy residues, are also apparent, which aligns with
the subsequent EDX results.

The FTIR spectrum (Figure 2g) of commercial CMC displays
distinct adsorption bands at 3219, 2875, 1424, 1325, 1053, 1029
and 893 cm™!. The broad band from 3219 to 3406 cm™! corre-
sponds to O-H stretching vibrations, reflecting the abundance
of hydroxy and carboxyl groups in commercial CMC. The
adsorption band at 2875 cm™! represents symmetric stretching
vibrations of the —CH, group. The strong peak at 1620 cm™!
likely corresponds to asymmetric C=0 stretching vibrations in
carboxyl groups such as -COONa. The sharp, symmetric peaks
at 1424 and 1325 cm™! correspond to symmetric stretching
vibrations of alkyl groups in CMC. The doublet at 1029 and
1053 ecm™! represents vibrations of pyranose rings formed
during cellulose synthesis, as well as C—O stretching vibrations.
Meanwhile, the peak at 893 cm™! corresponds to C—O-C
stretching vibrations, which are characteristic of cellulose.
These results are consistent with previous findings on commer-
cial CMC [23,24].

Owing to lateral bonding, the characteristic peaks of CMC
remain observable but exhibit shifts. For example, the alkyl
group vibration peak shifts to 1424 cm™!, while the C-O-C
stretching vibration peaks shift to 883 and 1105 cm™!. Mean-
while, the hydroxy group vibration peak becomes broader and
less intense, shifting to the 3240-3386 cm™! region, suggesting
the involvement of —OH groups in cross-linking. The intensity
of the peak at 1325 cm™! decreases significantly, while the
peak at 1620 cm™!, corresponding to carbonyl (-C=0)

stretching in carboxyl groups, nearly disappears, indicating
lateral bonding between PVA and GA. Additionally, the appear-
ance of the peak at 668 cm™! indicates the presence of a Zn—O
bond, while the peaks at 880 and 3416 cm™! correspond to
Zn—OH vibrations, suggesting the involvement of ZnZ* in
dissolving CMC. The sharp peak at 568 cm™! corresponds to a
Ca—-O bond [25].

EDX

EDX analysis revealed the elemental composition of the PGC
material, as detailed in Figure 3a,b. Notably, the detection of el-
ements, particularly Zn, in PGC confirms the role of Zn?* ions
in cellulose dissolution via hydrate bridge formation. Addition-
ally, the presence of Zn enhances the TC adsorption capacity of
PGC through a chemical adsorption mechanism.

According to our findings, Zn content increased significantly
from 12.45% in pristine CMC to 22.24% in PGC, aligning with
FTIR outcomes confirming the presence of Zn—-O and Zn-OH
bonds. Furthermore, the Ca content increased from 0.03% to
2.82%, accompanied by a rise in oxygen content. This increase
suggests the involvement of GA and PVA in the cross-linking
process, where the —OH groups in PVA and —CHO groups in
GA contribute to the rise in oxygen content. Additionally, the
detection of sulfur in PGC indicates the potential presence of
residual ZnSO4 precursor. Figure 3c—1 present significant
changes in the elemental distribution of O, S, Zn, and Ca in
PGC compared to pristine CMC. These elements display a
higher density on the surface of PGC.

Brunauer—Emmett-Teller method

Surface area characterizations of PGC determinded by the
Brunauer—Emmett-Teller (BET) method are shown in Table 1.
Specifically, the specific surface area of PGC is 1.3543 m2-g~!;
the pore volume is 0.000641 cm3-g~! and the average pore di-

ameter is 18.93 A.
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Figure 3: (a, b) EDX spectra and elemental compositions of commercial CMC and PGC, respectively; (c) morphology image of CMC; (d—f) elemental
mapping images of commercial CMC; (g) morphology image of PGC; and (h-I) elemental mapping images of PGC.

Table 1: Surface area characterizations of PGC determinded by BET
method.

Surface area (m2/g)

Single point surface area at P/Pg = 0.249674088 1.2965

BET surface area 1.3543
t-Plot micropore area 0.2295
t-Plot external surface area 1.1248

Pore volume (cmd/g)

Single point adsorption total pore volume of

pores less than 34.994 A diameter at P/Pg = 0.000641
0.398928826

t-Plot micropore volume 0.000101
BJH adsorption cumulative volume of pores 0.000461

between 17.000 A and 3,000.000 A diameter

Pore size (A)

Adsorption average pore diameter 18.930
BJH adsorption average pore diameter 20.758

Investigation of factors influencing the
maximum TC adsorption capacity of the
synthetic material

Effect of initial pH

The effect of pH on the TC adsorption capacity of PGC is illus-
trated in Figure 4c. Specifically, the adsorption capacity in-
creases significantly between pH 3 and 7, peaking at pH 7.
Beyond this point, it decreases rapidly, with the sharpest decline
observed between pH 10 and 11.

This occurs because, as pH increases, particularly around pH
6.8, keto-enol groups serve as preferential sites for chelate for-
mation between TC and Ca2* in a 1:3 ratio of CaZ* to TC [26].
In this pH range, reduced competition between H* ions and TC
for adsorption sites, along with the ionization of hydroxy groups
and the subsequent formation of hydrogen bonds with TC mole-
cules, results in a rapid increase in adsorption capacity. Beyond
pH 7, adsorption capacity decreases sharply as TC transforms
into negatively charged anions, causing repulsive interactions

with oxygen-containing functional groups on the PGC surface.

732



100 4
(a)
. . + 20 m(
'y 80 $ v v 100 mg-L"
o ee ¢ "
= + X a A A A 80 mg-L
= ¢ 0 X
> 60 A2
= + 1
] A + + ® ® 60 mg'L
© e °**®
&
1l e
o 40 I amm ® m m =  40mglL’
S |
= ]
2 204 u
[e]
%)
ke )
<C
0=
T T T T T T T T |
0 5 10 15 20 25 30 35 40
Time (hour)
60 ( )
C
— = * "
IC,DSO— n =
)}
E .
> - u
£
S 40
@©
Q
@
[$)
c 304
o L ]
e
=%
2
@
2z 20+
< L}
10 T T T T T 1
2 4 6 8 10 12
pH

Beilstein J. Nanotechnol. 2025, 16, 728-739.

r 80

180+ . Adsorption capacity (b)
‘f\ L
o 160 . " L75 >
: o
o . " @
£ 140+ = o
= S
L + ) —-~
2 120 0
- :
2 100+ ] L os 5
(&) - o o
c ] Q,
S 80 o
= . o
2 60 L go<
[ " Adsorption efficiency 3
T 404 - >
< . =
= L] =99
20 "
T T T T T
0 20 40 60 80 100
Adsorbent dosage (mg)
90
. (d)
‘Tq_)go- =
g
=70+ "
>
=
[
3
260
o
c L]
2 50
o
2
o
S 40
< =
30 r T T

T T
40 60 80 100 120
Initial concentration (mg-L™")

Figure 4: (a) Effect of adsorption time and initial concentration on the adsorption capacity of PGC. (b) Effect of adsorbent dosage on the adsorption
capacity and adsorption efficiency of PGC. (c) Effect of pH on the adsorption capacity of PGC. (d) Effect of initial concentration on the adsorption

capacity of PGC.

Further, at pH 7.5 and above, the chelate complex between Ca2*
and TC preferentially forms at a 1:1 ratio [27]. Hence, the pH
range between 6 and 7 is selected as optimal for TC adsorption
and will be used in subsequent investigations.

Effect of initial TC concentration and time

As depicted in Figure 4a, the adsorption capacity (g.) increases
with higher initial concentrations of TC. Specifically, at low
initial concentrations, adsorption capacity is low owing to the
incomplete diffusion of TC molecules into the material struc-
ture. However, at higher initial concentrations, a larger concen-
tration gradient drives TC diffusion into the PGC surface, re-
sulting in a rapid increase in adsorption capacity. Notably, most
of the adsorption occurs within the first 12 h, during which
89-95% of TC is adsorbed. In the first 8 h, the adsorption rate
of TC increases rapidly at all concentrations but decreases sig-
nificantly afterward. This occurs because, during the initial
stage, numerous vacant adsorption sites on the surface allow for
the easy adsorption of TC. As TC molecules fill the vacant

adsorption sites, the adsorption rate decreases over time until
equilibrium is reached after 12—-16 h.

As depicted in Figure 4a, the adsorption efficiency at 60 mg-L™!
TC increases more rapidly in the first 12 h than at other concen-
trations. Therefore, a concentration of 60 mg-L™! was selected

for further investigations.

Effect of adsorbent dosage

An adsorption experiment was performed using 10 different
adsorbent dosages at an initial TC concentration of 60 mg-L™!
and pH 6-7. Figure 4b presents the effect of adsorbent dosage
on the TC adsorption capacity and efficiency of PGC. Notably,
as the adsorbent dosage increases, TC adsorption capacity
decreases, whereas adsorption efficiency improves owing to the
greater surface area available for TC adsorption. Adsorption
efficiency increases rapidly as the adsorbent dosage rises from
10 to 40 mg, but beyond this point, the rate of increase becomes

negligible. Doubling the adsorbent dosage to 80 mg results in
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an increase of no more than 10% in both TC adsorption
capacity and removal efficiency. However, the amount of TC
adsorbed per unit mass of adsorbent decreases as dosage in-
creases. Therefore, an adsorbent dosage of 40 mg is selected for
subsequent studies.

Adsorption isotherms

An adsorption test was conducted at pH 6-7 using a 40 mg
adsorbent dosage with varying initial TC concentrations. Linear
regression analysis was applied to C¢/g, and C, for the Lang-
muir model (Figure 5a) and to In g, and In C,, for the Freundlich
model (Figure 5b). To assess whether TC adsorption onto PGC
follows the monolayer adsorption mechanism described by the
Langmuir model, the degree of fit was evaluated using the equi-
librium coefficient Ry . Notably, the R, values, calculated in
Table 2 and presented in Figure 5c, range from 0.167 to 0.334,
indicating that TC adsorption onto PGC is favorable and
conforms to the Langmuir isotherm model.

The higher R? value for the Langmuir model compared to that
for the Freundlich model (Table 2, Figure 5a,b) suggests that
the Langmuir model better describes TC adsorption onto PGC.
This finding indicates that TC adsorption onto PGC occurs as
monolayer adsorption on a homogeneous surface.

Adsorption kinetics
Experimental data derived from the analysis of the effect of

contact time and initial TC concentration on adsorption capacity

Beilstein J. Nanotechnol. 2025, 16, 728-739.

were used to study the kinetics of TC adsorption using first-
order and second-order kinetic models. Table 3 and Table 4
present the first-order and second-order kinetic equations, re-
spectively. Although the first-order kinetic model yields rela-
tively high R2 values (0.89-0.98), the equilibrium adsorption
capacity calculated based on the model equations deviates sig-
nificantly from experimental values. Therefore, the first-order
kinetic model is unsuitable for describing TC adsorption onto
PGC.

Table 3: First-order kinetics equations and R2 values.

Concentration First-order kinetics R2
(mg-L™) equations

40 y =-0.1850x + 3.0307 0.9206
60 y =-0.1651x + 3.0311 0.8987
80 y =-0.1951x + 3.6012 0.9514
100 y =-0.1746x + 4.2163 0.9840
120 y =-0.1285x + 3.9464 0.9242

In contrast, the pseudo-second-order kinetic model exhibits
high R? values (>0.99) and excellent agreement between calcu-
lated and experimental equilibrium adsorption capacities, indi-
cating that it better describes TC adsorption onto PGC. This
suggests that the adsorption process is predominantly

chemisorption.
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Figure 5: (a) Langmuir adsorption isotherms. (b) Freundlich adsorption isotherms. (c) Variation of the equilibrium constant R|_ as a function of initial

concentration.

Table 2: Characteristic parameters and R? coefficients of the Langmuir and Freundlich models according to the linearized models.

Langmuir model

Adsorbent R2 gm(mg:g™") K (L'mg™")

PGC 0.9823 123.2 0.05

RL

0.167-0.334

Freundlich model

R2 Ke (Lg™)

0.9495 5.36 1.23
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Table 4: Second-order kinetics equations and R? values.

Concentration Second-order kinetics R?
(mg-L~") equations

40 y =0.0275x + 0.0303 0.9971
60 y=0.0181x + 0.0113 0.9995
80 y =0.0137x + 0.0103 0.9992
100 y =0.0118x + 0.0245 0.9946
120 y=0.0113x + 0.0212 0.9952

Mechanism

Elemental analysis of the synthesized PGC material confirmed
the presence of Ca2*, indicating the potential formation of
Ca?*-TC complexes. Notably, the formation of these com-
plexes depends on pH, as specific sites on the TC structure
undergo protonation before ionic bonding with Ca®* in the PGC
matrix. Among the four ionizable functional groups in TC, the
primary site remains predominantly protonated (86%) at pH 6.8

[26,28,29]. However, Ca2* coordination at this site is expected

Electrostatic “ou o
Interaction

Beilstein J. Nanotechnol. 2025, 16, 728-739.

to shift the ionization equilibrium toward the B-keto enolate
form, leading to the deprotonation of TC molecules and
complex formation with Ca?*. Experimental results indicate
that a 1:3 Ca2*/TC complex is favored at pH 6.8 (Figure 6a)
[29].

The adsorption mechanism of TC onto PGC is illustrated in
Figure 6b,c,d. This mechanism involves van der Waals forces,
which primarily represent electrostatic interactions. Notably,
TC is an aromatic organic compound with an amino group that
can accept protons (H*) from the environment, acquiring a posi-
tive charge. The CMC network within PGC includes oxygen-
containing functional groups (-OH, —C=0, and -COOH), which
confer a negative charge, enabling electrostatic interactions
(Figure 6b). FTIR spectroscopy (Figure 2g) confirms the pres-
ence of these oxygen-containing functional groups on PGC,
supporting this explanation. Thus, electrostatic attraction be-
tween the positively charged TC-N* complex and the nega-
tively charged PGC material drives the adsorption process. Ad-
ditionally, hydroxy groups may facilitate hydrogen bond forma-

Hydrogen
bonding

CH-n
Interaction

e

CONH,

Figure 6: (a) Structure of the Ca2*~TC complex formed at pH 6.8. Adsorption mechanism of TC onto the PGC surface through (b) electrostatic inter-

action, (c) hydrogen bonding, and (d) CH- interaction.

735



tion between PGC and TC (Figure 6¢). Furthermore, the aro-
matic ring of TC contains conjugated double bonds, while the
hexagonal network of PGC contains —-CH groups, enabling

CH-m dispersion interactions [30] (Figure 6d).

Removal of antibiotics from water sample via PGC
material

As shown in Table 5, approximately 70% and 60% of antibiot-
ics content (including tetracyline (TC), oxytetracycline (OTC),
chlortetracycline (CTC), and doxycycline (DOX)) in standard
solution and sample solution, respectively, was successfully
eliminated from water during a single-stage PGC treatment.

Table 5: Antibiotics treatment performance in water sample after one
stage of the PGC process.

Matrix Removal efficiency (%)

standard solution oTC 71.03 £ 0.96
TC 72.24 +1.21
CTC 82.68 + 0.85
DOX 86.98 + 0.36
sample solution oTC 46.07 £ 2.31
TC 66.39 + 0.52
CTC 65.84 + 1.53
DOX 86.39 + 0.67

PGC material ultilization promotes the valorization of agricul-
tural waste, offering an effective strategy for its reuse, particu-
larly relevant for agricultural countries like Vietnam. This
provides an abundant and low-cost source of raw materials and
mitigates environmental issues linked to the burning or
improper handling of agricultural by-products. Notably, PGC
also shows strong potential for commercialization as an effi-
cient water treatment solution. Nonetheless, the presence of
humic and fulvic acids in the sample matrix may interfere with
the adsorption process, presenting a significant obstacle to the

effective use of PGC for TC removal.

Conclusion

This study developed and implemented a synthesis strategy for
a cellulose-derived adsorbent material (PGC) to remove TC
antibiotics (tetracyline, oxytetracycline, chlortetracycline, and
doxycycline) from aquaculture water. RSM was used to deter-
mine the optimal synthesis parameters for PGC, which were
CMC mass (1.5 g), PVA mass (1.0 g), GA volume (0.01 mL),
and Ca?*/Zn* molar ratio (0.1). FTIR, EDX, FE-SEM, and
BET analyses were used to assess the cross-linking perfor-
mance of GA and PVA and to elucidate the role of Zn2* in

cellulose dissolution. The adsorption of TC onto PGC was ex-
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plained by the formation of Ca2*—~TC chelate complexes, as
well as electrostatic interactions, CH— interactions, and hydro-
gen bonding interactions between the material surface and TC.
Additionally, the effects of contact time, pH, initial concentra-
tion, and adsorbent dosage on the TC adsorption capacity of
PGC were investigated. The results indicated that equilibrium
was reached after 12 h, with an optimal pH of 6-7, an adsor-
bent dosage of 40 mg, and an initial concentration of 60 mg-L ™!
TC. TC adsorption onto PGC followed pseudo-second-order
kinetics and conformed to the Langmuir isotherm model. Addi-
tionally, preliminary tests in real water samples revealed that
fulvic acid and humic acid in the water matrix affected the
adsorption process. Owing to its high efficiency, eco-friendli-
ness, versatility, and up to 70% removal efficiency of tetracy-
line, oxytetracycline, chlortetracycline, and doxycycline, the
synthesized PGC material shows great potential for addressing
environmental challenges and promoting sustainable develop-
ment. The PGC adsorbent, with higher porosity, enhanced
selectivity, more hydrophobicity, and a simple synthesis
process, along with cost-efficiency and high adsorption
capacity, holds promise as an effective adsorbent for the treat-
ment of aquaculture wastewater. Overall, this study lays the
groundwork for future research on synthesizing adsorbents from
sustainable, cellulose-based materials derived from agricultural
waste.

Experimental

Materials

Tetracycline hydrochloride (97.2%), oxytetracycline dihydrate
(98%), and chlortetracycline hydrochloride (94.6%), all sourced
from the Institute of Drug Quality Control, Ho Chi Minh City
(Vietnam), were used as reference antibiotics in this study. Ad-
ditional reagents included ciprofloxacin and enrofloxacin (both
from Pharmaceutical Joint Stock Company of February 3rd,
Vietnam), methanol (Merck, Germany), sodium carboxymethyl
cellulose (Zhanyun, China), PVA (95.5-96.5% hydrolyzed,
My = 85,000-124,000, Thermo Scientific Chemicals, USA),
GA (50%) (Zhanyun, China), calcium chloride anhydrous
(Xilong, China), and zinc sulfate heptahydrate (Xilong, China).
All reagents were of analytical grade, and deionized water was
used for all experiments.

Experimental optimization
MODDE 5.0 software was employed to identify key influ-
encing factors and optimize the synthesis process using RSM.
The independent variables included CMC mass (X1) [31], PVA
mass (X2), and GA volume (X3) [32], along with the molar
ratio of Ca?* and Zn?* (X4) [25].

Polyvinyl alcohol (PVA), characterized by a high density of

hydroxy groups attached to its polymer chain, is widely used as
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a binding agent in material synthesis. PVA promotes chemical
cross-linking between CMC molecules by interacting with
acidic and/or basic functional groups under thermal conditions
[33,34]. This cross-linking occurs when the polymer’s free
hydroxy groups interact with the functional groups of the cross-
linking agent, reducing the polymer’s water solubility while in-
creasing its stiffness and chemical stability [35,36].

Glutaraldehyde (GA), a linear five-carbon dialdehyde, is
regarded as a more effective cross-linking agent compared to
monoaldehydes (e.g., formaldehyde) and other dialdehydes (C;
to Cg) [37]. GA and PVA have been used as cross-linking
agents in CMC-based materials to enhance selectivity, stability,
and mechanical properties [38]. This method is both cost-effec-
tive and highly efficient in strengthening materials while im-

proving their mechanical strength and hydrophobicity.

Recent studies have revealed that inorganic salt mixtures, such
as zinc chloride and calcium chloride, effectively dissolve cellu-
lose, facilitating the fabrication of cellulose membranes for gas
separation and organic pollutant removal [38,39]. Specifically,
in a cellulose solution, Ca2* cross-linking with Zn—cellulose
chains enhance the mechanical properties of the resulting mem-
branes. These ions can be incorporated into the cellulose
polymer matrix with an appropriate ratio, forming a controlled
hydrogen bonding network that strengthens connectivity in the

overall polymer network [40].

Preparation of PGC

As illustrated in Figure 7, CMC was selected as the base materi-
al for the synthesis of PGC, in combination with the presence of
the following agents: PVA, which acts as a binder by facili-
tating chemical cross-linking of CMC molecules through inter-
actions with functional acidic and basic groups, the cross-
linking agent glutaraldehyde (GA), and an inorganic ion mix-
ture (Ca2* and Zn2*), which enhances the mechanical proper-
ties of the material by promoting the formation of a controlled

Beilstein J. Nanotechnol. 2025, 16, 728-739.

hydrogen bonding network, thereby reinforcing the polymer
matrix. To prepare PGC, 1.5 g of CMC, 0.25 g of CaCl,, and
3.637 g of ZnSO,4 were added to a beaker containing 30 mL of
distilled water, where they were completely dissolved under
magnetic stirring at 800 rpm for 30 min, forming solution A.
Subsequently, 1.0 g of PVA and 0.1 mL of 1% H;SO4 were
added, and the solution was stirred until a homogeneous mix-
ture was obtained. Next, 0.01 mL of GA was added, and the
stirring speed was increased to 1,000 rpm, continuing for 4 h.
Finally, the solution was dried at 65 °C for 24 h, yielding the
PGC adsorbent material for further use.

Characterization of PGC

FE-SEM and EDX

Field-emission SEM analysis was performed using a Merlin
Compact instrument (Carl Zeiss, Jena, Germany) with an SE2
detector. The sample was mounted on a clean silicon wafer and
coated with a nanoscale platinum layer using an ion sputter
coater (Q150T Plus, Quorum Technologies, UK). EDX analy-
sis was conducted using an Aztec Energy X-MaxN system
(Oxford Instruments, UK) at an acceleration voltage of 5 kV

and a working distance of 8.5 mm.

FTIR

FTIR analysis was performed using a Spectrum Two FTIR
spectrometer (PerkinElmer, MA, USA) equipped with a LiTaO3
detector and an attenuated total reflectance sampling accessory.
The scanning range was 400-4000 cm™!, with a total acquisi-
tion time of 60 s.

Brunauer—Emmett—Teller method

A 0.27 g PGC sample was analyzed at the Institute of Chemical
Technology, Ho Chi Minh City, over 3 h. The specific surface
area of this sample was determined using N, adsorption—de-
sorption isotherms at 77.3 K under controlled pressure condi-
tions. Before analysis, the sample was degassed at 150 °C for
2 h and 30 min under an N, atmosphere.

H,S0, 1%: 0.01 mL

ZnsO,: 3.637 g

GA: 0.01 mL

CMC:15¢g }\ /’ CaCl,: 0.25¢g

/{ PVA: 1.0g

=

30 mL of deion water

Figure 7: Synthesis procedure for PGC.

Solution B
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High-performance liquid chromatography-mass
spectroscopy (HPLC-MS/MS)

The HPLC-MS/MS system consisted of an AB Sciex 4000
QTRAP mass spectrometer equipped with a Turbo Ion Spray
source, which was operated in both positive mode and negative
mode (QTRAP®4000, AB SCIEX, Framingham, MA, USA).
The analyses of the tetracyclines were performed using a
Sunfire C18 column (150 x 2.1 mm i.d., 5.0 mm particle size)
from Waters (Milford, MA, USA), and the mobile phase con-
sisted of ACN and 0.1% FA, delivered at 0.25 mL-min~!.

Factors influencing adsorption capacity

Experiments were conducted to evaluate factors affecting the
adsorption capacity of PGC and determine optimal conditions.
The investigated factors included initial pH, initial concentra-
tion and time, adsorbent dosage, adsorption isotherms, and
adsorption kinetics.
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Abstract

Natural hydration shells are discovered to play an essential role in the structure and function of biomolecules (deoxyribonucleic
acid, protein, and phospholipid membrane). Hydration layers are also important to the structure and property of artificial graphene-
based materials. Our recent works prove that graphene-based hydrogels are supramolecular hydration structures that preserve
graphene nanosheets from the restacking through hydrophobic force, van der Waals force, and m—m interaction. In this manuscript,
density functional theory and high-performance computing (HPC) are used for modeling and calculating van der Waals force be-
tween graphene nanosheets in water-intercalated AB bilayer graphene structures. A layer of water molecules significantly decreases
the intersheet van der Waals force. A novel hydrogel of graphene oxide-silica gel-zinc hydroxide (GO-SG-ZH) is experimentally
synthesized to demonstrate the advantages of hydrated hydrogel structure in comparison with dry powder structure. The synthesis

of graphene-based hydrogels is a green chemistry approach to attain extraordinary properties of graphene-based nanostructures. An-
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alytical characterizations exhibited moisture contents, water evaporation rates, three-dimensional structures, elemental composi-

tions, aqueous dispersibility, and antibacterial activities. Hydration shells on graphene-based nanosheets in the hydrogel increase

intersheet distances to prevent the stacking of the nanostructures. Hydration layers in the GO-SG-ZH hydrogel was also lubricative

for direct brush coating on polymer substrates, typically polylactide films. Interfacial adhesion of graphene-based nanosheets on

polylactide substrates made the antibacterial coating stable for several application purposes. In general, supramolecular graphene-

based hydrogels are bioinspired hydration structures to advance nanoscale properties and nanotechnology applications.

Introduction

Biological cells are assemblies of biomolecules that are
hydrated with water molecules. The cell content includes about
70-95% water that creates an aqueous environment for biologi-
cal processes. Water molecules are bound to biomolecular sur-
faces and participate in the structuring and functioning of bio-
molecules, typically the folding of protein and the twisting of
the double helix of deoxyribonucleic acid (DNA) [1]. Water
molecules and their hydrogen bonding network function as
lubricants for biomolecular dynamics. Recent scientific works
have analyzed the important role of hydration shells on DNA,
proteins, and phospholipid membranes [2-4]. The first hydra-
tion shell (about 3.5 z&) at the interface of biomolecules has
considerably slower dynamics than water molecules in the bulk.
Besides, the first water layer on the interface is responsible for
hydration forces between biomolecular structures [5]. The
rearrangement of water molecules through hydrogen bonding
on hydrated surfaces generates repulsive hydration forces
when another surface perturbs the hydration layers [6-8].
Hydration shells and hydration forces keep the hydrated struc-
tures stable and functional in the natural concert of biological
processes.

In the aspect of artificial nanomaterials, it is proposed that
hydration also plays an important role in the stability and func-
tionality of nanoscale structures. Van der Waals forces are
supramolecular intermolecular interactions that govern the
agglomeration of nanomaterials. Carbon nanostructures with
m-conjugated systems (fullerene, carbon nanotube, and
graphene) have m— interactions, a type of van der Waals force,
for supramolecular attraction [9]. Particularly, graphene sheets
with a large surface area and m-conjugated network are likely to
stack together through hydrophobic agglomeration and m—m
interaction. Although 7— interactions are generally weaker than
hydrogen bonding, two graphene sheets in face-to-face geome-
try have a large interaction surface area to multiply the van der
Waals force per unit area, resulting in strong binding energy of
total attraction forces. The restacking of graphene-based nano-
sheets, including pristine graphene, graphene oxide (GO), and
reduced graphene oxide (RGO), causes the drawbacks of small
effective surface area and low dispersibility in media [10].

Several approaches have been reported to prevent the irre-

versible stacking of graphene-based nanosheets, including elec-
trostatic repulsion, nanoparticle intercalation, three-dimen-
sional assembly, and surface hydration [10-12]. In our previous
works, a number of graphene-based hydrogels (RGO-SnO,,
RGO-ZnO, and RGO) were synthesized to evidence the revers-
ible self-assembly of graphene-based nanosheets thanks to
water intercalation in the hydrated ensembles [13-17]. There-
fore, supramolecular graphene-based hydrogels with hydration
intercalation and hydration force are quite useful for preserving
and generating graphene-based nanosheets for many applica-

tions.

In this manuscript, we calculated van der Waals forces in bilay-
er graphene structures using density functional theory modeling
(DFT) and dispersion energy correction functional (DFT-D3).
The theoretical work aimed to elucidate the relationship be-
tween water intercalation and intersheet binding energy in
quantum mechanical level. The computational calculations
quantified intersheet distance, van der Waals force, bandgap
energy, and formation energy of the molecular system of
bilayer graphene intercalated with a water layer. In the
experimental aspect, green chemistry methods were applied
for synthesizing GO nanosheets, rice-husk-derived silica gel
(SG), nano-silica-zinc hydroxide nanoparticles (SG-ZH),
and graphene oxide—nanosilica—zinc hydroxide nanocompos-
ites (GO-SG-ZH). Graphite oxidation reaction in a cascade
design gives good efficiency values of energy, chemical
reaction, and reaction time [14,15]. The recycling of rice
husk ash waste into nanosilica products is eco-friendly and
sustainable for circular economy [18-21]. Especially,
GO nanosheets decorated with SG-ZH nanoparticles have
hydrophilic surfaces to retain hydration layers in the hydrogel
structure of the GO-SG-ZH nanocomposite. Hydration layers
in the GO-SG-ZH hydrogel also function as lubricants at
the nanomaterials interfaces, leading to facile brush coating on
plastic films of polylactide (PLA). Dehydrated GO-SG-ZH
coating is adhered to the PLA substrate through interfacial
interactions. Furthermore, antibacterial activities, coating
stability, and mechanical properties of the nanocomposite mate-
rials were investigated and described in the results and discus-

sion.
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Methods
Computation method of density functional
theory

First-principles calculations based on DFT were conducted
using the Vienna ab initio simulation software (VASP) and a
high-performance computing system (HPC). The projector-
augmented wave method (PAW) was implemented in elec-
tronic structure calculations. Generalized gradient approxima-
tion of Perdew—Burke—Ernzerhof (GGA-PBE) was used for
describing exchange-correlation energy of electron—electron
interactions. The correction of van der Waals dispersion energy
was applied using the DFT-D3 method proposed by Grimme
[22-24]. The modeling of infinite graphene sheets was extrapo-
lated from periodic supercells. The supercell of bilayer
graphene structure includes 16 carbon atoms (two graphene
sheets with eight carbon atoms per sheet). The modeling of
water-intercalated bilayer graphene structure used the supercell
of 16 carbon atoms, one oxygen atom, and two hydrogen atoms

(two graphene sheets and one water molecule).

Preparation of graphene oxide from natural graphite
The improved cascade-design synthesis of graphite oxide (GrO)
was reported in our previous papers [15,16]. Briefly, 5 g of raw
material of natural graphite (Shanghai Zhanyun Chemical) was
soaked and agitated in 50 mL of 98% sulfuric acid. The solu-
tion of Mn(VII) compound was prepared by dissolving 10 g of
potassium permanganate in 100 mL of 98% sulfuric acid. The
graphite/H,SO,4 suspension was slowly poured into the Mn(VII)
solution. A cooling water bath and an infrared thermometer
were used for controlling the reactor temperature below 55 °C
(the peak of the reactor temperature is about 50 °C). After agita-
tion in room-temperature conditions for 4 h, the graphite/
Mn(VII)/H,SO4 suspension was slowly poured into 360 mL of
water (the exothermic heat increased the reactor temperature to
above 90 °C). After 2 h of agitation, the reaction was mixed
with 150 mL of a 5% H,O, solution and kept stirring for one
day. After washing to neutral pH, the material was dried and
ground to produce a GrO powder (moisture ~20%). Next, the
GrO powder was dispersed in water and sonicated for 1 h. After
natural sedimentation overnight, the suspension was decanted to
collect the supernatant dispersion of GO nanosheets.

Preparation of nanosilica from rice husk ash waste

Rice husk ash that was discarded from industrial boilers was
collected for recycling experiments. Our method of nanosilica
synthesis using potassium hydroxide and acetic acid was
mentioned in a recent paper [21]. Raw material from rice husk
ash waste was dispersed in a 7% potassium hydroxide solution.
The suspension was agitated for 1 h at a temperature range of

80-90 °C. After careful filtration, a clear yellow solution of
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potassium silicate was obtained and neutralized with a 15%
acetic acid solution. After that, the suspension of precipitated
nanosilica was incubated overnight and then thoroughly washed
with water. The obtained product of silica gel (SG) was used for
subsequent synthesis and brush coating experiments.

Synthesis of graphene oxide—nanosilica—zinc
hydroxide hydrogel

The suspension of 0.625 g GrO and 250 mL of water was
agitated and then sonicated for 1 h. The suspension was
decanted to collect about 250 mL of GO dispersion. An amount
of 4.4 g of Zn(CH3COO),-2H,0 was dissolved in 250 mL of
water to prepare a 250 mL ZnZ* solution. The Zn%* solution
was slowly dropped into the GO solution under stirring. The ob-
tained GO/Zn?* dispersion was sonicated for 30 min. Besides,
20 g of the SG material (moisture ~95%) was mechanically
dispersed in 480 mL of water for 15 min and then sonicated for
15 min. A volume of 500 mL of the as-prepared GO/Zn2*
dispersion was dropped into the 500 mL SG dispersion. The
mixture was agitated for 15 min and sonicated for 15 min.
Then, the reaction was adjusted to pH 10 using ammonia solu-
tion for Zn(OH), precipitation and kept stirring for 1 h. After
sedimentation, the material was filtered and thoroughly washed
with water. A hydrogel of graphene oxide—nanosilica-zinc
hydroxide (GO-SG-ZH hydrogel) was collected and analyzed.

To produce a GO-SG-ZH product in powder form, the GO-SG-
ZH hydrogel was dried at 80 °C and ground to obtain the
GO-SG-ZH powder. The graphene-based nanocomposites in
hydrogel form and in powder form were comparatively charac-
terized using moisture analysis, scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDS), and

aqueous dispersibility.

Brush coating of graphene oxide—nanosilica—zinc
hydroxide hydrogel on polylactide film

At first, commercial polylactide granules (PLA Luminy LX175,
TotalEnergies Corbion) was put in a steel mold for thermal
compression at 190 °C to produce a PLA plate. A piece of the
PLA plate was put in a thin plastic mold (polyethylene tereph-
thalate) for thermal compression at 190 °C. As a result, thin and
transparent PLA films were made with the average thickness of
0.2 mm.

In the next stage, the GO-SG-ZH nanocomposite in hydrogel
form (=95% water) was used as an aqueous paint for brush
coating on PLA thin films. After brush coating, the coated films
were left to air dry for 3 h and were mildly dried using a hair
dryer. The obtained coated films were denoted as GO-SG-ZH/
PLA. Besides, the as-synthesized SG hydrogel (*95% water)

was also suitable for direct brush coating on PLA films. A simi-
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lar procedure of brush coating was applied to produce PLA thin
films coated with nanosilica. The nanosilica-coated films were
denoted as SG/PLA.

Materials characterization

Materials weight and moisture values were measured using a
laboratory balance (Ohaus Pioneer, 220 g/0.0001 g) and a mois-
ture analyzer (A&D Weighing MX-50, 51 g/0.001 g), respec-
tively. Scanning electron microscopy and energy-dispersive
X-ray spectroscopy were performed using a JSM-IT200 system
(JEOL). Samples were coated with Pt before the SEM-EDS
analysis. X-ray diffraction was performed on a D8 Advance
instrument (Bruker). Fourier-transform infrared spectroscopy
(FTIR) was characterized with a FT/IR-6600 instrument
(Jasco). Ultraviolet—visible absorption spectroscopy (UV-vis)
and light transmittance spectroscopy were recorded using a
V-670 spectrophotometer (Jasco). Microscopic texture and
imaging were observed by a stereo zoom microscope (Optika
SZM). Agar diffusion assays were used for testing antibacterial
activity against E. coli and S. aureus (the positive control was
the antibiotic penicillin). Inhibition zone assays were used to
evaluate antibiofilm properties of uncoated and coated plastic
films [14,25]. Coating stability of plastic films in an environ-
ment simulating aqueous food was tested using the method re-
ported in our previous paper [14,26]. Measurement of tensile
properties was conducted using a universal tensile testing
machine (Yang Yi Technology, 500-N load cell) and the ASTM
D882-18 standard [14,27].

Results and Discussion

Density functional theory calculations of
intersheet distances, van der Waals forces
and bandgaps

The van der Waals force between two graphene nanosheets
arises from the m—m interaction between m orbitals of carbon
atoms in one graphene sheet and 7 orbitals of carbon atoms in
the other graphene sheet. The van der Waals force is responsi-
ble for AB graphene stacking in natural multilayer graphite
[28]. Production processes convert multilayer graphite into
single-layer graphene sheets dispersed in solvent medium.
However, after the drying process, solvation shells of graphene
sheets are removed, resulting in smaller distances between
graphene sheets and larger interaction surfaces. With a short
intersheet distance and large interaction surface area, van der
Waals forces between graphene sheets increase to a higher
binding energy which accounts for the restacking of graphene
sheets. The restacking of graphene materials at dry state is the
main cause of lower aqueous dispersibility and reduced surface
area of graphene-based materials in many applications, such as

aqueous dispersions, polymer nanocomposites, and water-based
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paints. Our previous works demonstrated that in graphene-based
hydrogel structures, the intercalation of water molecules be-
tween graphene-based sheets maintains large intersheet dis-
tances and low interaction surface area, which leads to reduced
binding energy of van der Waals force [14,15]. The simple
method of water intercalation in hydrogel structures is an effec-
tive bioinspired approach to prevent nanosheet stacking and

preserve graphene-based nanostructures.

Herein, DFT calculations were performed to quantify the van
der Waals dispersion interactions in pristine bilayer graphene
and water-intercalated bilayer graphene structures. In natural
multilayer graphite, graphene sheets stack together in an AB
configuration. Figure 1a shows the modeling of a bilayer
graphene structure that mimics the AB stacking in multilayer
graphite. DFT optimization calculation presented that pristine
bilayer graphene has the formation energy of —9.3778 eV/super-
cell, intersheet distance of 3.459 A, and van der Waals binding
energy of 0.064 eV/atom (Figure 1a and Table 1). The inter-
sheet distance is comparable to the values reported in other
papers [29-31]. The bilayer graphene structure has a small
bandgap of 0.06 eV which is slightly open in comparison to the
zero bandgap of a single-layer graphene sheet.

Besides, DFT modeling of the water-intercalated AB bilayer
graphene structure was also calculated by HPC. The resulting
formation energy is —10.6414 eV/supercell (Table 1). In the
optimal structure (Figure 1c and 1d), hydrogen atoms of the
water molecule are oriented toward graphene sheets due to the
hydrogen— interaction. It is noteworthy that the enlarged inter-
sheet distance of 6.626 A led to the intersheet binding energy of
0.04 eV/atom. A layer of water molecules in between two
graphene sheets significantly declined the van der Waals force
by 37.5% (from 0.064 to 0.040 eV). The bandgap of the water-
intercalated bilayer graphene structure increased to 0.09 eV. Al-
though the opening of the bandgap is still small, it is suggested
that the bandgap of the AB bilayer graphene can be further
opened by increasing molecular water layers in the intersheet
spacing as well as the spacing distance. The approach of water
intercalation in graphene-based structures is effective for
lowering van der Waals force and opening the bandgap. There-
fore, water-intercalated structures of graphene-based nano-
sheets should be experimentally synthesized to ameliorate the
nanostructures and properties for various applications in science

and industry.

Supramolecular hydration structure of
graphene oxide—nanosilica—zinc hydroxide
hydrogel

The computational DFT results confirm the importance of

supramolecular interaction of water intercalation in graphene-
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Figure 1: DFT modelling of AB bilayer graphene structures. The AB bilayer graphene with the intersheet distance of 3.459 A (a), and its
valence—conduction band structure in hexagonal Brillouin zone (b). The AB bilayer graphene structure intercalated with a layer of water molecules and
the intersheet distance of 6.626 A (c), and its electronic band structure in hexagonal Brillouin zone (d).

Table 1: Formation energies, intersheet distances, van der Waals forces, and band gaps of bilayer graphene structures.

Configuration Formation energy ~ C—C bond length Intersheet van der Waals Bandgap (eV)
(eV) (A) distance (A) force (eV)

Pristine AB bilayer graphene -9.3778 1.42 3.459 0.064 0.06

AB bilayer graphene -10.6414 1.42 6.626 0.040 0.09

intercalated with a water
layer

based structures. In this research, we synthesized graphene-
based hydrogels of graphene oxide—nanosilica—zinc hydroxide
nanocomposite (GO-SG-ZH hydrogel) as a supramolecular
hydration structure. Figure 2a describes the supramolecular
hydration assembly of the GO-SG-ZH hydrogel. GO nano-
sheets have brown color, and the hydration shells of water mol-
ecules is highlighted with blue color. Hydrophilic functional
groups on GO nanosheets, SG nanoparticles, and ZH nanostruc-
tures are attractive to water molecules to form hydration shells
on the surfaces. In addition to hydration layers, the three-dimen-
sional assembly of graphene-based nanosheets provides high
porosity as water reservoirs which supply water to intersheet

spacings. High water content and large spacing distance in the

hydrogel structure are key factors that prevent van der Waals

and m— interactions between graphene-based sheets.

Figure 2b depicts the hydrated assembly of biological cells in
nature. The natural hydrated structure includes intracellular
water, cell wall water, and intercellular water [32]. Hydration
shells on the cellular walls or biomembranes are important to
maintain cellular shape. The first bound water molecules on the
biomembranes is a biointerfacial water layer (2.6 A) which is
responsible for primary hydration force [33-37]. Hydration
forces in the range of 4-5 water layers contribute with repul-
sive energy to the biological system. Supramolecular hydrogen

bonding between biostructures and water molecules leads to
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(a) Supramolecular hydration assembly
of graphene-based hydrogel

(b) Biological assembly of hydrated cells
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(c) Hydration structure of a GO-SG-ZH nanosheet

Brush painting
Drying

Coating adhesion
at the interface

(d) Antibacterial GO-SG-ZH coating on a PLA substrate

Figure 2: (a) lllustration of supramolecular self-assembly of a graphene-based hydrogel. (b) Depiction of a natural assembly of biological cells stabi-
lized by hydration structures (water molecules on cell wall membranes are highlighted with blue color). (c) Drawing of a synthetic graphene-based
nanosheet (GO-SG-ZH) covered by a hydration shell. (d) Presentation of a graphene-based coating (antibacterial GO-SG-ZH) that adheres to a sub-

strate (PLA film).

repulsive hydration forces when the surfaces are closely
approached. The artificial structure of graphene-based hydrogel
in Figure 2a is biomimetic to the natural system of biological
cells described in Figure 2b. Hydration shells on GO-SG-ZH
nanosheets, particularly the first interfacial water layer, generate
hydration forces to maintain intersheet distances and nanoscale
structures in the artificial system. The drawing in Figure 2c is
the presentation of a graphene-based nanosheet with a first
bound water layer which is responsible for the primary hydra-
tion force. In the next stage, after brush coating of the GO-SG-
ZH hydrogel on a polylactide film, hydration shells are evapo-
rated in the drying process, and the graphene-based nanosheets
adhere to the substrate through electrostatic interaction, hydro-

gen bonding, and van der Waals interaction (Figure 2d).

Experimentally, GO nanosheets, SG, nanoparticles, and SG-ZH
nanoparticles were synthesized and separately characterized as
exhibited in SEM images in Figure 3a—c. Particularly, artificial
nanocomposites of GO-SG-ZH powder (Figure 3d-f) and
GO-SG-ZH hydrogel (Figure 3g—i) were prepared for compara-
tive analysis. While the GO-SG-ZH powder is a dry solid
(moisture ~10%), the GO-SG-ZH hydrogel has a moisture
content of 95% and viscoelastic behavior. The hydrogel was
elastic to resist the deformation under gravitational force and
also viscous to slowly deform (see Supporting Information
File 1, Figure S2). The moisture content of the GO-SG-ZH

hydrogel is comparable with those of natural cellular systems
(moisture content of apple tissues is about 90%) [32]. In
Figure 3e and 3f, SEM images of GO-SG-ZH powder show a
macroscopic particle and its microscopic structure. Since the
material was dehydrated, graphene-based nanostructures could
be covalently cross-linked through esterification reaction of
carboxyl and hydroxyl groups on GO nanosheets [38]. The
GO-SG-ZH nanosheets agglomerated and stacked together to
form big particles (size of hundreds of micrometers, Figure 3e).
The GO-SG-ZH particles had low porosity or small spacing be-
tween graphene-based nanosheets (Figure 3f). Besides, the
GO-SG-ZH hydrogel was spread on a carbon tape and dehy-
drated for SEM imaging (Figure 3h and 3i). Although GO-SG-
ZH nanosheets agglomerated into microstructures (Figure 3h),
the self-assembly of graphene-based nanosheets was different
from the stacked morphology of the GO-SG-ZH powder. At a
higher magnification of 20,000x, SEM image in Figure 3i
revealed the porous structure with large spacing between
graphene-based nanosheets. As a result, the GO-SG-ZH
hydrogel is a three-dimensional assembly of water-intercalated

graphene-based nanosheets.

Results of EDS analysis in Table 2 disclose the elemental
contents of the as-prepared GO-SG-ZH powder and hydrogel.
Accordingly, atomic proportions of carbon, oxygen, silicon, and

zinc elements in both nanocomposites are relatively similar.
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Figure 3: SEM images of GO nanosheets (a), SG nanoparticles (b), and SG-ZH nanopatrticles (c). (d) Photograph of graphene oxide—nanosilica—zinc
hydroxide powder. SEM images of particles and nanostructures in GO-SG-ZH powder with the scale bars of 50 um (e) and 1 um (f). (g) Photograph of
hydrogel of graphene oxide—nanosilica—zinc hydroxide. SEM images of micro- and nanostructures in GO-SG-ZH hydrogel with the scale bars of

50 um (h) and 1 pm (i).

Table 2: EDS analysis of elemental compositions of GO nanosheets, SG nanoparticles, SG-ZH nanoparticles, GO-SG-ZH powder, and GO-SG-ZH

hydrogel.

Materials C (atom %) O (atom %)
GO 66.36 +2.13 33.64 £ 2.85
SG - 76.44 £2.79
SG-ZH - 61.51 +4.68
GO-SG-ZH powder 18.78 £ 1.22 57.53 £ 2.03
GO-SG-ZH hydrogel 23.66 = 1.59 51.90 £ 2.30

Theoretical contents of SiO; and Zn(OH), in the GO-SG-ZH
nanocomposite powder are estimated to be 37.92% and 33.12%,
respectively, so the remaining content of GO nanosheets is
about 28.96%. Similarly, SiO;, Zn(OH),, and GO contents
derived from the GO-SG-ZH hydrogel are calculated to be
34.89%, 38.43%, and 26.68%, respectively. In Figure 4, the

elemental mapping of the three-dimensional structure of the

Si (atom %) Zn (atom %)
23.56 + 1.36 -

22.31 + 2.57 16.18 £ 1.57
12.64 £ 0.84 11.04 £ 0.58
11.63 £ 0.95 12.81 £0.73

GO-SG-ZH hydrogel showed the presence and distribution of
carbon, oxygen, silicon, and zinc atoms on the graphene-based
surfaces. SG-ZH nanoparticles and oxygen-containing func-
tional groups on GO nanosheets are hydrophilic nanostructures
which retain hydration layers on the graphene-based nano-
sheets, leading to the supramolecular hydration structure of the
GO-SG-ZH hydrogel.
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Figure 4: SEM-EDS elemental mapping of carbon atoms (green dots), oxygen atoms (red dots), silicon atoms (yellow dots), and zinc atoms (blue
atoms) on the graphene-based nanostructure of GO-SG-ZH hydrogel after dehydration.

Water evaporation characteristics of the GO-SG-ZH hydrogel
were recorded and analyzed during drying processes in the
moisture analyzer (MX-50, resolution of 0.01%). Figure 5a de-
scribes the moisture curves during the drying process at 70, 85,