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Abstract

Chitosan (CS) is a biopolymer that is well known for its ubiquity, biodegradability, lack of toxicity, low cost, antibacte-
rial activity, and excellent heavy metal adsorption ability. We synthesized CS and CS@TiO, composites (CST) with
different concentrations of glutaraldehyde (crosslinking agent) solution by a simple method involving a crosslinking
process (using glutaraldehyde as the crosslinking agent), a freeze-drying technique, and exchange with ammonia
solution. The interaction mechanisms of the as-synthesized samples were systematically characterized by scanning
electron microscopy, electron dispersive X-ray spectroscopy, Fourier transform infrared spectroscopy, thermogravi-
metric analysis, and the Brunauer-Emmett-Teller method. Among the as-synthesized samples, 3%CS-V (CS composites
synthesized using 3% glutaraldehyde for crosslinking and exchanged with ammonia solution) at an initial concentra-
tion of 300 ppm exhibited a preferable adsorption capacity for copper ions (Cu?™), with a maximum adsorption capac-
ity of 31mgg~". Sorption equilibrium isotherms fit the Freundlich model. Compared to CS, 7%CST-V (CST composite
synthesized using 7% glutaraldehyde for crosslinking and exchanged with ammonia solution) exhibited higher
antibacterial activity against Staphylococcus epidermidis due to a synergistic effect. The antimicrobial efficacy against
Escherichia coli was more affected by copper ions than TiO, addition and glutaraldehyde concentration, whereas the
antimicrobial efficacy against S. epidermidis was more affected by TiO, addition and exchange with ammonia solution.
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1 Introduction

Heavy metals are major environmental pollutants due to
their toxicity, persistence, and bioaccumulation in envi-
ronmental matrices, and they pose a serious threat to liv-
ing organisms. Copper ions (Cu?") have been selected as
the target pollutant because they are a principal constitu-
ent in the wastewater of the printed circuit board (PCB)
industry [1, 2]. In this regard, finding a sustainable solu-
tion to reduce heavy metal pollution has become a major
environmental issue. Therefore, various conventional
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techniques have been developed to remove heavy metals
from industrial effluents, such as chemical precipitation,
membrane filtration, ion exchange, sedimentation, and
adsorption [3]. Among these, adsorption is a promising
technique for removing heavy metals from aqueous solu-
tion due to its low cost, simplicity, efficiency, and eco-
friendliness [4].

Adsorbent materials based on chitosan (CS) biopol-
ymers have proven to favor the adsorption of heavy
metals from wastewater. CS is a versatile hydrophilic
polysaccharide produced from the partial deacetylation
of chitin that is usually obtained from shells of shrimp
or other shellfish and consists of B-(1-4) glycosidic
links, 2-amino—2-deoxy-D-glucan, and 2-acetami-
dodeoxy-D-glucan [5]. The presence of amine ethane
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(~NHCOCH,;), hydroxy (—OH), and amine (—NH,)
groups that are easily functionalized in the chitosan
polymer and the hydrophilicity of CS make it attrac-
tive for use in multiple applications, such as biomedi-
cine, agriculture, and wastewater treatments [6, 7]. The
amine groups on CS chains serve as coordination sites,
thereby playing an important role in the adsorption
capacity of CS [8, 9].

CS is a biopolymer well known for its ubiquity, biodeg-
radability, natural abundance, biocompatibility, nontoxic-
ity, low cost, antibacterial ability, and excellent capacity
for heavy metal adsorption [5]. It can adsorb transition
metals via several mechanisms, including chemical inter-
actions (chelation or complexation), ion exchange, elec-
trostatic attractions, and nonpolar interactions, such as
van der Waals forces, thus demonstrating its potential
for recycling heavy metals. The removal of heavy metals
with CS-based composites has been studied by various
researchers. For example, Chen and Wang [7] reported
that the Fe,0;@CS composite was effective for remov-
ing Cu®* from water. The adsorption capacity for Cu*"
was 35.5mgg ', Wang and Kuo reported that CS@
poly(acrylic acid) nanoparticles effectively adsorb nickel
ions. The adsorption capacity for Ni** was 435mgg~!
[10]. In addition, Peralta et al. [11] reported the adsorp-
tion of heavy metal ions on magnetic CS composites. The
adsorption capacities for Cu?*, Pb*>" and Ni** were 217,
221 and 109 mgg~’, respectively.

Furthermore, chitosan has long been noted for its anti-
bacterial activity. According to Goy et al. [12], three anti-
microbial mechanisms of CS have been suggested. These
include the interaction between positively charged CS
molecules and negatively charged microbial cell mem-
branes, the binding of CS with microbial DNA, and the
chelation of metals.

Similar to CS, TiO, and copper also have antimicrobial
properties. During the past few decades, titanium diox-
ide has been one of the most important and widely used
compounds in all application areas, including its use in
building materials, biomedical applications, photocata-
lysts, paints/coatings, and sunscreens due to its strong
oxidizability, chemical inertness, antimicrobial ability,
and nontoxicity [13].

The mechanism of killing Gram-positive and Gram-
negative bacteria using TiO, has been extensively stud-
ied. Some evidence, including microscopic images, the
detection of lipid peroxidation products, and the leakage
of intracellular components, has proven that the lethal-
ity of TiO, is due to cell membrane and cell wall damage
[14]. Another study indicated that TiO, could produce
reactive oxygen species (ROS), which can result in the
depletion of antioxidants leading to oxidative stress and
can damage the cell membrane [15].
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Recently, nanometals have been widely used as anti-
microbial agents. Among metallic substances, silver
and copper are usually studied since they have excel-
lent antimicrobial efficiencies. Zhao and Stevens [16]
investigated metal toxicity related to microorganisms.
Accordingly, they found that the most toxic metals for
microorganisms were in the order Ag>Hg>Cu>Cr>Pb
>Co>Au>Zn>Fe>Mn>Mo>Sn. According to the Inte-
grated Risk Information System of the USEPA, the health
risk of antimicrobial metals for humans is in the order
Cr®">Hg>Ag>Cu. Thus, the study indicated that Ag
and Cu have the highest potential for antimicrobial appli-
cations. The antibacterial mechanisms of copper have
been associated with multiple toxicities, such as the pro-
duction of ROS and reactive hydroxyl radicals through
the Fenton reaction, which causes oxidative damage to
the cell membrane and DNA degradation in Escherichia
coli cells [17].

Koyama and Taniguchi [17] reported the adsorption
capability of CS and cross-linked CS for Cu. This result
showed that an aldehyde-amino group ratio of approxi-
mately 0.7 had better capability. This was most likely
because of the accessibility of chelating groups as a result
of the partial destruction of the crystalline structure by
crosslinking with glutaraldehyde. Glutaraldehyde has
antimicrobial and cytotoxic effects, the mean antimicro-
bial concentration of glutaraldehyde was 1.418%, which
can kill Staphylococcus epidermidis, and the cytotoxic
potential of glutaraldehyde was less than that of formo-
cresol [18]. Therefore, this study used glutaraldehyde as
the crosslinking agent for the synthesis of CS and CS@
TiO, (CST) composites.

In this study, we synthesized CS and CST composites
with different concentrations of glutaraldehyde solution
by a simple method involving a crosslinking process and
freeze-drying technique. The present study aims to opti-
mize the performance of CS and CST composites for
copper ion adsorption and to evaluate the effectiveness
of chitosan composites after absorption copper against
S. epidermidis and E. coli. Subsequently, we compared
the absorbent efficiencies and antimicrobial efficacies of
CS and CST composites. The interaction mechanisms of
the as-synthesized samples were systematically charac-
terized by scanning electron microscopy (SEM), Fourier
transform infrared (FT-IR) spectroscopy, the Brunauer-
Emmett-Teller (BET) method, and thermogravimetric
analysis (TGA).

2 Materials and methods

2.1 Materials

2.1.1 Chemicals

CS (90%; First Chemical Co.), titanium dioxide (Degussa
P25 TiO,; 80%; Evonik Industries), copper(II) nitrate,
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2.5-hydrate (99%; JT Baker), ammonium chloride (>
99.5%; Fluka"), ammonium hydroxide solution (~25%
NH, basis; Fluka'"), tryptone soya agar (TSA; Oxoid "),
ammonia solution (2M in ethanol; Sigma-Aldrich),
bis(cyclohexanone) oxaldihydrazone (for the spectropho-
tometric det. of Cu, > 99.0%; Sigma-Aldrich), nitric acid
(60%; Merck), sodium hydroxide (NaOH; First Chemical
Co.), acetic acid (CH;COOH; assay: > 99.7%; JT Baker),
glutaraldehyde solution (Grade 1, 25% in H,O; Sigma-
Aldrich), glutaraldehyde solution (2.5%; First Chemical
Co.) and lysogeny broth (LB) (Miller, Difco™) were all
purchased and used as received without further purifica-
tion. Deionized water was used in all experiments.

2.1.2 Synthesis of CS and CST composites

The CST composites were synthesized with some modi-
fication according to a method in the literature [19].
Initially, 1g of chitosan was dissolved at room tempera-
ture in 90mL of 3% (v/v) acetic acid solution (pH=2.6)
and stirred continuously. After CS was evenly mixed in
the acetic acid solution, 1.6g of TiO, Degussa P25 pow-
der was dispersed in the CS solution, and both the CS
solution and CS/TiO, mixture were added to 10mL of
glutaraldehyde solution (as a crosslinking agent at con-
centrations of 3, 5, and 7% w/w) as the solution was vig-
orously stirred for 10min. Then, the viscous solution
was poured into a test tube and used as a template, and
the test tubes were put into a test tube rack for a 10 min
ultrasonic treatment to remove the bubbles. The viscous
solution in molds was covered with aluminum foil to pre-
vent exposure to visible light, and the crosslinked hydro-
gels were kept for 45h at room temperature. The tawny
CS hydrogel and the opalescent CST hydrogel were then
frozen at —68°C for 2h. This was followed by exchang-
ing half of the solvent with 0.5 M ammonia solution for
30min. The sample was then rinsed several times with
deionized water until its pH became neutral. Finally, all
of the composites were obtained without exposure to
visible light after freeze-drying for 48h. All these sam-
ples were marked a%CS-V(X) and a%CST-V(X), where o
was the concentration of glutaraldehyde solution (3, 5, 7)
and V and X represented whether the composites were
exchanged with the ammonia solution. The process used
for the as-synthesized composites is shown in Fig. S1 in
Supplemental Materials.

2.1.3 Characterization of composites

The surface of the composites and the elemental com-
positions were studied by field-emission SEM (FE-SEM;
JEOL JSM-7600F, Tokyo, Japan) equipped with energy
dispersive spectroscopy (EDS) performed at an accel-
erating voltage of 15kV. The BET surface area (Sggyr) of
the samples was acquired from nitrogen adsorption data
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recorded on a gas volumetric analyzer (Quantachrome
AutolQ, USA). All samples were degassed at 120°C
before the nitrogen adsorption measurements. FT-IR
spectra (4200 FT-IR spectrometer, Jasco) were obtained
to determine the chemical bonding of the as-synthesized
samples. TGA (TA Q50, DuPont) was performed to eval-
uate the thermal stability of the as-synthesized samples.

2.2 Batch adsorption experiments

The effects of adding TiO,, the degree of crosslinking,
and the execution of the ammonia treatment on the
adsorption of copper ions were tested using the follow-
ing steps [19]: Each sample of approximately 50 mg was
put into a 250mL beaker containing 50mL of differ-
ent concentrations of copper nitrate solution for 12h
at room temperature. (Initially, the batch adsorption
experiments continued for 24h. However, we found that
the 24-h adsorption results were almost the same as the
12-h adsorption results. Therefore, the adsorption equi-
librium time for copper ions was set to 12h based on
the test results.) The sample was shaken at 150 rpm; fur-
thermore, the beaker was covered with aluminum foil to
prevent exposure to light. To adjust the copper nitrate
solution to a pH of 6.0, 0.1 M NaOH solution was added
beforehand. The ion concentration of Cu was then deter-
mined using the spectrophotometry-BCO method, using
bis(cyclohexanone) oxaldihydrazone (BCO) as an indica-
tor. Preliminarily, 5mL of BCO solution (1g dissolved in
500 mL of deionized water), 10 mL of NH;-NH,Cl buffer
solution (35 g of NH,Cl and 24 mL of NH,-H,O dissolved
in 500 mL of deionized water) and 200 uL of sample solu-
tion were mixed in an Erlenmeyer flask, and the solution
was then diluted with 50mL of deionized water. After
10min, the absorbance at 602nm was measured, and a
standard calibration curve was created for each experi-
ment to determine the Cu concentration. The adsorption
capacity (q,, mg g~ !) was calculated according to the fol-
lowing formula:

_ (Co—C) xV
_7}%0

qe (1)
where C, (mgL™') and C, represent the concentration of
Cu”* at the initial time and the 12th h, respectively, V is
the volume of the Cu?" solution, and m, is the mass of
the CS or CST samples added to the Cu*" solution before
adsorption.

The adsorption data of the CS and CST composite sam-
ples were arranged using the Freundlich isotherm model:

1
Ing, = InKr + — x InC, (2)
n
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where g, is the amount absorbed (mgg™') at equilib-
rium and C, is the equilibrium concentration of copper
ions in solution (mgLfl). K and n are the Freundlich
model constants, indicating the capacity and intensity of
adsorption, respectively [19].

2.3 Microbial cultures

Microbial cultures of E. coli [Bioresource Collection and
Research Center, (BCRC) 50,354] and S. epidermidis
(BCRC 11030) were obtained from the BCRC of Taiwan
in freeze-dried form for use in antimicrobial experi-
ments. Before their use in this study, the bacterial strains
were prepared by following the instruction guide from
the BCRC using TSA and LB as cultivation media. To
prepare the bacterial suspensions, a single colony of each
bacterial strain was inoculated into 10 mL of LB medium
with an inoculating loop. The cultures were incubated
at 37°C with a shaking rate of 50-100rpm for 16-18h.
The final bacterial concentration was approximately
1.7 x 10°CFUmL™ .

2.4 Evaluation of antibacterial activity

The zone of inhibition (ZOI) assay was used to evaluate
the antimicrobial efficacy [20]. The experimental process
is shown in Fig. S2. First, 500 uL of the microbial suspen-
sion (10°~10’CFUmL™') was evenly spread on a TSA
plate. After adsorption of copper ions, the CS and CST
composites were placed on the surface of the agar plates
inoculated with test microbes. These agar plates were
incubated under suitable conditions (37°C, 24h). Then,
the length and width of the inhibition zone were meas-
ured with a slide rule. To calculate the area of the ZOI,
we hypothesized that the shape of the ZOI was oval using
the following equation Eq. (3):

ZOI length ) (ZO] width )
X
2 2

ZOI area = (

2.5 Statistical methods

Analysis was performed using the SAS 9.4 statistical soft-
ware package. First, linear regression examining the rela-
tionship between different variables and the initial copper
ion concentration was performed. Next, multiple linear
regression analysis examining the relationship between
the ZOI and variables of the samples was performed.

3 Results and discussion

3.1 Characterization of CS and CST composites

The SEM results are shown in Fig. 1. The surface mor-
phology of CS was smoother than that of the CST com-
posites, and the structure of CS was more porous than
that of the CST composites. Comparing the textures of
all samples, the CST composites had thicker structures
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than CS because of the presence of TiO, nanoparticles
on the porous surface of CS. As the concentration of
glutaraldehyde was increased, the porosity of the com-
posite decreased, and their structure became more
close-packed. EDS analysis of the CS and CST com-
posites is shown in Figs. S3 and S4. Carbon (C), oxy-
gen (O), and titanium (Ti) were clearly observed on the
as-synthesized samples, which suggested the success-
ful synthesis of CS and CST composites. Additionally,
compositional analysis by EDS indicated that the rela-
tive concentration of carbon increased with respect to
the glutaraldehyde concentration. According to Figs.
S3 and S4, the Ti content of the CST-V composites
(exchanged with ammonia solution) ranged from 32 to
38%. The Ti content of the CST-X composites (with-
out exchange with ammonia solution) ranged from 19
to 22%. The exchange treatment with ammonia signifi-
cantly increased the content of Ti in the CST compos-
ites. Ammonia solution endowed the CS surface with a
porous structure. This might be caused by phase inver-
sion because the excess acetic acid was neutralized by
ammonia solution [21]. The possible reaction mecha-
nism for the reaction between ammonia and CS or CST
composites during synthesis is demonstrated in Fig. S5.

The physicochemical properties of the as-synthesized
sample surfaces were determined by obtaining nitro-
gen adsorption-desorption isotherms with respect
to the surface area and pore size distribution. The N,
adsorption-desorption isotherms and corresponding
pore size distribution curves of the as-synthesized sam-
ples are shown in Fig. 2a and b. The Sy and pore vol-
ume (Vpore) are shown in Table 1. The results showed
that most of the samples presented a relationship among
Sper> the degree of crosslinking, and whether exchange
occurred between the sample surface and ammonia solu-
tion. Figure 2c and d show that the proportion of cavities
in the samples exchanging ammonia solution was greater
than that of the others. Figure 2a and b show that the N,
adsorption-desorption isotherms of the samples are sep-
arated by a different type. According to the International
Union of Pure and Applied Chemistry classification sys-
tem, the adsorption-desorption isotherms of CS are type
IV, suggesting the existence of mesopores (pores with
diameters between 2 and 50nm), and the isotherms of
the CST composites are type III, suggesting that they are
not porous [22]. The samples with a higher crosslink yield
and more contraction during ammonia solution treat-
ment had a lower Sgpp. This phenomenon can be seen in
Table 1.

The structural changes of CS in the presence of TiO,
were evaluated by FT-IR spectroscopy. Figure 3a and b
show the spectra used to determine the chemical struc-
ture of the as-synthesized CS and CST samples. The
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5%CST-X, (k) 7%CS-X, and (I) 79%CST-X samples

Fig. 1 SEM images of the (a) 3%CS-V, (b) 3%CST-V, (c) 5%CS-V, (d) 5%CST-V, (e) 7%CS-V, (f) 7%CST-V, (g) 3%CS-X, (h) 3%CST-X, (i) 5%CS-X, (j)

¢ -

deacetylated chitosan showed vibrations at approxi-
mately 1650 and 1560 cm™'. These peaks were assigned
to amide group I associated with C=O stretching vibra-
tions and amide group II resulting from N-H bend-
ing vibrations. Additional —CH, bending peaks were
observed at 1380 and 1324 cm™'. The saccharide struc-
ture showed anti-symmetric stretching of the C-O-C

bridge at 896 and 1158cm™!, and skeletal vibra-
tions involving C-O stretching occurred at 1086 and
1028 cm™! [23-25]. The peaks at 2371cm™! were typi-
cal of C-H stretching. The stronger intensity of the C-H
stretching band at 2371 cm ™! confirms the introduction
of aliphatic chains from glutaraldehyde by crosslink-
ing [26]. A wide strong band was shown at 3478 cm™!
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Fig. 2 N, adsorption-desorption isotherms of the as-synthesized samples (a) with exchange with the ammonia solution and (b) without exchange
with the ammonia solution. (c) pore size distribution curves of CS with and without exchange of ammonia solution and (d) pore size distribution
curves of the CST composites with and without exchange of ammonia solution

100
Radius (nm)

Table 1 BET surface area (Sgey) and pore volume (V) of the
as-synthesized samples

Samples Sger (M2g™")? Vpore (em?g™")°
3%CS-V 30 0.026
3%CST-V 10 0.011
5%CS-V 28 0.019
5%CST-V 5 0.006
7%CS-V 29 0.034
7%CST-V 9 0.028
3%CS-X 2 0.010
3%CST-X 40 0.12
5%CS-X 24 0.017
5%CST-X 22 0.071
7%CS-X 21 0.035
7%CST-X 18 0.049

2 BET specific surface area; ® Total pore volume measured at P/P,=0.99

due to the stretching of OH, and this band overlapped
the band attributed to the N-H stretching of amide
[27]. The peak at 1400 cm™ ! is attributed to C-H bend-
ing vibrations in the CH, group, and the typical peak
at 1339 cm ™! is attributed to C-H bending vibrations in
the CH, group [28].

The peaks at 1636 and 662cm™! were attributed
to H-O-H bending and Ti-O-Ti stretching vibra-
tions, respectively, which are typical characteristics of
TiO, [29, 30]. In Fig. 3b, the FT-IR spectrum of CST
crosslinking with glutaraldehyde showed an increase
in the intensity of the amide group peak, which might
have resulted from the interaction of Ti** with the
amide group of chitosan [31]. In this study, TiO, sig-
nals were not observed from approximately 400 to
662cm™ L. Ali et al. [32] reported similar patterns on
pure CS and CS@TiO, nanocomposites in their FT-IR
spectra. Therefore, it was suggested that TiO, existed
on the surface of chitosan without affecting its chemi-
cal structures.

The thermal stability of CS and CST composites was
assessed through Differential Scanning Calorimetry/
TGA studies. Figure 4 shows the thermal stability and
degree of crosslinking of the as-synthesized samples.
As shown in previous studies, the weight losses below
100°C were attributed to the desorption of water.
Conspicuous weight losses from 180 to 400°C were
observed as the thermal degradation of CS progressed;
notably, the introduction of a crosslinked structure was
supposed to enhance thermal stability [33, 34]. In our
results, noticeable weight losses appeared from 170 to
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Fig. 3 FTIR spectra of (a) CS and (b) CST composites
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400°C, as shown in other studies. The apparent weight
of the residues of CST may indicate the containment
of TiOy; the 3%CST-X sample was more thermostable
than other samples. This behavior was attributed to the
presence of TiO,. The weight loss percentage is pro-
portional to the degree of crosslinking, with a higher
glutaraldehyde concentration having higher thermal
stability.

Figure S6 shows the slope of thermal stability, and the
peak at 100°C was attributed to the desorption of water.
The other peaks at approximately 255 and 510°C were

attributed to the pyrolysis of materials, and the peaks of
CS and the CST composites were similar. This result sug-
gested that pyrolysis at 255 and 510°C was CS pyrolysis.

3.2 Adsorption mechanism

The adsorption capacities of all samples are shown in
Table S1. Among the four different initial concentra-
tions, most of the samples had a better adsorption
capacity when the initial concentration was 300ppm.
Two-thirds of the samples showed an improved adsorp-
tion effect after exchange with the ammonia solution;
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Fig. 4 TGA curves of (a) CS and (b) CST composites

for instance, the 3%CS, 5%CS, 5%CST, and 7%CST sam-
ples after the exchange treatment had better adsorption
capability. The addition of TiO, had a positive effect on
Cu adsorption, and most of the CS samples with TiO,
composites had better effectiveness. Freundlich isotherm
models were used to fit the isotherms of the CS and
CST composite samples. The fitting curves of the Fre-
undlich isotherm models are shown in Fig. 5. The mag-
nitude of K is a relative measure of adsorption capacity.
The constant n is a parameter related to the intensity of
adsorption, which varies with the heterogeneity of the

adsorbent. According to Thommes et al. and Mishra
and Patel [22, 35], for favorable adsorption, the # values
should be in the range of 1-10. Statistical analysis based
on the effect of the initial Cu*" concentration in solu-
tion on the adsorption capacity (g,) is shown in Table 2.
The p-value of the degree of crosslinking (3, 5, 7%) and
initial Cu®" concentration was lower than 0.001. Thus,
the degree of crosslinking and initial Cu*" concentra-
tion can also affect g,. Glutaraldehyde crosslinks the
amino and hydroxyl groups of chitosan. A lower cross-
linking degree has a positive impact on the effectiveness
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Fig. 5 Fitting curves of the Freundlich isotherm models for the adsorption of copper ions in aqueous solution on (a) 3%CS-V, (b) 3%CS-X, (c)
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of copper ion adsorption without causing a significant
decrease in adsorption capacity. This is because relatively
abundant amino and hydroxyl groups existed on the chi-
tosan network structure. However, a higher concentra-
tion of glutaraldehyde blocks amine groups, which can
limit the sorption capacity of the sorbent. The amine (—
NH,) groups [FTIR peaks at 1560 and 3478 cm™* (overlap

with the stretching of —OH groups)] on CS chains serve
as coordination sites, thereby playing an important role
in the adsorption capacity and stability of CS because
NH, groups in CS work as copper adsorption sites [28].
Therefore, we chose the composite with the best adsorp-
tion capacity (3%CS-V, 300ppm Cu®*) to test the effect
of the initial pH value of the solution on Cu adsorption;
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Table 2 Effect of the initial Cu?* concentration in solution on
the equilibrium adsorption capacity (q,)

Variable B 95% Cl p-value
Adding TiO, -2 —370 —062 0006*
Exchange with ammonia solution 1 —0.08 290 0.065
Crosslinking degree (3, 5, 7%) —1 —180 =091 <0001**
Seet —-008 —0.15 —001 0035
Initial Cu?* concentration 0.05 0.05 0.06 < 0.001**

B estimated factor, C/ confidence interval, *statistically significant,
** highly statistically significant

the result is shown in Fig. 6. At low pH values from 1 to
3, the adsorption of Cu on the CST composite was rela-
tively low because CS was unstable and tended to solubi-
lize, and the acrylate groups were protonated. This makes
the composites unable to form complexes with Cu*". The
highest absorption capacity occurs at pH4.5 on the CST
composite because more carboxylate groups are ionized,
which results in an increase in the affinity for copper cati-
ons via electrostatic interactions. Grande-Tovar et al. [27]
reported a similar finding; the highest adsorption capaci-
ties for copper and lead ions were obtained at pH4 on
CS@grafted-polyacrylic acid.

3.3 Antimicrobial efficacy

After the adsorption test, the best condition (300 ppm
Cu?") was chosen to perform the antimicrobial experi-
ments using a ZOI assay to examine the antimicrobial
efficacy, as shown in Figs. 7 and 8. The average width
and area are shown in Table S2, and linear regression
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examining the relationship between the area of the ZOI
and other variables divided bacteria into two kinds, as
listed in Table 3. In the linear regression study, we set
the degree of crosslinking and initial Cu®" concentra-
tion as categorical variables. First, the results against
E. coli in Table 3 showed that both the addition of TiO,
and exchange with ammonia solution had negative
directivity. These two treatments decreased the porosity
and adsorption capability of the composites, which led
to a decrease in their antimicrobial efficiency. The esti-
mated factor (B) of the initial Cu?>* concentration was
high, which indicated that a higher initial concentra-
tion of Cu** could enhance the antimicrobial efficiency.
According to Table 3, the antimicrobial efficacy was
affected by copper ions more than TiO, addition and
glutaraldehyde concentration. In addition, in accordance
with the estimated factor, B (negative means antimicro-
bial effect compared to the reference group), and p-value
(<0.01* means statistically significant) in Table 3, TiO,
addition and exchange with ammonia solution had a
more significant effect on the antimicrobial efficiency
against S. epidermidis [Gram+, TiO, addition, B=— 33,
p-value <0.001; exchange with ammonia solution,
B=—38, p-value <0.001] than against E. coli [Gram-,
TiO, addition, B=—5, p-value=0.771; exchange with
ammonia solution, B=— 1, p-value =0.948]. Perelshtein
et al. [36] also found that crystalline TiO, nanoparticles
demonstrated a more significant antimicrobial effect
on S. aureus (Gram+) than E. coli (Gram-) under vis-
ible light, which is relevant to carotenoids (a yellow pig-
ment produced by S. aureus) acting as photosensitizers
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Fig. 6 Effect of solution’s initial pH value on adsorption capacity (q,); error bars represent standard deviations of triplicate experiments (n=3)
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5%CST-X, (k) 79CS-X, and (I) 79CST-X against E. coli growth

Fig. 7 Zone of inhibition of (a) 3%CS-V, (b) 3%CST-V, (c) 5%CS-V, (d) 5%CST-V, (e) 7%CS-V, (f) 7%CST-V, (g) 3%CS-X, (h) 3%CST-X, (i) 5%CS-X, (j)

for TiO, photocatalysis. S. epidermidis also produces
white pigments of a xanthophyllic nature [37], and these
pigments may also act as photosensitizers for TiO, pho-
tocatalysis. In addition, the exchange treatment with
ammonia significantly increased the Ti content of the
CST composites (see Section 3.1, Figs. S3 and S4). This
treatment enhanced the antimicrobial efficiency of CST
composites against S. epidermidis.

Similarly, we used untreated wastewater from a PCB
factory to conduct experiments with the composite
samples with the best adsorption capability (3%CS-V)
and the best antibacterial efficiency (7%CST-V). The
ZOI results of the industrial wastewater without dilu-
tion and after 50-fold dilution are shown in Fig. 9,
Tables S3, S4 and S5, revealing excellent antimicrobial
efficiency against S. epidermidis and E. coli.
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5%CST-X, (k) 79CS-X, and (I) 79CST-X against S. epidermidis growth

Fig. 8 Zone of inhibition of (a) 3%CS-V, (b) 3%CST-V, (c) 5%CS-V, (d) 5%CST-V, (e) 7%CS-V, (f) 7%CST-V, (g) 3%CS-X, (h) 3%CST-X, (i) 5%CS-X, (j)

4 Conclusions

In this work, we synthesized CS and CST composites
with different concentrations of glutaraldehyde solu-
tion by a simple method involving a crosslinking pro-
cess and freeze-drying technique. There were some
notable characteristics of the as-synthesized samples:
the weight percentage of carbon increased with respect
to the concentration of glutaraldehyde, and the sam-
ples with a higher crosslink yield and more contraction

during ammonia solution exchange resulted in a lower
Sper- Among the as-synthesized samples, 3%CS-V with
an initial concentration of 300 ppm exhibited a prefer-
able adsorption capacity for copper ions, and the maxi-
mum adsorption capacity was 31 mgg~!. The Freundlich
model fits the adsorption isotherms better than the
Langmuir model.

The results revealed the shape, surface, size, and
elements of the material, and the study confirmed
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Table 3 Regression analysis of the effect of the inhibition zone on other variables

Test species E. coli (N=83)

S. epidermidis (N =90)

Variable B 95% Cl p-value B 95% Cl p-value
Adding TiO, -5 —38 29 0771 —36 —52 —-20 < 0.001**
Without adding TiO, 0 0 .
Exchange with ammonia solution —1 -35 32 0.948 —38 —54 -23 < 0.001**
Without exchange with ammonia solution 0 0

Crosslinking degree (3%) 0 0

Crosslinking degree (5%) —45 —86 —4 0.033* —35 —54 —16 <0.007**
Crosslinking degree (7%) -22 —65 22 0.331 -27 —47 -7 0.009*
Adsorption capacity 0.2 -2 2 0.799 0.34 —0.75 1 0.540
Initial Cu?* concentration (100 ppm) 0 0

Initial Cu’* concentration (300 ppm) 79 39 120 <0.001** 12 -5 30 0.177

B estimated factor, Cl confidence interval, * statistically significant, ** highly statistically significant

times)

Fig. 9 ZOl with the best g, (3%CS-V) and antimicrobial efficacy (7% CST-V) for inhibition of the growth of £. coli and S. epidermidis. (The upper rows
show the materials that adsorbed wastewater without treatment, and the lower rows show the materials that adsorbed wastewater diluted 50

N —

the effect of Cu adsorption and its ability to inhibit
E. coli. The estimated factor in the initial Cu** con-
centration was high, indicating that a higher initial
Cu®* concentration enhanced the antimicrobial effi-
ciency of the material. Furthermore, the copper ions
affected the antimicrobial efficacy against E. coli
more than TiO, addition and glutaraldehyde con-
centration. The addition of TiO, and exchange with
ammonia solution had a more significant effect on
the antimicrobial efficiency against S. epidermidis
than against E. coli.
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