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Preface

Natural water sources are frequently polluted by wastewater effluents streaming into freshwater

and causing the diffusion of diverse types of contaminants that are adversely affecting the quality

of drinking and irrigation water. In response to this global and controversial issue, this Special

Issue explores the use of advanced polymer-based materials for wastewater treatment and toxicant

removal. Emphasis is placed on synthesis methods, characterization techniques, and applications for

removing pollutants such as heavy metals, dyes, pharmaceuticals, and biological contaminants from

contaminated water.
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Comparative Study of Water and Milk Kefir Grains as
Biopolymeric Adsorbents for Copper(II) and Arsenic(V)
Removal from Aqueous Solutions
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Abstract: This study investigates the biosorption capabilities of kefir grains, a polysaccharide-based
byproduct of the fermentation process, for removing copper(II) and arsenic(V) from contaminated
water. Unlike traditional heavy-metal removal methods, which are typically expensive and involve
environmentally harmful chemicals, biopolymeric materials such as kefir grains provide a sustainable
and cost-effective alternative for adsorbing hazardous inorganic pollutants from aqueous solutions.
Our experimental results revealed significant differences in the sorption capacities of two types
of kefir grains. Grains of milk kefir outperformed water kefir, particularly in copper(II) removal,
achieving up to 95% efficiency at low copper concentrations (0.16 mmol·L−1) and demonstrating
a maximum sorption capacity of 49 μmol·g−1. In contrast, water kefir grains achieved only 35.5%
maximum removal efficiency and exhibited lower sorption capacity. For arsenic(V) removal, milk
kefir grains also showed superior performance, removing up to 56% of arsenic in diluted solution with
experimental sorption capacities reaching up to 20 μmol·g−1, whereas water kefir grains achieved
a maximum removal efficiency of 34.5%. However, these findings also suggest that while kefir
grains show potential as low-cost biosorbents, further modifications are needed to enhance their
competitiveness for large-scale water treatment applications.

Keywords: biopolymer; biosorption; heavy metals; polysaccharide; remediation; waste biomass

1. Introduction

Biosorption using waste biological materials has gained significant attention in recent
years due to their versatile applications in environmental remediation, particularly in the
removal of toxic heavy metals, metalloids, and other pollutants from contaminated water
sources [1]. Traditional methods for heavy-metal removal, such as chemical precipitation,
ion exchange, membrane filtration, and electroplating, often involve high operational costs
and the use of environmentally harmful chemicals. In contrast, biosorbents derived from
natural and waste materials offer a more sustainable, cost-effective, and eco-friendly alter-
native to conventional approaches for mitigating heavy-metal contamination in water [2].

To highlight the emerging potential of biopolymeric waste products from the food
industry in the bioremediation of heavy-metal-contaminated waters, this study investigates
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Polymers 2024, 16, 3340

the application of kefir grains, a byproduct of the fermentation process in beverage produc-
tion [3], as biosorbents. Kefir grains, traditionally associated with the fermentation of dairy
and water-based beverages, have recently been considered for the removal of waterborne
contaminants, particularly organic toxins [4]. However, their use as biosorbents for inor-
ganic pollutants, such as heavy metals, remains largely underexplored [5]. Therefore, this
research specifically focuses on evaluating the sorptive capabilities of both water and milk
kefir grains to determine their effectiveness in adsorbing copper(II) and arsenic(V)—two
hazardous inorganic contaminants frequently found in industrial effluents and drinking
water supplies [6].

Copper(II), though a necessary micronutrient in trace amounts, can become highly
toxic when released in excess into the environment through industrial processes, leading to
severe health risks for humans, plants, and aquatic ecosystems [7]. Similarly, arsenic(V),
which is often found in industrial waste and agricultural runoff, is a major public health
concern, poisoning millions globally through contaminated drinking water [8].

Given the high toxicity of these elements, effective removal strategies are crucial for
protecting public health and preserving wildlife and aquatic ecosystems. By comparing
the sorptive performance of water and milk kefir grains in the removal of copper(II) and
arsenic(V), we aim to highlight the feasibility of these natural materials as effective, low-cost
alternatives for remediating contaminated water. Ultimately, this study not only highlights
the potential of kefir grains as low-cost biosorbents for heavy-metal removal but also sets
the stage for future research into modified biosorbents and their broader applications in
sustainable water treatment technologies.

2. Materials and Methods

2.1. Kefir Grain Preparation

Kefir grains were prepared through static cultivation using a commercially obtained
inoculum. Water kefir was cultivated in a 1 L solution containing 100 g of sucrose and 200 g
of lemon slices, while milk kefir was cultivated in 1 L of commercially available milk. After
inoculation, it has been incubated up to 4 days at room temperature. Subsequently, the
resulting biomass, consisting of microbial cells and exopolymers, was separated from the
solution by filtration, washed with great amounts of distilled water, and used in this form
in sorption experiments.

2.2. Sorption Experiments

All sorption experiments were conducted at a temperature of 25 ◦C in sealable 50 mL
sterile plastic centrifuge tubes. In each, the 10 g of wet biomasses in the form of grains from
water or milk kefir was suspended with 20 mL of an aqueous solution of selected potentially
hazardous metals, including arsenic(V) and copper(II), so that the initial concentration of
the analyte ranged from 0.14 to 4.2 mmol·L−1. The pH of the solutions was adjusted to 6.0
using diluted HCl or NaOH solutions.

For the preparation of stock solutions of arsenic(V) and copper(II), the reagents of
p.a. quality were used: Na2HAsO4·7H2O (Sigma-Aldrich, St. Galen, Switzerland) and
CuSO4·5H2O (Centralchem, Bratislava, Slovakia).

Kinetic experiments were conducted to evaluate the sorption rate, examining the
effect of contact time on the sorption capacities of kefir grains over a period of 240 min.
This duration provided sufficient data to calculate rate constants and offered insights into
the sorption mechanism. However, for the isotherm studies, a contact time of 100 h was
selected to ensure equilibrium in the sorption system. To ensure homogeneous interaction
of the selected analytes with the surfaces of the water or milk kefir grains, the plastic tubes
with the sample suspensions were placed on an overhead shaker (MultiBio RS-24; Biosan,
Riga, Latvia) at a rotation speed of 45 rpm. Isotherm studies were conducted in triplicate,
whereas kinetic experiments were performed in duplicate.

After the required contact time, the samples were centrifuged at 10,000× g for 10 min
(centrifuge 5804R; Eppendorf, Hamburg, Germany) to separate the biosorbent from the
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remaining solution. The obtained solution was analyzed for residual concentration of the
selected analytes using atomic absorption spectroscopy [9–11]. The residual biomass was
dried to a constant weight at 85 ◦C, and the measurements were used in the following
statistical procedures.

2.3. Analytical and Statistical Procedures

To determine the concentration of arsenic and copper in collected aqueous solutions
(filtrates and stock solutions), a flame atomic absorption spectrometer (PerkinElmer 1100,
Waltham, MA, USA) with an air-acetylene flame (air flow rate 8.0 L·min−1, acetylene
flow rate 2.5 L·min−1) was utilized. The limits of quantification for arsenic and copper
for this method were 0.5 mg L−1 and 0.005 mg L−1, respectively. Calibration solutions
were prepared from CertiPUR ICP 1000 mg·L−1 single-element standard solutions (Merck,
Darmstadt, Germany).

To evaluate the surface morphology of the biomasses, scanning electron microscopy
(SEM) was performed using a Carl Zeiss EVO 40 HV operated at 20 kV with a Bruker
energy-dispersive X-ray (EDX) silicon drift detector.

The IR spectra of the kefir grains were measured on a Nicolet 6700 Fourier transform
infrared (FTIR) spectrometer (Thermo Scientific, Waltham, MA, USA). For the MIR region
(4000–400 cm−1), 64 scans were used, and the spectrometer was equipped with a DTGS
detector, an IR source, and a KBr beam splitter. The KBr pellet preparation technique was
used to prepare the samples, where 1 mg of the sample was mixed with 200 mg of KBr.

The (equilibrium) sorption capacity of the waste-biomass-based sorbent (Seq) was
calculated using Equation (1):

Seq =

(
C0 − Ceq

)
V

m
(1)

where C0 and Ceq refer to the initial and equilibrium concentrations (mmol·L−1) of the
adsorbate in the suspension, respectively. V and m indicate the volume of the solution
and the dry weight of the sorbent, respectively. For the calculation of the minute sorption
capacity (St) at reaction time t (min), the same formula was used, except that the equilibrium
concentration has been substituted for the minute concentration of the adsorbate in the
solution (Ct).

The calculated sorption capacities at different initial arsenic(V) and copper(II) concen-
trations were fitted by the standard sorption isotherms, showcased in Table 1, to evaluate
the sorption performance of the water and milk kefir grains. For the kinetic modelling,
pseudo-first-order and the pseudo-second-order kinetics were employed, listed in Table 2.
All statistical and data analyses regarding the sorption experiments were conducted using
the Analysis ToolPak version 2.0.0.0 and Solver version 3.0.0.1 add-in programs (Front-
line Systems, Incline Village, NV, USA) in Microsoft 365 Excel version 2402 (Microsoft,
Redmond, WA, USA).

Table 1. The isotherm models used to evaluate the sorptive performance of the water and milk
kefir grains.

Isotherm Equation Constants

Langmuir Seq =
SmaxKLCeq
1+KLCeq

Smax (mmol·g−1) is the theoretical sorption capacity
representing the maximum amount of adsorbate that
can be adsorbed per unit mass of the sorbent, and KL
(L·mmol−1) is the Langmuir sorption constant, which
indicates the affinity of the adsorbate (arsenic or copper)
toward the sorbent

Freundlich Seq = KFCN
eq

N is an empirical parameter related to the intensity of
sorption, and KF (mmol1-N·LN·g−1) is the Freundlich
constant that represents the sorption capacity at a
unitary equilibrium concentration of adsorbate (arsenic
or copper) in the solution
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Table 2. The models for the reaction kinetics used to evaluate the sorptive performance of the water
and milk kefir grains.

Kinetic Model Equation Constants

Pseudo-first order St = Seq

(
1 − e−k1t

) k1 (min−1) represents the rate constants for the
pseudo-first-order kinetics

Pseudo-second order St =
k2S2

eqt
1+k2Seqt

k2 (g·mmol−1·min−1) represents the rate
constants for the pseudo-second-order kinetics

To assess the appropriateness of each kinetic and isothermal model for the experimen-
tal data, Akaike weights (wi) were utilized as follows:

wi =
exp

[
1
2 (AICmin − AICi)

]

∑ exp
[

1
2 (AICmin − AICi)

] (2)

Here, AIC represents Akaike’s information criterion. AICmin signifies the lowest AIC
value among the models, and AICi is the AIC value of the specific model i. Akaike’s
information criterion serves as an estimated measure of the quality of available models for
a particular dataset, making it an ideal method for model selection [12]. This approach is
advantageous as it considers the number of model parameters (kp), the number of data
points (n), and the statistical parameter, which, in our case, is the residual sum of squares
(RSS) of the respective model:

AIC = 2kp + nln(RSS/n) (3)

3. Results

3.1. Structural and Morphological Characterization of the Kefir Grains

FTIR analysis was conducted (Figure 1) to identify the main functional groups associ-
ated with the polysaccharides and other organic components in water and milk kefir grains.
As polysaccharides are expected to be the predominant components in both biomasses, a
broad band observed around 3350 cm−1 can be attributed to the stretching of hydroxyl
groups in carbohydrate structures or O–H stretching vibrations associated with the wa-
ter content. Additionally, the prominent fingerprint region between 1200 and 900 cm−1

suggests the presence of pyranose rings and associated side groups, evidenced by C–O–
C stretching vibrations and C–O–H bending vibrations in carbohydrate structures [13].
The strong absorbance at this region indicates glucose and galactose units in milk kefir
grains [14], while glucose units of dextran are prominent in water kefir grains [15].

Figure 1. FTIR spectra of water and milk kefir grains.
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The 3100–2800 cm−1 region is dominated by asymmetric and symmetric C–H stretch-
ing vibrations, with strong peaks at around 2925 and 2854 cm−1, respectively, attributed
to aliphatic CH2 groups from fatty acids in membrane amphiphiles [16]. For milk kefir
grains, these regions can also be linked to a carbonyl stretch near 1745 cm−1 suggesting the
presence of milk fatty acid remnants in the biomass of milk kefir grains [17].

Notable differences between water and milk kefir grains are observed in the 1800–1200 cm−1

range, likely due to a higher content of proteins in milk kefir and their interpolymeric
interactions with polysaccharides [14]. The 1800–1500 cm−1 region generally reflects the
amide I and amide II bands associated with peptides and proteins. Both kefir grains display
a distinct band around 1655 cm−1, likely corresponding to carbonyl (C=O) stretching in
peptides [18]. Additionally, a strong N–H vibration peak at 1540 cm−1 is unique to milk
kefir grains; this peak, along with the band near 1655 cm−1, may be linked to amide
linkages involving aminosugars within the polysaccharide structure [19].

The external microstructure of lyophilized kefir grains was examined using scanning
electron microscopy. The surface of water kefir grains (Figure 2a) appeared porous and
smoother compared with the more heterogeneous surface of milk kefir grains (Figure 2b),
which exhibited complex, surface-associated branched structures without evident crys-
talline assembly, likely consisting of precipitated peptides or other organic materials. No
cells were observed directly on the surface, suggesting that they were either encapsulated
within the polysaccharide biofilm or removed during sample preparation due to washing.

Figure 2. Scanning electron micrograph of (a) water and (b) milk kefir grains.

3.2. Removal of Copper(II) Using Water Kefir Grains

From the experimental results of copper(II) sorption onto the biomass of water kefir
grains, comprising the microbial cells and their extracellular products, we determined the
Freundlich constant (KF) to be 0.008 (Table 2). Under equilibrium conditions where the
sorption system reaches a concentration of 1 mmol·L−1 (Figure 1), this Freundlich constant
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can be translated into a sorption capacity of water kefir (0.008 mmol·g−1). Since this value
specifically applies to diluted solutions, the relatively low sorption capacity indicates a
weak affinity of copper(II) for the adsorbent in such diluted systems. Notably, the highest
experimentally measured sorption capacity was found to be 0.022 mmol·g−1 (Figure 1),
further highlighting the limitations of this biosorbent in retaining copper(II) under the
given conditions.

The exponent N in the Freundlich isotherm has a value of 1.03 (Table 3), indicating
slight variability in the adsorption energies that bind copper(II) from the solution to the
surface of the biosorbent, suggesting heterogeneity in the sorption sites.

Table 3. Langmuir and Freundlich isotherm parameters for the sorption of copper(II) using water
and milk kefir grains (n = 3; temperature of 25 ◦C; dynamic conditions (45 rpm); initial copper(II)
concentrations ranging from 0.16 to 4.2 mmol·L−1; initial pH of 6.0; contact time of 100 h).

Langmuir Isotherm
Culture

KL
(L·mmol−1)

Smax
(mmol·g−1)

R2 Akaike weight

Water kefir 5.32·10−6 ± 0.03·100 1.5·103 ± 8.5·106 0.99 0.44
Milk kefir 3.2 ± 1.7 0.049 ± 0.008 0.80 0.32

Freundlich Isotherm
Culture

KF
(mmol1-N·LN·g−1)

N R2 Akaike weight

Water kefir 0.008 ± 0.0003 1.03 ± 0.05 0.99 0.56
Milk kefir 0.035 ± 0.003 0.38 ± 0.09 0.83 0.68

The Langmuir model also provides a good fit to the experimentally obtained sorp-
tion data with R2 reaching 0.99. However, the more statistically sensitive Akaike weight
(Table 3) indicates that this model is less suitable for describing the experimental data
compared with the Freundlich model. Furthermore, caution is needed when interpreting
the Langmuir parameters, particularly due to the model’s behavior and the lack of satu-
ration of the biosorbent across the tested concentration range. The calculated maximum
adsorption capacity (Smax) is unrealistic, as the sorption capacity linearly increases with
rising equilibrium concentrations and shows no signs of reaching saturation (Figure 3). This
discrepancy is further supported by the significantly large error associated with the Smax
parameter, which deviates by six orders of magnitude. Therefore, the Langmuir isotherm
is not suitable for analyzing copper biosorption by water kefir under the conditions of
our study.

Both the low affinity of copper toward the biomass and the low sorption capacity in
diluted solutions, as indicated by the Freundlich constant, contribute to the limited removal
efficiency of the biosorbent. As shown in Figure 4, the overall performance of the water
kefir biomass in copper(II) removal remains relatively low, with efficiency not exceeding
35.5%. This efficiency shows only minimal variation across different initial copper(II)
concentrations, indicating a consistent but limited capacity for copper adsorption.

Our kinetic data (Figure 5a) indicate rapid copper(II) removal by water kefir grains,
reaching equilibrium after 100 min of contact time. In comparison with the pseudo-
first-order model, the experimental data fit better with the pseudo-second-order kinetic
model, as suggested by a comparison of Akaike weights, with a rate constant as high as
330.3 g·mmol−1·min−1 (Table 4).
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Figure 3. Isotherm fits of the experimental data for copper(II) removal from aqueous solutions by
water kefir grains using the (a) Freundlich and (b) Langmuir isotherm models (solid lines). The
experiments were conducted in darkness at 25 ◦C under dynamic conditions (45 rpm) with initial
copper(II) concentrations ranging from 0.17 to 4.0 mmol·L−1 (initial pH of 6.0; contact time of 100 h;
n = 3). The dashed line represents the 95% confidence interval for each isotherm model.

Figure 4. Removal efficiencies for copper(II) from aqueous solutions using (a) water and (b) milk kefir
grains (n = 3; temperature of 25 ◦C; dynamic conditions (45 rpm); initial copper(II) concentrations
ranging from 0.16 to 4.2 mmol·L−1; initial pH of 6.0; contact time of 100 h).

7
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Figure 5. Kinetics of the copper(II) removal from aqueous solutions by (a) water kefir and (b) milk
kefir grains fitted using pseudo-second-order kinetic model (solid line). The experiments were con-
ducted in darkness at 25 ◦C under dynamic conditions (45 rpm) with initial copper(II) concentration
of 0.79 mmol·L−1 (50 mg·L−1; initial pH of 6.0; n = 2). The dashed line represents the 95% confidence
interval for the applied kinetic model.

Table 4. Kinetic model parameters for the sorption of copper(II) using water and milk kefir grains
(n = 2; temperature of 25 ◦C; dynamic conditions (45 rpm); initial copper(II) concentrations of 0.79
mmol·L−1; initial pH of 6.0).

Pseudo-first-order
kinetic model

Culture
Seq

(mmol·g−1)

k1

(min−1)
R2 Akaike weight

Water kefir 0.0036 ± 0.0001 0.995 ± 0.269 0.94 0.02
Milk kefir 0.0051 ± 0.0003 0.053 ± 0.009 0.96 0.01

Pseudo-second-order
kinetic model

Culture
Seq

(mmol·g−1)

k2

(g·mmol−1·min−1)
R2 Akaike weight

Water kefir 0.0038 ± 0.0001 330.3 ± 82.1 0.98 0.98
Milk kefir 0.0058 ± 0.0002 11.8 ± 1.83 0.99 0.99

3.3. Removal of Copper(II) Using Milk Kefir Grains

Compared with water kefir grains, the sorption kinetics of copper(II) onto the milk
kefir biomass are significantly slower, as indicated by the lower pseudo-second-order
kinetic rate constant of only 11.8 g·mmol−1·min−1 (Table 4). While rapid sorption occurs
within the first 100 min, equilibrium is not fully achieved within this period, suggesting a
slower, time-dependent phase during which equilibrium may be reached over an extended
duration (Figure 5b). Nonetheless, the data fit well with the pseudo-second-order kinetic
model (Akaike weight of 0.99) in comparison with the pseudo-first-order kinetic model.

The copper sorption efficiency of the milk kefir biomass declines as the initial copper
concentration in the solution increases (Figure 4b). However, at a low copper(II) concentra-
tion of 0.17 mmol·L−1, milk kefir exhibited a high binding efficiency, removing up to 95%
of the copper present. This result demonstrates the strong adsorption capacity of milk kefir
in diluted solutions. Even at a concentration of 0.8 mmol·L−1, it managed to remove 78%
of copper(II). At the highest tested concentration, 4.2 mmol·L−1, milk kefir still removed
51% of the copper, showcasing its superior performance compared with water kefir grains
(Figure 4b).
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The superior effectiveness of milk kefir as a biosorbent for copper removal from aque-
ous solutions is further supported by the parameters obtained from sorption isotherm
analysis (Table 3). The Freundlich constant (KF) for milk kefir is as high as 0.035, represent-
ing a fourfold increase in sorption capacity compared with water kefir at an equilibrium
copper concentration of 1 mmol·L−1. This higher KF value suggests a significantly greater
affinity of milk kefir for copper(II), particularly in diluted solutions.

Despite the lower determination coefficient for the Langmuir isotherm model (0.80),
the maximum adsorption capacity (Smax) of 0.049 mmol·g−1 for milk kefir is more realistic
than the value observed for the water kefir biomass. This is reflected in the shape of the
isotherm curve, where signs of saturation of the sorbent with copper are evident at the
highest tested concentration (Figure 6). These findings suggest that while milk kefir has a
notable affinity for copper, its adsorption capacity likely becomes limited at equilibrium
concentrations exceeding 2 mmol·L−1.

Figure 6. Isotherm fits of the experimental data for copper(II) removal from aqueous solutions by
milk kefir grains using the (a) Freundlich and (b) Langmuir isotherm models (solid lines). The
experiments were conducted in darkness at 25 ◦C under dynamic conditions (45 rpm) with initial
copper(II) concentrations ranging from 0.16 to 4.2 mmol·L−1 (initial pH of 6.0; contact time of 100 h;
n = 3). The dashed line represents the 95% confidence interval for each isotherm model.

3.4. Removal of Arsenic(V) Using Water Kefir Grains

When analyzing the experimental data on arsenic(V) sorption onto the biomass of
microorganisms and exopolymers from water kefir using the Langmuir isotherm model,
the results showed more realistic parameter estimates compared with copper(II) biosorp-
tion. However, the statistical uncertainty remains considerable, as evidenced by the
wide error margins for the Langmuir constants: KL (0.07 ± 0.06 L·mmol−1) and Smax
(0.13 ± 0.09 mmol·g−1). These substantial errors suggest that the parameters are statisti-
cally less significant, necessitating cautious interpretation (Table 5).

The relationship between sorption capacity and equilibrium arsenic concentration
(Figure 7) exhibits a linear trend similar to that observed in copper(II) sorption onto water
kefir grains (Figure 6). This suggests that the Freundlich model may provide a more
accurate description of the experimental data. This assumption is further supported
by the significantly lower statistical error associated with the Freundlich constant KF
(0.008 ± 0.0004) (Table 5), indicating that the sorbent’s affinity for arsenic(V) in diluted
solutions is relatively low. Additionally, the exponent N takes a value of 0.93, which points
to greater homogeneity of the adsorption sites on the surface of the water kefir biomass.
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This implies a more uniform binding of arsenic(V) from aqueous solutions compared with
the binding of copper(II).

Table 5. Langmuir and Freundlich isotherm parameters for the sorption of arsenic(V) using water
and milk kefir biomasses (n = 3; temperature of 25 ◦C; dynamic conditions (45 rpm); initial arsenic(V)
concentrations ranging from 0.14 to 3.5 mmol·L−1; initial pH of 6.0; contact time of 100 h).

Langmuir
isotherm

Culture
KL

(L·mmol−1)
Smax

(mmol·g−1)
R2 Akaike weight

Water kefir 0.07 ± 0.06 0.13 ± 0.09 0.98 0.63
Milk kefir 0.78 ± 0.22 0.03 ± 0.004 0.96 0.91

Freundlich
isotherm

Culture
KF

(mmol1-N·LN·g−1)
N R2 Akaike weight

Water kefir 0.008 ± 0.0004 0.93 ± 0.07 0.98 0.37
Milk kefir 0.013 ± 0.0007 0.57 ± 0.07 0.93 0.09

Figure 7. Isotherm fits of the experimental data for arsenic(V) removal from aqueous solutions by
water kefir grains using the (a) Freundlich and (b) Langmuir isotherm models (solid lines). The
experiments were conducted in darkness at 25 ◦C under dynamic conditions (45 rpm) with initial
arsenic(V) concentrations ranging from 0.14 to 3.5 mmol·L−1 (initial pH of 6.0; contact time of 100 h;
n = 3). The dashed line represents the 95% confidence interval for each isotherm model.

The sorption efficiency of the water kefir biomass for arsenic(V) varied depending on
the concentration of arsenic in the solution, though the overall trend remained relatively
stable (Figure 8a). At an initial arsenic concentration of 0.16 mmol·L−1, the sorption
efficiency was 22.5%. As the arsenic concentration increased to 0.7 mmol·L−1, the sorption
efficiency rose to 30%, indicating an increased uptake of arsenic by the water kefir biomass.
This upward trend continued as the arsenic concentration increased further, reaching a
maximum efficiency of 34.5% at an initial concentration of 2.1 mmol·L−1. However, beyond
this point, sorption efficiency declined to 31%, suggesting that the biosorbent began to
approach saturation. This decline indicates that at higher concentrations, the sorbent’s
capacity to adsorb additional arsenic diminishes, likely due to the saturation of available
adsorption sites.
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Figure 8. Removal efficiencies for arsenic(V) from aqueous solutions using (a) water and (b) milk kefir
grains (n = 3; temperature of 25 ◦C; dynamic conditions (45 rpm); initial arsenic(V) concentrations
ranging from 0.14 to 3.5 mmol·L−1; initial pH of 6.0; contact time of 100 h).

The water kefir grains exhibit relatively rapid adsorption kinetic for arsenic(V) removal
from aqueous solutions, achieving equilibrium in as little as 30 min (Figure 9a). As the
pseudo-second-order kinetic model accurately describes the experimental data over a
240 min timeframe (Akaike weight of 0.99), the rate constant derived from this model has a
relatively small margin of error, with a value of 338.0 ± 23.7 mmol−1·min−1 (Table 6).

Figure 9. Kinetics of the arsenic(V) removal from aqueous solutions by (a) water kefir and (b) milk
kefir grains fitted using pseudo-second-order kinetic model (solid line). The experiments were con-
ducted in darkness at 25 ◦C under dynamic conditions (45 rpm) with initial arsenic(V) concentration
of 0.67 mmol·L−1 (50 mg·L−1; initial pH of 6.0; n = 2). The dashed line represents the 95% confidence
interval for the applied kinetic model.
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Table 6. Kinetic model parameters for the sorption of arsenic(V) using water and milk kefir grains
(n = 2; temperature of 25 ◦C; dynamic conditions (45 rpm); initial arsenic(V) concentrations of 0.67
mmol·L−1; initial pH of 6.0).

Pseudo-first-order
kinetic model

Culture
Seq

(mmol·g−1)

k1

(min−1)
R2 Akaike weight

Water kefir 0.0036 ± 0.0001 0.843 ± 0.121 0.98 0.01
Milk kefir 0.0058 ± 0.0003 0.059 ± 0.011 0.97 0.04

Pseudo-second-order
kinetic model

Culture
Seq

(mmol·g−1)

k2

(g·mmol−1·min−1)
R2 Akaike weight

Water kefir 0.0038 ± 0.0001 338.0 ± 23.7 0.99 0.99
Milk kefir 0.0065 ± 0.0003 11.7 ± 2.29 0.98 0.96

3.5. Removal of Arsenic(V) Using Milk Kefir Grains

Although the changes in milk kefir’s sorption capacity relative to the equilibrium
concentration of arsenic are better described by the Langmuir isotherm according to the
Akaike weight, we still recommend interpreting this model with caution. This is due to
the relatively large error associated with the Langmuir constant KL (0.78 ± 0.22), as shown
in Table 5. In contrast, the Freundlich isotherm presents a much smaller statistical error,
suggesting that its parameters are more reliable for describing the experimental data. The
Freundlich constant KF, which reflects the affinity of milk kefir for arsenic, indicates a
moderate sorption capacity (0.013 mmol·g−1), yet this value is almost twice as high as that
for the water kefir biomass (Table 5), reinforcing milk kefir’s superior biosorption efficiency
for arsenic(V) removal.

The sorption efficiency of milk kefir exhibits a decreasing linear trend with increasing
initial concentrations of arsenic(V) in the solution (Figure 8b). At lower concentrations,
the sorption efficiency reached as high as 56%, whereas at the highest tested concentration
of 3.4 mmol·L−1, the efficiency dropped to 32%, which is only slightly higher than the
efficiency observed for water kefir grains (31%) (Figure 8a). This declining trend suggests
that milk kefir grain’s sorption capacity is nearing saturation as arsenic concentrations
increase, as indicated by the data in Figure 10.

The sorption kinetics of arsenic(V) onto the milk kefir biomass are well described
by the pseudo-second-order kinetic model (Table 6), requiring a longer period to reach
equilibrium compared with water kefir grains. Equilibrium is achieved more gradually,
with a rate constant of 11.7 mmol−1·min−1, over approximately 240 min (Figure 9b).
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Figure 10. Fits of the experimental data for arsenic(V) removal from aqueous solutions by milk kefir
grains using the (a) Freundlich and (b) Langmuir isotherm models (solid lines). The experiments
were conducted in darkness at 25 ◦C under dynamic conditions (45 rpm) with initial arsenic(V)
concentrations ranging from 0.16 to 3.4 mmol·L−1 (initial pH of 6.0; contact time of 100 h; n = 3). The
dashed line represents the 95% confidence interval for each isotherm model.

4. Discussion

Our study demonstrates that water kefir grains generally exhibit lower sorption
capacity and overall efficiency compared with the milk kefir biomass (Tables 3 and 5),
particularly in diluted solutions. This difference is likely attributable to variations in the
chemical composition and the availability of high-affinity sorption sites responsible for
binding copper(II) and arsenic(V) from aqueous solutions.

The primary organic exopolymers in water kefir grains consist of insoluble O3- and
O2-branched dextrans, along with smaller quantities of levans [15]. Both of these polysac-
charides contain numerous hydroxyl (-OH) groups [20], which act as key sorption sites,
enabling interactions with metals and metalloids, thereby facilitating their binding.

The results of our FTIR analysis of both kefir biomasses (Figure 1) support the presence
of these heavy-metal reactive functional groups of polysaccharides. The fingerprint region
between 1200 and 900 cm−1 highlights the presence of pyranose rings in kefir grains,
with glucose present in water kefir and both glucose and galactose in milk kefir [21]. In
contrast to water kefir, the matrix of milk kefir grains incorporates not only polysaccharides
but also a significant amount of proteins [3], which can contribute up to 29% of the dry
grain mass [22]. This composition enhances the diversity of sorption sites by introducing
functional groups such as amino (-NH2). Both arsenic(V) and copper(II) exhibit affinities for
these extracellular polymeric substances [23,24]. Thus, it is likely that the protein-associated
sorption sites within the milk kefir grains provide high-affinity binding locations for both
arsenic(V) and copper(II), significantly enhancing the sorption performance of milk kefir
grains in their removal from aqueous solutions.

The results of the FTIR analysis by Naveed, et al. [25] suggest the direct involvement
of -OH, -NH-, -CO-, and C=O groups from extracellular polymeric substances in arsenic
sorption, as evidenced by band shifts following arsenic(V) exposure in circumneutral solu-
tions. In our experiment, the initial pH of the arsenic(V) solution was adjusted to 6.0, so
the primary functional groups in the kefir polysaccharide matrix responsible for arsenic(V)
and copper(II) removal are expected to remain negatively charged. This is consistent with
findings on kefiran, which is only positively charged below pH 2 [26]—a typical trait of
bacterial extracellular polymeric substances [27]. This negative charge may have impeded
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arsenic(V) adsorption due to repulsive interactions with the kefir grain surfaces, given that
arsenic(V) predominantly exists as the negatively charged H2AsO4

- species within our
experimental pH range under oxidizing conditions, as indicated by its behavior in natural
waters [28]. Conversely, copper(II) remains stable in cationic form, and observed shifts
toward more acidic regions during kinetic and isotherm studies suggest a strong interaction
with the negatively charged surfaces of kefir grains. This interaction likely involves the for-
mation of inner-sphere complexes with oxygen-bearing ligands, e.g., carboxyl groups that
are typically considered the primary sorption sites for copper(II) in bacterial extracellular
polymeric matrices [29]. Arsenic, on the other hand, has been reported to strongly interact
with amino groups in proteins, such as tyrosine- and tryptophan-like proteins within the
extracellular polymeric substances of Chlorella sp. [30]. Thus, we hypothesize that the
presence of amino groups of proteins, along with other functional groups such as hydroxyl,
likely contributes to this improved efficiency, as these sites facilitate stronger interactions
with the metal ions and metalloids. In contrast, water kefir’s polysaccharide-based matrix
offers fewer high-affinity sites, leading to its comparatively lower performance in arsenic(V)
and copper(II) removal in diluted solutions (Figures 4 and 8).

The differences in sorption sites, their distribution, and their impact on the sorption
mechanism can also be inferred from the isotherm analysis. For both copper(II) and ar-
senic(V), saturation is observed in the case of milk kefir (Figures 6 and 10), suggesting a
stronger affinity but a lower density of high-affinity sorption sites within the milk grains.
In contrast, water kefir grains align more closely with the Freundlich isotherm (Figures 3
and 7), indicating lower affinity but a relatively high frequency of sorption sites. This sug-
gests that while water kefir grains possess numerous sorption sites, these are less selective
for copper(II) and arsenic(V) compared with milk kefir. Furthermore, the sorption pattern
observed for water kefir aligns with a C-type isotherm, indicating preferential removal
through the micropores of the grains or possibly due to a more pronounced breakdown of
the polymeric matrix within water kefir grains [31]. The results of our SEM analysis (Fig-
ure 2) highlighted notable structural and morphological differences between the two types
of kefir grains. Water kefir grains exhibit a porous, hydrogel-like morphology, whereas milk
kefir grains display a more compact surface populated with clustered, branched organic
structures. It is likely that, due to more compact and structurally stable nature of milk kefir
grains, sorption occurs primarily through more specific binding mechanisms rather than
through porous absorption. However, differences in the sorption mechanisms are more
precisely inferred from the kinetic studies. Interestingly, regardless of the type of kefir
grain or element, all data fit the pseudo-second-order kinetic model exceptionally well.
Conversely, the goodness of fit of the pseudo-first-order kinetic model is very low (Tables 4
and 6). This allows us to assume certain considerations that can be asserted regarding the
suitability of fitting the pseudo-second-order kinetic model. These include the following:
(i) the adsorption process involves chemisorption, and (ii) the rate-limiting process is the
chemical reaction step [32]. Nevertheless, as indicated by the comparison of rate constants,
equilibrium is achieved significantly faster with water kefir (Figures 5 and 9), suggesting
that particle boundary diffusion, whether through pore or solid diffusion, may play a more
prominent role in the adsorption process of both arsenic(V) and copper(II) onto the kefir
biomass.

Based on the analyzed data, the milk kefir biomass emerges as a more effective
biosorbent for arsenic at lower concentrations compared with the water kefir biomass.
Unfortunately, to the best of our knowledge, no systematic or experimental studies have
explored the potential of milk kefir grains for removing other heavy metals from solutions.
Nevertheless, water kefir grains demonstrate relatively stable removal performance across
various cationic heavy metals, including copper(II), nickel(II), and lead(II), as reported
by Volpi, et al. [5]. This stability highlights their potential applicability for multicom-
ponent adsorption in real industrial effluents or contaminated surface and groundwater.
Still, to gain a clearer perspective, it is essential to compare water and milk kefir grains’
performance with other unmodified waste biosorbents to properly assess its sorptive ef-
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ficiency and potential for practical applications. Table 7 illustrates that the maximum
sorption capacity derived from the Langmuir model is moderate and comparable with
other non-modified waste-biomass-based biosorbents. However, the sorption capacity of
chemically and physically modified biomasses far exceeds that of milk kefir, with modi-
fied materials often capable of removing hundreds of micrograms of arsenate per gram.
This highlights the potential for significant improvements to enhance kefir’s competitive
edge. While some modification techniques still result in comparable performance, such
as iron-coated cork granulates with a maximum sorption capacity of 56.07 μmol·g−1 [33]
or wood-derived biochar with 51.9 μmol·g−1 [34], other approaches, particularly thermal
treatments combined with nanosized inorganic compounds, yield much higher capacities.
For example, zero-valent iron-composited palm-waste biochars reach a sorption capac-
ity of 354 μmol·g−1 [35], and corncob-derived biochar impregnated with ZnO achieves
346 μmol·g−1 [36]. These modifications significantly outperform the untreated kefir grains,
suggesting that targeted enhancements to kefir biosorbents can greatly improve their
effectiveness for metal removal.

Table 7. Comparison of maximum sorption capacities of waste-biomass-based sorbents derived from
the Langmuir isotherm (Smax) for arsenic(V).

Type of Sorbent
Smax

(μmol·g−1)
Reference

Milk kefir grains 30 This work
Fish scale 0.38 Rahaman, et al. [37]

Wheat straw 1.5 Ebrahimi, et al. [38]
Rice polish 1.96 Ranjan, et al. [39]

Anaerobic sludge 2.19 Chowdhury and Mulligan [40]
Tea waste 28.3 Kamsonlian, et al. [41]
Sawdust 58.74 Leal, et al. [42]

Almond shell 141.7 Ali, et al. [43]

The performance of kefir grains in our study was notably lower compared with other
available data on the sorptive removal of copper(II) from aqueous solutions using non-
modified waste biomasses (Table 5). This discrepancy highlights the limitations of kefir
grains as biosorbents in practical applications, particularly for copper removal, suggesting
that kefir grains would require significant modification or enhancement to compete with
other well-established biosorbents. This enhancement can be achieved through either
chemical or physical modification of kefir grains or a combination of both approaches. For
instance, processing the waste biomass into activated carbons can significantly improve
the heavy-metal removal capacity by increasing the surface area, optimizing the pore
distribution, and enhancing the chemical nature of the active sorption sites on biochar-
based adsorbents [44,45].

Recently, nanobiocomposites have emerged as a promising and highly effective strat-
egy for removing toxic metals and metalloids from contaminated aqueous environments.
By combining the natural sorption properties of biological materials with the enhanced
functional capabilities of nanoparticles, these composites deliver superior performance [46].
However, despite their potential, the reported effectiveness of nanobiocomposites for
copper removal significantly varies. In some cases, they do not necessarily outperform
untreated waste materials [47]. Nevertheless, while the removal efficiency of copper(II) by
kefir grains shows potential in diluted copper solutions (Figure 4b), their overall sorption
capacity remains underwhelming (Table 8). This limitation significantly reduces their
practical applicability in real-world scenarios, particularly when compared with more
eco-friendly alternatives like nanobiocomposites, which have demonstrated superior per-
formance relative to the sorption capacity of kefir grains [48].
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Table 8. Comparison of maximum sorption capacities of waste-biomass-based sorbents derived from
the Langmuir isotherm (Smax) for copper(II).

Type of Sorbent
Smax

(μmol·g−1)
Reference

Milk kefir grains 49 This work
Pine sawdust 35 Orozco, et al. [49]

Activated sludge biomass 138 Aslan, et al. [50]
Rice straw 196 Buasri, et al. [51]

Cone biomass of Thuja orientalis 303 Nuhoglu and Oguz [52]
Coffee grounds 398 Młynarczykowska and Orlof-Naturalna [53]

Sugarcane bagasse 841 Shah, et al. [54]

5. Conclusions

In this study, we investigated the efficiency of water and milk kefir grains as biosor-
bents for the removal of copper(II) and arsenic(V) from aqueous solutions. Our results
revealed a stark contrast in performance between the two types of kefir grains. Notably,
milk kefir exhibited a remarkable capacity to remove up to 95% of copper(II) at a low
concentration of 0.16 mmol·L−1 and achieved a maximum removal efficiency of 56% for
arsenic(V) at lower concentrations. This demonstrates its strong adsorption capabilities,
especially in diluted solutions. In contrast, water kefir grains achieved a maximum removal
efficiency of only 35.5% for copper(II) and 34.5% for arsenic(V), highlighting their limited
effectiveness as a biosorbent for these contaminants.

Isotherm analyses further confirmed the superior performance of milk kefir. The
results of the analysis indicated that water kefir has a lower affinity for copper and arsenic,
which can be attributed to its simpler polysaccharide composition and the limited availabil-
ity of high-affinity sorption sites. In contrast, milk kefir’s more complex matrix, enriched
with proteins and diverse functional groups, significantly enhances its binding capabilities
for metal ions.

Despite the promising results, it is crucial to recognize that the overall performance of
kefir grains remains lower when compared with other modified biosorbents and nanobio-
composites, which have consistently demonstrated superior metal removal efficiencies.
This underscores the necessity for further modifications to the kefir biomass to enhance its
sorption capacity and make it more competitive in practical applications. Future research
should focus on optimizing the chemical and structural properties of kefir grains to improve
their performance in real-world scenarios, thereby contributing to more sustainable and
effective methods for remediating contaminated water sources.
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1. Karić, N.; Maia, A.S.; Teodorović, A.; Atanasova, N.; Langergraber, G.; Crini, G.; Ribeiro, A.R.L.; Ðolić, M. Bio-waste valorisation:
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Abstract: Collagen is a non-toxic polymer that is generated as a residual product by several indus-
tries (e.g., leather manufacturing, meat and fish processing). It has been reported to be resistant
to bacteria and have excellent retention capacity. However, the recovered collagen does not meet
the requirements to be used for pharmaceutical and medical purposes. Due to the scarcity of water
resources now affecting all continents, water pollution is a major concern. Another major field that
could integrate the collagen generated as a by-product is wastewater treatment. Applications of
collagen-based materials in wastewater treatment have been discussed in detail, and comparisons
with already frequently used materials have been made. Over the last years, collagen-based materials
have been tested for removal of both organic (e.g., pharmaceutical substances, dyes) and inorganic
compounds (e.g., heavy metals, noble metals, uranium). They have also been tested for the manufac-
ture of oil-water separation materials; therefore, they could be used for the separation of emulsified
oily wastewater. Because they have been analysed for a wide range of substances, collagen-based
materials could be good candidates for removing contaminants from wastewater streams that have
seasonal variations in composition and concentration. The use of recovered collagen in wastewater
treatment makes the method eco-friendly and cost efficient. This paper also discusses some of the
challenges related to wastewater treatment: material stability, reuse and disposal. The results showed
that collagen-based materials are renewable and reusable without significant loss of initial properties.
In the sorption processes, the incorporation of experiments with real wastewater has demonstrated
that there is a significant competition among the substances present in the sample.

Keywords: circular economy; wastewater treatment; recovered collagen

1. Introduction

Following the increasing climatic changes, ensuring the availability of necessary water
has become a major global emergency. Water is an important resource that is not available
in all countries; restricted access to clean water limits socio-economic development and
accentuates poverty. All the activities that take place, in industry, energy production,
agriculture, leisure and everyday life, lead to water consumption and implicitly to the
generation of wastewater (municipal, industrial, agricultural, a mixture of those listed
previously). Depending on its source, the wastewater can be contaminated not only with
secondary by-products but also with leached compounds (e.g., oil refinery wastewater also
contains lead, nickel, chromium and iron that are leached from the pipes, equipment or
catalysts used in the refinery [1]). High adsorption capacity towards heavy metals, dyes,
vitamin C and p-nitrophenol was reported for a collagen-based hydrogel, suggesting its
applicability for depolluting wastewater that contains a vast range of contaminants [2]. In
the textile industry, which is a major contributor to water contamination [3], dye removal is
usually accompanied by the need for simultaneous removal of heavy metals [4]. Collagen is
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often included in the formulation of materials that are both antimicrobials and adsorbents.
In this way, the concentration of contaminants is reduced, at the same time decreasing the
number of microorganisms present in the wastewater [5]. Coal gasification, which is still
largely used in countries from Asia and in the United States of America, is another process
that generates large amounts of wastewater; this water is charged with difficult-to-remove
organic compounds that have mutagenic and carcinogenic characteristics [6]. Wastewater
is not charged only with chemical compounds but also with microorganisms that can
be pathogenic [7].

Latest statistics and reports released by the United Nations Environment Programme
warn about the significant quantities of wastewater that are discharged in water bodies
without being treated: nearly two million tons of wastewater, consisting of sewage and
agricultural and industrial wastewater, are released yearly [8,9]. From that, about 50% is
directly discharged into the environment without preliminary treatment [10]. The United
Nations have adopted a set of measures applied with the purpose of reducing the amount
of untreated wastewater on one side and increasing the reuse of treated wastewater (e.g.,
in irrigation, as a cooling agent) [11].

Large amounts of waste rich in collagen are disposed by the leather manufacturing
and meat and fish processing industries; in the context of a circular economy, collagen can
be efficiently extracted to be reused [12,13]. For example, in the leather processing industry,
raw hide has been reported to contain about 28% collagen; the mass percentage of collagen
in trimmings is about 18%. Collagen mass balance in a leather production facility indicated
that almost half of the collagen in the leather ends up disposed as waste (of 304 kg of
collagen, 155 kg is found in the leather processing solid waste) [14]. Yearly, about 9 MT raw
skin is processed, which in turn generates, according to the above given percentages, about
1.25 MT of collagen waste [15].

Attempts to use collagen in wastewater treatment have been made since 1995 when
collagen was tested as a coagulant for sludge dewatering; the authors of the study pro-
posed the use of collagen fibres together with alum ((Al2(SO4)3·18H2O)) for liquid-solid
separation processes and sludge dewatering [16]. A later study also confirmed the ability
to use collagen in composite flocculants with increased flocculation ability, compared to
aluminium sulphate [17]. Reusing the collagen in wastewater treatment not only will
provide a sustainable solution for waste minimisation but will also contribute to obtaining
a valuable resource: water. The advantages that collagen brings as a potential component
of the materials used in a wastewater plant (e.g., adsorbents, membranes, filtering material,
catalysts) are as follows:

- Strength and flexibility provided by its structure [18];
- Ability to interact with a large number of chemical substances due to increased number

of functional groups (amino, carboxyl, hydroxyl);
- No toxicity at low concentrations [19] (in the case of leaching in the treated water, will

pose no health risk);
- Resistance to bacteria [20];
- Biodegradability [21,22].

Collagen’s ability to interact with different substances can be used in two directions:
collagen can be easily incorporated in different materials (adsorbents, membranes, cata-
lysts), and collagen will create bonds with contaminants present in the wastewater.

2. Collagen-Based Materials for Wastewater Treatment

In wastewater treatment, collagen-based materials have been tested in the processes
of adsorption, membrane separation, column filtration, column absorption and advanced
oxidation processes (photocatalysis and Fenton-like oxidation) and as components of
antimicrobial materials. However, most of the studies are focusing on the use of collagen
in adsorbents and separation materials (Figure 1). All these technologies are used in the
secondary or tertiary stages of wastewater treatment [23]. The tertiary stage is considered
the stage that brings the wastewater parameters to the levels set by the wastewater reuse
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directives. To achieve an optimal management of water resources and to reduce the
water deficit, more and more treatment plants should be adapted by including the tertiary
treatment stage.

Figure 1. Studies on collagen’s use in the wastewater treatment.

2.1. Adsorption Technology

Adsorption is used in wastewater treatment plants due to the ease of operation and
possibility of using a wide range of materials that can be adapted according to the type
of contaminants (e.g., activate carbon synthesised from different waste materials, natural
materials: zeolites, clay minerals). The cost of the material remains, however, a major
disadvantage. In addition, the load factor of the adsorbent is an important parameter; a
low load factor results in a larger volume of adsorbent in the column [24].

To improve the efficiency of the adsorption process, different materials containing
collagen have been tested for wastewater treatment. The adsorbent materials need to
fulfil at least the following requirements: high adsorption capacity, non-toxic, reusable
for extended period and low cost. The adsorption is currently used in the tertiary stage
of wastewater treatment along with photocatalysis, catalytic oxidation, electro-chemical
oxidation, ozonation or membrane separation [25].

The studies published so far have evidenced that collagen not only serves as a support
for the active compounds of the adsorbent but also creates bonds with the adsorbate,
enhancing the adsorption capacity. The multitude of functional groups of the collagen
matrix, such as -NH2, -COOH, -C(O)NH2 or -OH, determines its ability to interact with
different contaminants (e.g., heavy metal ions, radioactive ions, etc.) and remove them from
wastewater [26–28]. It has been demonstrated that some heavy metal ions, in the presence
of polypeptides, form a three-helix bundle structure [29,30]. This gives stability to the newly
formed structure, explaining the good adsorption capacity of collagen-based materials
towards heavy metal ions. The high adsorption of Cr(III) was attributed to the additional
carboxyl groups created by modifying the collagen structure with oxazolidine [31]. Zhao
et al. (2024) found that the phenolic hydroxyl groups present in the tannin extract in the
composite collagen/tannin were responsible for the high affinity towards Cu(II) ions [32].

To improve the properties of the final adsorbent, some of the collagen-based adsorbents
investigated so far for wastewater depollution are crosslinked with synthetic polymers [33–39].
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The use of nanocomposites is preferred because they provide a higher internal surface area
available for contaminants adsorption [26,39–42].

A significant number of studies have been dedicated to heavy metals, noble metals
and metalloids adsorption on collagen-based adsorbents [31–34,43–59].

The enhanced removal of As(III) on Zr(IV) loaded on collagen fibres (CF) was ex-
plained by the ability of As(III) to form different configurations of complexes with zirconium-
supported collagen fibres (Figure 2a): (1) bidentate, binuclear As(III) connects through
oxygen with two zirconium ions; (2) bidentate, mononuclear As(III) forms two bonds
with one zirconium ion via the oxygen ions; (3) monodentate, mononuclear As(III) creates
one bond with one zirconium ion. This mechanism was similar to As(III) adsorption on
alumina [60].

It was found that adjacent hydroxyl groups play a significant role in the retention
mechanism. Removal of silver ions by persimmon tannins/CF also proceeds via a com-
plexation between silver ions and adjacent hydroxyl groups of the adsorbent. Furthermore,
the hydroxyl groups of the persimmon tannins oxidize to carbonyl groups, while the
silver ions are reduced to elemental silver that is uniformly dispersed at the surface of the
adsorbent [59].

The functional groups—NH2 (Lewis base) and -COO− enhance Pb(II) and Cd(II)
removal by coordination, respectively electrostatic attractions (Figure 2b); to increase the
number of functional groups, gum copal CF was cross-linked with polyacrylic acid [45].
Similarly, Cr(VI) is adsorbed from wastewater on collagen-based porous aerogel; the ions
of Cr diffuse in the porous structure of the adsorbent to coordinate with amino, hydroxyl
and carboxyl groups (Figure 2c); since the synthesised aerogel had fluorescent properties,
it can also serve as an indicator of Cr(VI) concentration [56].

To increase the number of adjacent hydroxyl groups, Zhao et al. (2024) synthesised a
composite bovine hide collagen/tannin extract; the first step in Cu(II) removal consists of
deprotonation of two adjacent hydroxyl groups of the tannin, followed by the creation of
bonds due to electrostatic attractions (Figure 2d); the other functional groups coordinate
with Cu(II) to form stable structures [32].

For Hg(II) adsorption on CF/ZIF-7-NH2 (ZIF—zinc imidazolate framework), it has
been discovered that at low adsorbate concentration in wastewater, the removal mechanism
is governed by electrostatic interactions and coordination, while at high Hg(II) concentra-
tion, the contribution of coordination is insignificant, and the Hg(II) adsorption takes place
mainly by electrostatic interactions (Figure 2e) [57].

 
(a) 

Figure 2. Cont.
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Figure 2. Mechanisms of heavy metals and metalloids ions adsorption on collagen-based materials;
(a); As(III) removal by Zr(IV)—loaded collagen fibre [60]; (b) Removal of Pb(II) and Cd(II) over gum
copal-collagen hybrid adsorbent [45]; (c) Cr (VI) adsorption by collagen-based porous fluorescent
aerogel [56]; (d) Cu(II) retention on bovine hide collagen/tannin extract composite (BHC/TE) [32];
(e) Hg(II) retention on amino functionalized collagen fibre combined with metal–organic frameworks
(MOFs) [57].

Collagen fibre was modified with polyethyleneimine (PEI) and used for p-arsanilic acid
adsorption (Figure 3); the obtained adsorbent has an increased capacity for contaminant
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removal via the combined effect of collagen amphiphilicity, formation of hydrogen bonds
and electrostatic interactions [35].

 

Figure 3. Mechanisms of organic pollutants adsorption on collagen-based materials—adsorption of
p-arsanilic acid on amphiphilic amino modified collagen fibre [35].

Many studies have been carried out for dye removal from wastewater [36–39,42,61–75]. To
increase the number of -NH2 groups, ethylenediamine was grafted on CF; the resulting
structure was combined with TpPa-I (covalent organic frameworks) to control the porosity
and stability of the adsorbent [76]. The removal mechanisms of dyes reactive blue 19 and
acidic fuchsin is based on electrostatic attraction forces and π-π stacking (Figure 4a) [70].
Cross-linking collagen fibres with PEI contributed to the increasing of hydrophilic swelling
of the final material; this helped to improve the adsorption capacity towards anionic dye re-
moval (acid red and soap yellow) [38]. PEI also helped to increase the number of functional
groups available on the collagen support; these groups will create electrostatic attractions
with negatively charged dye molecules, enhancing adsorption (Figure 4b). The collagen
surface can be modified to allow the synthesis of a hydrogel with abundant negative
charges; the positively charged molecule of methylene blue (cationic dye given by the
quaternary amino group) reacts with the negatively charged groups present on the adsor-
bent surface (Figure 4c) [36]. Similarly, Sitab et al. (2023) developed a nanomaterial using
collagen hydrolysate and polyvinyl alcohol; the nanomaterial was tested for methylene
blue removal, and the mechanism proceeds via the interaction of the alkyl group of the
dye and of the nanofibers chain; this is followed by electrostatic interactions between the
cationic dye and -COO−and -O− groups (Figure 4d) [37]. Tanned bovine collagen fibres
having macro (>50 nm), meso (2–50 nm) and micro (<2 nm) pores was used for acid dyes
(acid brown 369, AB369, acid red 131, AR131 and acid blue 113, AB113) removal from
wastewater; taking into account the configuration of the dye molecules, the bulkier AB369
molecule cannot pass through the micro pores, while the smaller molecules AR131 and
AB113 can be adsorbed on pores of all sizes (Figure 4e) [73].

Adsorbents with magnetic properties have recently been synthesised; they have an
affinity for removing target contaminants and are easily separated from water by applying
a magnetic field [42,52]. The concept itself is not new; however, for collagen-based materials
employed in wastewater treatment, it has only recently been tested. The percentage of
contaminant removal can be controlled by changing the value of the electric field: an
increase in the electric field can enhance the removal rate by up to 40% compared to when
no electric field was applied [52]. When comparing the influence of electric and magnetic
fields on the removal efficiency, it was found that Ni(II) adsorption is enhanced by applying
an electric field compared to a magnetic field [52].

Oil sorption capacity of collagen-polydimethylsiloxane (PDMS) has been tested for
silicone, vegetable and motor oil; compared with commercially available biomass materials,
the collagen-based sorbent showed similar performances [77]. Modifying the collagen
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matrix with hexadecyl trimethyl ammonium bromide led to a slight increase in the oil
sorption capacity [78].

The retention of uranyl ions on unmodified cellulose-collagen is low (Table 1) [79]. To
increase the adsorption capacity, different metal ions or compounds must be added [28,80–84].

The removal of Cs+ and Sr2+ from radioactive wastewater by adsorption on Zr
molybdopyrophosphate-functionalised collagen fibres (ZMPPCFs) consists of ion exchange
of Cs+ with K+ from ZMPPCFs while Sr2+ is retained by electrostatic interaction with
pyrophosphate anions (Figure 5a) [85].

Liao et al. (2020) developed a material (Fe/Ni bayberry tannin/CF) used for adsorp-
tion of uranyl ions and subsequent reduction of U(VI) to U(IV) that can be easily separated
further by precipitation. The mechanism consists of uranyl ions adsorption facilitated
by bonds formation with bayberry tannin (BT) and collagen’s functional groups; U(VI) is
reduced to U(IV) in redox reactions with Fe/Ni (Figure 5b) [86]. However, the stability of
the material for reuse and its long-term performance were not discussed.

 
(a) (b) 

 

(c) (d) 

Figure 4. Cont.
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(e) 

Figure 4. Mechanisms of dye adsorption over collagen-based materials: (a) Acid fuchsin and
reactive blue 19 (anionic dyes) on composite COF (covalent organic frameworks)—aminated collagen
fibres, abbreviated ACF-TpPa-1 [70]; (b) Anionic dyes (acid red and soap yellow) adsorption on
multilayer ammoniated collagen fibres [38]; (c) Methylene blue adsorption on interpenetrating
network hydrogel from (gum copal alcohols collagen)-co-poly(acrylamide) and acrylic acid [36];
(d) Cationic dye (methylene blue) adsorption on collagen hydrolysate (CH) crosslinked with polyvinyl
alcohol (PVA) [37]; (e) Acid Brown 369 (AB369), Acid Red 131 (AR131) and Acid Blue 113 (AB113)
removal by tanned bovine collagen fibres (TBCFs) [74].

The retention mechanism of uranyl ions involves the formation of bonds (electrostatic
and chelation) between the uranyl ions and the hydroxyl groups of hydrated titanium
oxide, HTO (electrostatic), the ortho phenolic hydroxyl groups of BT (electrostatic) and the
functional groups of collagen (-NH2, -COOH, -C(O)NH2, -OH electrostatic and chelation)
(Figure 5c) [81]. Myrica rubra tannin also has a large number of ortho phenolic groups;
immobilisation on collagen leads to obtaining a material with a high adsorption capacity of
uranyl ions [82].
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(a) (b) 

(c) 

Figure 5. Mechanisms of radioactive ions adsorption: (a) Adsorption and subsequent separation of
radioactive Cs+ and Sr2+ by zirconium molybdopyrophosphate-functionalized collagen fibres [85];
(b) Uranyl ions adsorption over nano-zero-valent Fe/Ni particles (NZFNP) loaded on collagen
fibres [86]; (c) Uranium extraction from seawater vs. removal from wastewater NCFs—nano collagen
fibrils, HTO—hydrous titanium oxide, BT—bayberry tannin [81].

Titanium(IV) loaded collagen fibre has been tested for uranium removal from nu-
clear industrial wastewater [28,81,83]. It has been proven that HTO exhibits high affinity
towards uranyl (UO2

2+) extraction; however, its ability to store fluids is low [28]. This
can be remediated by loading the HTO on collagen fibres that are well known for their
properties to retain large amounts of water and ions and release only water in drought
conditions [12]. Because of collagen ability to adsorb other ions too, the ion interference
studies are extremely important. Fluoride anion usually present in radioactive wastewater
gives the biggest interference (among F−, HCO3

−, Cl−, NO3
−, Ca2+, Mg2+ and Cu2+);

the fluoride effect could be suppressed by the addition of Al3+ [28,83]. The selectivity of
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composite ZnS/alkali-activated collagen fibre for uranyl ions removal from a concentrated
mixture of Fe3+, Ni2+, Cu2+, VO3− and UO2

2+ or K+, Ca2+, Na+, Mg2+, Cl−, HCO3
−, SO4

2−,
Br− and UO2

2+ remains high; this is due to the combined effect of collagen’s functional
groups and nano-ZnS [84].

Only a few studies have aimed at the simultaneous adsorption of different classes of
contaminants from wastewater [2,4,5,40,87]. As a result of the variable composition of the
wastewater, the adsorption materials that have been tested for the retention of several types
of pollutants are preferable (e.g., wastewater resulted from dyeing also contains heavy
metals) [2,87]. A collagen-guar gum-MOFs (metal–organic frameworks) composite was
found to be effective for dye (methylene blue and indigo carmine—acid blue 74—with
anionic character because of two sulfonate groups) and heavy metals (Ni(II), Cu(II), and
Zn(II)) removal but also for neutralising the wastewater pH in some cases (wastewater
resulted from cotton dyeing). Results indicated that simple collagen-guar gum hydrogel
had a higher adsorption capacity for methylene blue removal than the composite material
and similar behaviour in the case of indigo carmine and Ni(II). The composite material was
more efficient for copper and zinc removal than the hydrogel; this is probably due to the
higher uniform porosity of MOFs that allow bulkier copper and zinc internal diffusion [87].
FTIR and XPS analysis evidenced the mechanism of Hg(II) and Pb(II) adsorption on a
highly functionalised adsorbent (guar gum (GG)-g-(acrylic acid (AA)-co-3-acrylamido
propanoic acid (AMPA)-co-acrylamide (AM))-g-cow buffing dust (CBD)); Pb(II) preferably
coordinates with -COO− functional groups, mostly in bidentate chelating, while Hg(II)
preferably creates bonds with the N-donor (Figure 6). Methylene blue, methyl violet,
vitamin C and nitrophenol are adsorbed on the surface via hydrogen bonds, van der
Waals forces and electrostatic interactions; the adsorbent showed high adsorption capacity
against all tested pollutants, compared to other materials (Table 1) [2]. A collagen-based
nanocomposite was also found to be extremely efficient for metal ions and dye removal [40].
Wang et al. (2022) developed an aerogel material AgNPs/Fe@CF with simultaneous activity
in antibiotics’ photo degradation, antibiotic-resistant bacteria elimination and adsorption
of heavy metal ions [5].

 

Figure 6. Mechanisms for simultaneous removal of heavy metals (Pb(II) and Hg(II)), dyes (methyl
violet, MV; methylene blue, MB), vitamin C and p-nitrophenol (PNP) by carbohydrate and collagen-
based doubly grafted interpenetrating terpolymer hydrogel (AMPA-3-acrylamido propanoic acid) [2].

Most of the adsorption studies are oriented only towards batch adsorption experiments
(static regime) that allow the understanding of the removal mechanism and determination
of the adsorption kinetics and thermodynamics. There are, however, some studies that also
perform continuous column experiments (dynamic column breakthrough, DCB). This is a
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compulsory step before large-scale utilisation of the adsorbent and gives information about
the macroscopic performance of the material.

The breakthrough point for uranyl adsorption from wastewater on HTO/CF was
around 250 bed volume (BV); the material in the column was regenerated using a volume
of 4 BV 0.1 M HNO3 with a recovery rate of 98% [80]. The breakthrough point of a
column packed with amidoxime/CF for uranyl removal was about 175 BV (this value
was achieved in the presence of competing ions Fe3+, Al3+, Zn2+, Mg2+, Cu2+, Cr3+, VO2+,
F− and NH4

+) [83]. For both materials, new cycle adsorption—regeneration gave similar
results, indicating excellent reusability [80,83]. It was found that one gram of PBA (Prussian
blue analog)/CF could remove more than 95% of radioactive Cs+ contained in four litres
of wastewater (flow rate of 0.3 mL min−1) [88]. For highly concentrated water in uranyl
ions (120.5 mg·L−1), ZnS/CF showed a good column adsorption performance with a
breakthrough point of 75 BV [84]. The breakthrough point of a column packed with
collagen fibres for thorium(IV) adsorption was 12.5 BV [89].

Compared with other materials (recycled or commercial adsorbents), collagen-based
adsorbents show higher adsorption capacities for metal ions and similar adsorption capaci-
ties towards uranyl ions, dyes and oils (Table 1).

Table 1. Adsorption of different pollutants found in wastewater using collagen-based materials (1–47)
and other materials (48–55).

Adsorbent Targeted Pollutant
Adsorption Capacity (at
Equilibrium), mg·g−1 Reference

1. CF/ZIF-7-NH2 Hg(II) 909.09 [57]

2. Bayberry tannin-immobilized CF Hg(II) 198.49 [47]

3. Collagen-based porous fluorescent aerogel Cr(VI) 103.3 [56]

4. Collagen modified with oxazolidine Cr(III) 143 [31]

5. Carboxylated CF
CF Cr(III) 106.88

75.82 [51]

6. Bovine hide collagen/tannin extract composite Cu(II) 14.94 [32]

7. Bovine hide collagen/tannin extract/sodium
alginate, (SA/BHC)@TE Cu(II) 140.56 [58]

8. Collagen-tannin resin Cu(II) 16.52 [54]

9. Collagen/cellulose hydrogel Cu(II) 67.36 [55]

10. Manganite/collagen-polyurethane-chitosan
hydrogel Pb(II) 13.22 [34]

11. Collagen fibre/carbon quantum dot Pb(II) 183 [48]

12. Persimmon tannins immobilized on collagen
fibre Ag(I) 1947 [59]

13. AgNPs/Fe crosslinked CFs
(NPs—nanoparticles)

Cr(VI)
Ni(II)
Pb(II)

90.734
73.82
78.19

[5]

14. Zr—loaded collagen fibre Cr(VI)
V(V)

27.55
100.86 [50]

15. Fish scales Cu(II)
Ni(II)

400
2.73 [52]

16. Tannins immobilised on collagen

Cu(II)
Pb(II)
Cd(II)
Cr(III)
Zn(II)

13.30
18.41
6.5

10.4
0.8

[49]
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Table 1. Cont.

Adsorbent Targeted Pollutant
Adsorption Capacity (at
Equilibrium), mg·g−1 Reference

17. CF-PEI (collagen fibres crosslinked with
polyethyleneimine) p-arsanilic acid 285.71 [35]

18. Hydrogel from (gum copal alcohols
collagen)-co-poly(acrylamide) and acrylic acid methylene blue 1.70 [36]

19. Collagen hydrolysate/polyvinyl alcohol methylene blue 99.9 [37]

20. Black wattle tannin-immobilised
mesostructured collagen methylene blue 46.5 [75]

21. Collagen-based cryogel, isinglass-graphene
oxide rhodamine B 120 [72]

22. Fish scale acid blue 113 145.3 [62]

23. Composite hydrogels (collagen, guar gum and
metal-organic frameworks)

methylene blue
indigo carmine

15.8
0.46 [87]

24. CF-PEI
soap yellow

acid red
(anionic dye)

538.2
369.7 [38]

25. Tanned bovine collagen fibres
acid brown 369

acid red 131
acid blue 113

38.29
78.14
73.25

[74]

26. Aminated collagen fibres (ACF) acid black dye 125.63 [68]

27. Collagen-g-poly(acrylic
acid-co-N-vinylpyrrolidone)/Fe3O4@SiO2

methylene blue
brilliant green
rhodamine B

207.33
212.68
221.97

[39]

28. Magnetic hematitenanoparticle@collagen
nanobiocomposite

methylene blue
rhodamine B

27.57
56.14 [42]

29. CF methylene blue
reactive red

80
163 [61]

30. ACF—TpPa-1 acid fuchsia
reactive blue 19

257.98
449.54 [70]

31. Zr—loaded collagen fibre
Fe—loaded collagen fibre phosphate 87.3

79.96 [90]

32. Zirconium(IV)-Impregnated CF fluoride 43.49 [91]

33. Carbohydrate and collagen-based doubly
grafted interpenetrating terpolymer hydrogel

Pb(II)
Hg(II)

methyl violet
methylene blue

vitamin C
p-nitrophenol

976.64
859.23
116.80
58.52
212.91
59.01

[2]

34. Collagenic-waste/natural rubber biocomposite
Hg(II)

safranine
brilliant cresyl blue

166.46
303.61
46.14

[4]

35. Collagen-based hydrogel nanocomposite

Cd(II)
Pb(II)

methylene green
crystal violet

~120 mg/g
~120 mg/g

179
652

[40]

36. Zirconium
molybdopyrophosphate-functionalised CF

radioactive Cs(I) and
Sr(II)

149.52
38.99 [85]

37. Ti(IV)/CF UO2
2+ 167.4 [28]
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Table 1. Cont.

Adsorbent Targeted Pollutant
Adsorption Capacity (at
Equilibrium), mg·g−1 Reference

38. Ti(IV)/CF UO2
2+ 372.4 [80]

39. Ti(IV)/bayberry tannin/CF UO2
2+ 393.19 [81]

40. Myrica rubra tannin/CF UO2
2+ 321.3 [82]

41. Amidoxime/CF UO2
2+ 301.18 [83]

42. nano-ZnS/alkali-activated CF UO2
2+ 359.72 [84]

43. Cellulose—collagen UO2
2+ 64.94 10−3 [79]

44. Prussian blue analog (PBA)/CF Cs(I) 175.4 [88]

45. Collagen—tannin rearranged fibre Th(IV) 114.97 [89]

46. Collagen polydimethylsiloxane (PDMS)
Silicone oil
Motor oil

Vegetable oil

13.6 × 103

12.5 × 103

11.92 × 103
[77]

47.
Collagen polydimethylsiloxane (PDMS)
modified with hexadecyl trimethyl
ammonium bromide

Silicone oil
Motor oil

Vegetable oil

15.9 × 103

14.0 × 103

12.0 × 103
[78]

48. Olive stone

Cd(II)
Pb(II)
Ni(II)
Cu(II)

7.73
9.26
2.13
2.03

[92]

49. Beal fruit shell Cr(VI) 17.27 [93]

50. Biochar Pb(II) 46.46 [94]

51. Biochar Cd(II) 25 [95]

52. Biochar methylene blue
basic fuchsin

99.11
78.01 [96]

53. CuxO/Fe2O3/MoC reactive red 195 A
reactive yellow 84

61.3
93.95 [97]

54. nano-MgO biochar UO2
2+ 333.11 [98]

55. Recycled wool Motor oil
Vegetable oil

15.8 × 103

13.16 × 103 [99]

2.2. Membrane and Column Separation

Wastewater purification by membranes has gained much interest due to the process
efficiency in separating a wide range of compounds from wastewater (persistent organic
compounds [100,101], microorganisms [102], microplastics [103,104], heavy metals [105,106]).
The separation with membranes offers the advantages of metal recovery and ensures the
removal of dissolved species. The extended application of membrane technologies for
different classes of contaminants allows the production of good quality water that can be
directly reused [107–109]. This combined with the ease of operation and the efforts to find
new materials that are durable and cost-effective make membrane separation one of the
best technologies for producing water and in some cases recovering valuable components
from wastewater.

An example of industry that uses large amounts of water is petroleum processing and
refining. This means that the amount of wastewater is also significant; it was reported
that the processing of one barrel of crude oil generates ten times more wastewater [110]
The wastewater has a complex and variable composition and includes organic matter
(polycyclic aromatic hydrocarbons, benzene, toluene, xylene, ethylbenzene, phenols),
heavy metals (mercury, lead, chromium Cr6+, cadmium, copper Cu2+, manganese, zinc and
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nickel), arsenic, As3+ and As5+, inorganic salts and oil emulsions [111,112]. However, the
collagen-based membranes and column filtration materials were tested almost exclusively
for emulsions separation and not for more complex wastewater mixtures. There are two
types of emulsions that are discharged by the industry: oil in water (O/W) and water in oil
(W/O); industrial emulsions also contain substances with the role of a surfactant.

Conventional separation membranes (Figure 7) have either hydrophilic or hydropho-
bic surfaces and are consequently subjected to rapid pore clogging (membrane fouling).
Collagen has both hydrophilic and hydrophobic functional groups (amphiphilic charac-
ter); this gives different wetting affinities for water and oil, allowing the separation of the
emulsion [113]. The collagen fibre membrane (CFM) consists of interwoven collagen fibres
that provide good mechanical resistance to the membrane [114]. CFM fails, however, in
separating micro and nanoemulsions because the size of the voids between the fibres can be
larger than the particle size of the emulsion droplets. To remediate this, the CFMs undergo
surface modifications that improve their separation performance [115–117]. For instance,
to enhance the amphiphilic behaviour of collagen fibres, additional compounds can be
added on the surface of the collagen fibres (Figure 8). Tannic acid is a natural amphiphilic
compound that can be easily deposited on the collagen fibres, improving separation [117].

Figure 7. Pore clogging in conventional separation membrane (membrane fouling).

 
Figure 8. Amphiphilic character of collagen fibres [117].
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Molecular dynamics simulations have shown that the driving forces allowing W/O
emulsion separation are the electrostatic interactions and van der Waals forces. The anionic
-COO− and cationic -NH3+ groups of the collagen matrix generate electrostatic attraction
forces towards the water molecules [113]. The oily compounds will agglomerate at the
hydrophobic regions while being separated from water, which wets the surface on the
hydrophilic part. The oil further permeates through the collagen fibres and is separated.
This phenomenon is called underoil hydrophilicity. When the collagen fibres are wetted by
O/W emulsions, the oil molecules agglomerate in the hydrophobic regions of the collagen
fibres (by van der Waals forces), while the rest of the collagen fibres are wetted by the water
(underwater oleophobicity) [118].

Effective separation materials consisting of blended superhydrophilic collagen fibres
and superhydrophobic polypropylene fibres [119] or superhydrophilic and superhydropho-
bic collagen fibres [120] have been used for water recovery from O/W emulsions. Using
intertwisted superhydrophobic and superhydrophilic fibres will enhance demulsification
when the emulsion reaches the superhydrophilic fibres; water will be further transported
along the superhydrophilic fibres while the oil will be repelled towards the hydrophobic
fibres. By this method, the material fouling was delayed, and continuous separation of
emulsion for 1440 min was achieved [120].

The addition of the surfactants for emulsion stabilisation also intensifies the electrostatic
interactions in the separation process [107–109]. Industrial wastewater may contain emulsions
with at least two surfactants [121]. The usual surfactants used in pharmaceutical, food, and
cosmetics industries are Tween80 (non-ionic surfactant) and Span80 (biodegradable surfac-
tant) [114,121]. Anionic or cationic surfactants can also be used (anionic: SDS—sodium dode-
cyl sulphate; anionic SDBS—sodium dodecyl benzene sulfonate; cationic CTAB—hexadecyl
trimethylammonium bromide; cationic CPB—bromohexadecylpyridine) [107–109,116,117].
For an efficient reuse of water or oily compounds, the resulted aqueous filtrate should be
surfactant free.

Ye et al. (2019) synthesised an amphiprotic membrane by deposition of amino-modified
multi-walled carbon nanotubes (MWCNTs-NH2) and carboxyl multi-walled carbon nanotubes
(MWCNTs-COOH) on a collagen nanofibres-based membrane (MCN) [114]. The separation
mechanism for this consists of W/O emulsion spreading at the membrane interface (Figure 9a)
followed by charge neutralisation by oppositely charged groups—-COO− or -NH3

+ (demulsi-
fying). The oil is transported further through the membrane by the capillary effect along the
collagen fibres.

(1) (2) (3) 
(a) 

Figure 9. Cont.
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(1) (2) (3) 
(b) 

 
(1) (2) (3) 

(c) 

Figure 9. Separation of emulsion containing wastewater: (a) Oil—water emulsion, MCN—millimetre-
scale collagen nanofibres: (1) fresh membrane; (2) emulsion spreading at the amphiprotic mem-
brane surface; (3) separation [114]; (b) Cationic surfactant-stabilised oil-water emulsion, CFM-
PMDA-TiO2 (CFM—collagen fibre mem-brane; PMDA—pyro-mellitic dianhydride) [107]; (c) An-
ionic surfactant-stabilised oil-water emulsion, CFM-PEI-TiO2 (CFM—collagen fibre membrane;
PEI—polyethyleneimine) [108].

Grafting synthetic polymers on the surface of CFM will contribute to the creation of
additional charges that will enhance the emulsion separation by electrostatic interactions
(e.g., polyethyleneimine, will create positive charges) [108]. The so synthesised membrane
is efficient in the separation of both surfactant-free and surfactant-stabilised O/W emul-
sions. Adding pyromellitic dianhydride (PMDA) will increase the number of negative
charges [107]. If the aim is to obtain high purity water, TiO2 particle deposition will amplify
membrane superhydrophilicity (Figure 9b,c) [107,108]. Zr4+ was used to change the wetta-
bility properties of the collagen fibres matrix, obtaining a material that is superoleophobic
under water (O/W emulsions) and hydrophilic under oil (W/O emulsions) [122].

The concept of size sieving membranes was used in the development of membrane
that are using metal–organic framework MOFs for the emulsion separation and the collagen
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as a facilitator for the liquid transport along the fibres [109,115,116]. The uneven pore size
distribution of CFM can be modified by incorporating MOFs with uniform pore sizes.
Moreover, the pore sizes of MOFs can be customizable and can be disposed to form
successive sieve-like layers to improve the separation efficiency [109]. The MOFs that have
been tested consist of a zinc imidazolate framework (ZIF–8) and copper-containing MOFs
(HKUST–1) [115]. Li et al. (2021) developed a double-layer collagen-based membrane
CFM/UiO–66(12)/PDMS (PDMS—polydimethylsiloxane) for the separation of water in oil
micro and nanoemulsions [116]. The so-called UiO 66 structure is a zirconium MOF that
was set within the CFM. The principle of emulsion separation is based on the difference
between the UiO-66 micropore size (which is about 6.0 Å) and the particle emulsion size,
which is bigger. The superhydrophobic surface of the membrane allows the selective
permeation of oil. The collagen fibres have the role of enhancing the oil transport through
the membrane by the capillary effect; this has been proven by performing comparative
tests on membranes with and without collagen fibres (filtrate flux of 2038 L m−2h−1 versus
866 L m−2h−1, for separation efficiencies higher than 99.99%) [114,115].

The simple collagen fibres allow a good separation of the emulsions; however, the
filtrate flux is significantly lower than in the cases of modified collagen fibres or membranes.
The tested membranes have proven the ability to generate high purity filtrate; they have sep-
aration efficiencies around 99% and retain the surfactant in the case of surfactant-stabilised
emulsions [107–109,115,116,121]. Although the synthesis of collagen-based membranes is
more complicated than commercial ones, the filtrate flux values are significantly higher for
CFM (Table 2). The performances obtained in the case of wastewater filtering over collagen
fibres are also superior to those obtained on commercial membranes (Table 2, lines 12–14).

Table 2. Performance of different collagen-based fibres (1–5) and membranes (6–14) for wastewater
treatment.

Filtration Material/
Membrane

Targeted Pollutant
Separation

Efficiency %
Filtrate Flux
L·m−2·h−1 *

Reference

1.
Amphiphilic composite
fibres—tannic acid onto
collagen fibres (ACFs)

Heptane/Water
Kerosene/Water
Dodecane/Water
Octane/Water (SDBS)
Water/Heptane (Span80)
Water/Kerosene (Span80)
Water/Dodecane (Span80)
Water/Octane (Span80)

>99.99

1911 (W)
1745 (W)
1822 (W)
1720 (W)
2166 (O)
2471 (O)
1936 (O)
2408 (O)

[117]

2. Collagen(I)
Fibres (CF)

n-Dodecane/Water
Kerosene/Water
Petroleum ether/Water
Water/n-Dodecane (Span80)
Water/Kerosene (Span80)
Water/Petroleum ether (Span80)

>99.99

99.987
99.989
>99.99

257.3 (W)
313.4 (W)
262.4 (W)
2929.9 (O)
2738.5 (O)
3337.6 (O)

[113]

3. Zr4+ supported on
Collagen(I) fibres

Dodecane/Water
Olive oil/Water
Pump oil/Water
Water/Dodecane
Water/Kerosene
Water/Petroleum ether

>99.99 3031 (W)
2407.6 (W)
2598.7 (W)
2331.2 (O)
2751.6 (O)
2216.6 (O)

[122]

4.

CFs-PPFs
(PPF—polypropylene
fibres, dual-channels)
Simple collagen fibres

Dodecane/Water
Dodecane/Water

>99
99.4

2844 (W)
434 (W) [119]
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Table 2. Cont.

Filtration Material/
Membrane

Targeted Pollutant
Separation

Efficiency %
Filtrate Flux
L·m−2·h−1 *

Reference

5.

SCFs-DC
(superwetting collagen
fibres with water-oil
dual-channels)

Simple collagen fibres

Dodecane/Water
Kerosene/Water
Hexadecane/Water
Octane/Water

Dodecane/Water

98.99
99.10
99.04
96.22

99.45

666 (W)
587 (W)
487 (W)
796 (W)

477 (W)

[120]

6.

CFM-PMDA-TiO2
(CFM—collagen fibre
membrane;
PMDA—pyromellitic
dianhydride)

Dodecane/Water (CTAB)
Heptane/Water (CTAB)
Octane/Water
Dodecane/Water (CPB)

98.35
98.70
99.86
97.28

600 (W)
900 (W)

1436.40 (W)
1100 (W)

[107]

7. CFM-PEI-TiO2

Dodecane/Water
Hexane/Water (SDS)
Dodecane/Water (SDBS)
Hexane/Water (SDBS)
Heptane/Water (SDS)
Heptane/Water (SDBS)

99.93
98.79
99.83
99.73
99.94
99.68

988.90 (W)
880.75 (W)

1351.92 (W)
1346.09 (W)
1148.58 (W)
1458.50 (W)

[108]

8.
UiO-66-NH2
membrane
incorporating MOFs

Nanoemulsions
Dodecane/Water (SDS)
n-Hexane/Water (SDS)
n-Octane/Water (SDS)
n-Hexadecane/Water (SDS)
Microemulsions
Dodecane/Water (SDBS)
n-Hexane/Water (SDBS)
n-Octane/Water (SDBS)
n-Hexadecane/Water (SDBS)

>99.8
>99.7

217.25 (W)
242.12 (W)
210.86 (W)
308.46 (W)
200.66 (W)
225.01 (W)
370.05 (W)
291.87 (W)

[109]

9.
CFM/UiO-66/PDMS
(PDMS—
polydimethylsiloxane)

Nanoemulsions
Water/Dodecane (SDBS)
Water/Dodecane (CTAB)
Water/n-octane (SDBS)
Water/n-heptane (SDS)
Microemulsions
Water/Dodecane (SDS)
Water/Dodecane (CTAB)

>99.99

540.4 (O)
504.6 (O)
969.8 (O)
973.3 (O)
545.4 (O)
351.1 (O)

[116]

10.
CF/ZIF-8/PDMS,
(ZIF—zinc-based
MOFs)

Nanoemulsions
Water/Dodecane (SDBS)
Water/Dodecane (CTAB)

>99.99 1982 (O)
1809 (O) [115]

11.

MWCNTs/CFM
(MWCNTs—multiple-
walled carbon
nanotubes)

Water/Heptane >99.99 1051 (O) [121]

12.
Commercial PTFE
(polytetrafluoro
ethylene)

Nanoemulsions
Water/Dodecane (SDBS)
Water/n-heptane (SDS)

>99.99 77.6 (O)
305.6 (O) [116]

13.

Commercial
double-sided
polyvinylidene
fluoride (PVDF)
Commercial PTFE

Water/Dodecane (SDBS)
Water/Dodecane (SDBS) >99.99 51 (O)

95 (O) [115]

14.
Commercial
polyamide
Commercial PTFE

Water/Heptane >99.99 64 (O)
35 (O) [121]

* (O)—oil; (W)—water.
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Besides emulsions separation, CFM has been tested for acid recovery under vacuum.
The recent study of Xiao et al. (2023) focused on obtaining an ecological membrane to be
used for acid recovery [123]. The biocompounds collagen, casein and chitosan allowed
the preparation of a thin film composite (TFC) membrane tested for the separation of
acid from a solution of H+/Fe2+ synthesised to reproduce the wastewaters discharged by
several industries like mining and steel production [124,125]. The mechanism that governs
the protons transfer through the membrane is based on the establishment of electrostatic
interactions and hydrogen bonds facilitated by the functional groups -OH, and -COOH,
while Fe2+ ions remain at the membrane surface due to a larger ion radius and the chelation
process. The performances of the TFC membrane in acid separation were found to be
comparable to those obtained on commercial membranes tested in similar conditions.

Grafting copolymer MAA-co-GMA (MAA—methacrylic acid, GMA—glycidyl methacry-
late) can create a pH-responsive separation material; the pH response is obtained by the
large number of carboxyl groups provided by MAA, while GMA works as a reactive
polymer creating links with MAA and collagen amine groups [126]. This can be used in the
separation of emulsions (surfactant free or surfactant stabilised) as a material that absorbs
or releases oil under the action of pH (Figure 10). Because of pH responsive switching
wettability, the material shows exceptional anti-fouling characteristics compared with a
conventional collagen-based oil absorbent [127].

 

Figure 10. Separation of emulsion containing wastewater by pH-responsive collagen fibre material
(MAA—methacrylic acid, GMA—glycidyl methacrylate, DM—dodecyl mercaptan, ABVN—2,2-azo
bis(2,4–dimethylvaleronitrile)) [126].

2.3. Advanced Oxidation of Chemical Contaminants

Advanced oxidation processes (AOP) are used when the concentration of the target
organic compound is low, and its recovery is not considered economically advantageous.
Otherwise, alternative recovery methods such as adsorption or separation technologies
are used. The main disadvantages related to AOP are the incomplete oxidation in certain
cases of contaminants to compounds that are more toxic than the original ones and the
accidental over-dosage of chemicals that can neutralise the effect of a subsequent biological
purification step [128].

Collagen has been tested as a component of materials used in photocatalysis and
Fenton oxidation. These technologies are used in the tertiary step of wastewater treatment
for the removal of persistent organic compounds [129]. Photocatalysis offers the advantage
of high degradation percentage [130].
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Collagen is usually used as a support for catalytically active compounds due to its
organised structure in fibres and fibre bundles that will lead to a catalyst with an ordered
structure [131–133].

The mechanism of crystal violet dye degradation in the presence of a collagen–
cellulose–Fe3O4/TiO2 sponge photocatalyst consists of initial adsorption of an organic
compound on the catalyst surface until the adsorption equilibrium is reached (about
12.4% of the dye is adsorbed in the first 30 min in the absence of any light source) [130].
Subsequent organic compound degradation in the presence of light contributes to the
achievement of a higher removal degree (Figure 11) [130,134]. Silver chloride has been
reported to be a more efficient catalyst support than TiO2 for the photocatalytic removal of
organic compounds [135].

 
Figure 11. Mechanisms for pollutants removal by photo-oxidation: Rhodamine-B photocatalytic
degradation over collagen-TiO2 nano—sponge [134].

The high efficiency of sponge-type photocatalysts [130,134] is due to the extremely
porous 3D structure that allows the easy diffusion of pollutants through the structure,
determining a higher degree of adsorption of pollutants on the catalyst surface. This is
adding to the material’s ability of floating at the air–water interface, which facilitates the
photons transfer.

The importance of H2O2 dosage at the optimum concentration has been highlighted,
an excess of hydrogen peroxide being responsible for the photocatalytic activity decrease;
this is due to the formation of a hydroperoxyl radical that has a decreased oxidative ac-
tivity compared with a hydroxyl radical [136]. Several silver salts (Ag2MoO4, Ag3PO4,
CH3COOAg and AgCl) have been deposited on CFs and tested for methyl orange degrada-
tion under UV or visible light; silver chloride was found to be the most efficient under these
conditions. Its efficiency was explained by the ability of AgCl to form silver nanoparticles
that react with oxygen molecules to form highly reactive O2

− species [135].
Comparing the oxidation efficiency of collagen-based materials with other materials

reported in the literature, it can be concluded that they represent a viable alternative for
replacing more expensive materials (Table 3).
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Table 3. Performance of collagen-based (1–7) and other materials (8–11) for pollutants removal by
photocatalytic oxidation.

Photocatalyst Targeted Pollutant
Removal

Degree (%)
Degradation
Time (min)

Light Source Reference

1. Collagen-cellulose-
Fe3O4/TiO2

Crystal violet 91.2
86.6

180
180

H2O2, Visible light (200 W
Hg (Xe))

H2O2, direct sunlight
irradiation

[130]

2. CFs-TiO2 Rhodamine B
95
73

100

130
130
300

H2O2,Visible light (200 W
Hg (Xe))

H2O2, direct sunlight
irradiation

[134]

3.
Fe(III)/CFs

(CFs-collagen
fibres)

Orange II
p-nitrophenol

~100
95

20
20

H2O2, UVC irradiation
(254 nm, 8 W or 4 W) [132]

4. Fe(III)/CFs Orange II 73.8 90 H2O2, UVC irradiation
(254 nm, 10 W) [136]

5. Fe(III)/CFs Malachite green 55 120 H2O2, UVA irradiation
(365 nm, 10 W) [133]

6. AgCl/CFs Methyl orange 80
>90

210
30

UV light (370 nm, 36 W)
visible light (500 W

Xe lamp)
[135]

7.

AgNPs/Fe
crosslinked CFs

(NPs—
nanoparticles)

Mixture of antibiotics
(Tetracycline

hydrochloride,
sulfamethoxazole,

ciprofloxacin,
vancomycin and

levofloxacin)

>90 30 H2O2, direct sunlight [5]

8. Cu-doped
nanosized ZnO Methylorange 85 200 Direct sunlight [137]

9. Zn-doped CdS Rhodamine B 93 135 Visible light [138]

10. CoO/TiO2 Rhodamine B 97 120 Infrared light irradiation [139]

11 BiOI (bismuth
oxyhalide) Reactive blue 19 95 120 Direct sunlight [140]

2.4. Antimicrobial Activity of Collagen-Based Materials

Each effluent that discharges wastewater containing microorganisms has a distinct
bacterial community [141]. The groups of microorganisms present in wastewater include
bacteria, protozoa, fungi and viruses [142]. While some of the microorganisms could have
a beneficial effect in wastewater treatment [143], some microorganisms (e.g., Bacteroides,
Clostridium, Enterococcus, Leptospira, Acinetobacter, Pseudomonas, Streptococcus, My-
cobacterium [144]) are pathogens and must be monitored and removed.

Collagen’s resistance to bacterial activity makes it a good candidate for incorporation
into antibacterial materials [145]. The antibacterial activity can be enhanced by additional
constituents [146–148]. For example, adding red propolis to a chitosan/collagen membrane
will give a minimum inhibitory concentration value of 7.8 μg·mL−1 for Staphylococcus
aureus and 1.9 μg·mL−1 for Pseudomonas aeruginosa [146]. Ions with known antibacterial
activity, like silver, can be incorporated in woven-like collagen structures, or enzymes can
be immobilised on collagen surface [5,135].

Aerogels synthesised from collagen (AgNPs/Fe@CF and Fe@CF) were tested for
the simultaneous elimination of antibiotic-resistant bacteria (tetracycline resistant E. coli),
removal of trace antibiotics by Fenton oxidation and heavy metals adsorption from wastew-
ater (Figure 12); like in the case of sponge-type structures, the aerogel is characterised by
an extremely porous structure and low density [5]. The silver nanoparticles incorporated
in the collagen structure were found to be responsible for the bactericidal activity. It has
been shown that silver ions adsorb on the surface of the bacterial membrane, accumulate
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and break the cell walls and lead to the death of the bacteria by interfering with glucose
metabolism by inactivating thiol groups (-SH) [149].

Figure 12. Hybrid Fenton oxidation—adsorption for simultaneous removal of antibiotics, antibiotic-
resistant bacteria (ARB) and heavy metal ions (Mn+). Peroxymonosulfate (PMS) is used as an oxidant
in the Fenton process to provide hydroxyl radicals (•OH) and sulphate radicals (SO4

−•) [5].

Pure collagen polymers, although they do not degrade in the presence of bacteria, do
not have antibacterial activity [20]. Ag2MoO4, Ag3PO4, CH3COOAg and AgCl, deposited
on CFs, were tested for antibacterial performance; silver chloride deposited on collagen
fibres was found to be the most efficient against Escherichia coli and Staphylococcus aureus,
while pure collagen showed no inhibitory activity under these conditions [135].

Subbiah et al. (2022), made comparative tests of real wastewater and synthetic wastew-
ater photocatalytic disinfection [150]. The real water was collected from the unhairing
section of a tannery in Chennai (India). The synthetic water was obtained by adding
E. coli strains (∼107 colony forming units (CFU)/mL). From Table 4, it can be seen that wa-
ter containing antibiotic-resistant bacteria needs more time to achieve complete disinfection
(line 1). In addition, real wastewater necessitates more time to ensure a full destruction of
microorganisms (line 2); this is probably due to the presence of other chemical compounds
in the wastewater that are competing for the photocatalyst active sites. However, the real
wastewater was not microbiologically characterised before the experiment to know its exact
composition. For comparison purposes, studies from the literature report similar or lower
performances for water disinfection [151,152].

Table 4. Performance of collagen-based (1–2) and other materials (3–4) for wastewater disinfection
under the action of light.

Material Microorganisms
Removal

Degree (%)
Inactivation
Time (min)

Light Source Reference

1.
AgNPs/Fe crosslinked

CFs
(NPs—nanoparticles)

Tetracycline resistant E. coli
Methicillin-resistant
Staphylococcus aureus

99.99
99.99

60
60

H2O2, direct
sunlight [5]

2. Ag-SiO2/amino-
functionalised collagen

Tannery wastewater
disinfection

E. coli containing wastewater

100
100

20
15

Visible light
(200 W Hg

(Xe))
[150]
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Table 4. Cont.

Material Microorganisms
Removal

Degree (%)
Inactivation
Time (min)

Light Source Reference

3. Ag/CuS/carbon cloth Bacillus subtilis 99.99 22.5 Visible light
(500 W, Xe) [151]

4. Ag/polymeric carbon
nitride E. coli 95.5 120 Visible light [152]

In addition to photooxidation, filtration of microorganisms has been used to re-
duce their loading in wastewater. Yu et al. (2022) tested a collagen-based membrane
(TA@CFN-M, TA—tannic acids) for the microorganism filtration and wastewater disinfec-
tion [153]. The performances of this membrane were compared with those of a commercial
product—mixed cellulose esters (MCE) membrane (from Millipore). While the modified
collagen membrane showed good antifouling performance, the commercial membrane
developed a thick biofilm layer, indicating severe biofouling due to bacteria adhering to
the surface and decreased water flux. For TA@CFN-M, the E. coli counting in filtrate was
lower than 10 CFU/mL, which is in agreement with the in force European directives for
water reuse [154]. This membrane was also showing good separation performance for the
retention of microplastic particles. The principle of antibacterial filtration is illustrated in
Figure 13 [153]; the SEM images of four bacteria E.coli, S.aureus, MRSA (Methicillin-resistant
Staphylococcus aureus) and P. aeruginosa before and after filtration were analysed. The phe-
nolic groups of the tannic acid are providing the antibacterial effect of the membrane [155].

Figure 13. Antibacterial filtration principle, TA—tannic acids, CFN—collagen fibrous network, M—
membrane, ROS—reactive oxygen species, MRSA—methicillin-resistant Staphylococcus aureus [153].
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2.5. Bioremediation

Some researchers focused on the immobilisation of the enzymes on the collagen sup-
port for wastewater depollution [156–158]. Catalase, an antioxidant enzyme, is used in
wastewater treatment; to reduce the cost of the method and increase its efficiency, it is
preferred to immobilise the catalase on supports (alumina, natural polymers, synthetic
polymers, etc.) [159,160]. Catalase has been immobilised on pure collagen or on mod-
ified support containing collagen [156]. Based on its ability to decompose about one
million of hydrogen peroxide molecules per molecule of enzyme into water and oxy-
gen [159], catalase supported on collagen can be used in the oxidation processes and in the
aerobic bioremediation.

However, bioremediation can be applied only in specific locations where the environ-
mental conditions allow the development of microorganisms.

The targeted contaminants for wastewater treatment using these materials are organic
contaminants (e.g., dyes and bleaching effluents from the textile industry, persistent organic
compounds), total nitrogen and total phosphorous [158,159,161]. Wastewater from the tex-
tile industry resulting from the bleaching process has a high amount of hydrogen peroxide.
Instead of conventional use of hydrosulphite or sodium bisulphite, catalase immobilised
on collagen could be used to degrade the hydrogen peroxide [159]. The resulting reactive
oxygen species could be used to further degrade other organic compounds that are present
in the wastewater.

Incorporation of Zr into collagen used for catalase immobilisation increased the cata-
lase denaturation temperature from 37 to 75 ◦C [162], while catalase on pure collagen has a
denaturation temperature of about 64 ◦C [156].

It has been reported that the activity of immobilised enzymes depends on the immo-
bilisation method (cross-linking, adsorption or embedding); the activity of the enzyme
immobilised by adsorption was the highest, while the addition of glutaraldehyde as
a cross-linking agent improved the mechanical properties of collagen film (the elonga-
tion at break and tensile strength) and increased the denaturation temperature to about
84 ◦C [157].

Some natural polymers, including collagen, have been tested for bacteria immobilisa-
tion in the ANAMMOX process (anaerobic ammonium oxidation). Because of increased
degradation of the natural polymer, the studies were redirected towards the use of syn-
thetic polymers (like poly(vinyl alcohol) and poly(ethylene glycol) [163]. However, the
good compatibility between the natural polymer and bacteria suggests that perhaps a
compromise consisting of using both natural and synthetic polymers in the synthesis of a
new support would be the best solution [164].

3. Regeneration and Reuse

The reusability of the material is a key factor for cost reduction and waste minimisation.
In determining whether a material is feasible for large-scale use in wastewater remediation,
one of the decisive factors is the ability of the material to regenerate and maintain high
performance over the long term.

Most of the adsorption studies using collagen-based adsorbents were also tested to
appreciate how the material behaves for pollutant desorption and for several adsorption-
desorption cycles. For pollutants’ desorption, acid, bases, alcohols or salts are used.

The regeneration of CF/ZIF 7-NH2 by Hg(II) desorption in acid led to the decline of
the adsorption capacity explained by the MOFs structural collapse determined by the ion
exchange that took place between Hg and Zn ions (98.63% retention in the first cycle vs.
34.58% retention in the second one); this indicates that the material is not stable for multi-
cycle use [57]. Covalent organic frameworks offer a better structural stability compared
with MOFs, especially if the wastewater contains a large amount of metallic ions that are
susceptible to being transferred in the MOFs structure via ion exchange [76]. Another
collagen-based material tested for Hg(II) removal and exhibiting lower adsorption capacity
for mercury compared to CF/ZIF 7-NH2 had remarkably constant removal efficiency
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on the tested interval (four cycles) [47]. Jing et al. (2022) developed a collagen-based
fluorescent aerogel for hexavalent chromium adsorption; the regeneration of the material
was performed by Cr(VI) desorption in a solution of NaOH, and the material was reused
for three cycles. The removal efficiency decreased from almost 100 before reuse to about
40% at the end of the third cycle [56]. Collagen fibre/carbon quantum dot fluorescent
adsorbent had an Pb(II) removal efficiency greater than 85% after five cycles [48].

Hydrogel-based collagen used for methylene blue adsorption maintained good re-
moval efficiency for the first three adsorption—desorption cycles followed by a slow decline
in the efficiency attributed to a difficult regeneration [36]. ACF-TpPa-1 maintained constant
high removal efficiency for acid fuchsin during six cycles of testing, while the adsorption
efficiency decreased significantly for reactive blue 19 [70].

CF/PEI maintained almost constant adsorption capacity towards anionic dyes even
after five cycles of reuse; the anionic dyes were easily desorbed using an HCl solution [38].
CF/PEI effectively removes p-arsanilic acid after five times of reuse (adsorption capacity
90.20 mg·g−1) [35]. For five cycles of adsorption-desorption, carbohydrate and collagen-
based doubly grafted interpenetrating terpolymer hydrogel had a slow decay of the adsorp-
tion capacity for Pb(II), Hg(II), methyl violet and methylene blue; the adsorption capacity
for these contaminants remained, however, significant [2]. This suggests that cross-linking
collagen with synthetic polymers leads to adsorbents that maintain a high adsorption
capacity for a greater number of cycles [35,38].

Similarly, zirconium molybdopyrophosphate-functionalised collagen fibres showed a
high removal rate of radioactive Cs+ and Sr2+ even after four cycles [85]. Collagen/tannin
extract composite had a limited decline of the adsorption capacity towards Cu(II) during
six cycles of adsorption-desorption, suggesting that the material can be reused at least
six times [32].

Collagen-based bio-adsorbents showed excellent reusability behaviour. Azadi et al.
(2022) focused on the synthesis of bio-adsorbents from collagen and graphene oxide; this
material retained a high adsorption capacity of rhodamine B even after five cycles [72].
Collagenic-waste/natural rubber biocomposite for the removal of Hg(II), safranine and
brilliant cresyl blue maintained 85% from initial adsorption capacity after five cycles,
suggesting good reusability [4].

Acid use for adsorbent regeneration was found to be partially responsible for the decay
of the contaminants’ removal efficiency in time [40]. For a collagen-cellulose adsorbent,
only the materials with a higher cellulose content were resistant in the presence of the HCl
used for regeneration [55]. Another cause for adsorbent efficiency decrease is the fact that
not all the adsorbate is removed during the desorption step, blocking in this way some of
the adsorption centres and gradually decreasing the adsorption capacity [39].

For the adsorption of radioactive ions from nuclear wastewater (e.g., UO2
2+, Cs+,

Sr2+), the desorption and subsequent recovery of the adsorbate and adsorbent is even more
critical from both environmental and economical points of view. However, not all the
studies regarding radioactive species retention on collagen-based materials have discussed
this aspect.

Most of the materials studied for radioactive wastewater treatment and reporting
reusability studies demonstrated good removal of radioactive ions for at least three cycles
of adsorption-desorption [28,80,83–85,88,165]. HTO/CF could be reused at least three times
for the adsorption of uranyl from nuclear wastewater after adsorbent regeneration using
nitric acid [28]. A cellulose-collagen-based biosorbent was having adsorption efficiency
of 82% after five cycles of adsorption-desorption of uranyl ions, suggesting a high degree
of reuse [79].

The materials used for oil sorption were regenerated by centrifugation; it was found
that their sorption capacity towards silicone, motor or vegetable oil is slowly decreasing
during five cycles but is kept above 93% of the initial sorption capacity; however, not all the
oil could be removed from the sorbent by centrifugation, and another desorption method
must be provided [78].
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Emulsion viscosity was found to have an influence on the number of reuse cycles
on membranes, filtration materials or adsorbents because of severe pore blockage by the
viscous liquid [114,121,126]. CF material modified by copolymer P(MAA-co-GMA), has a
decrease in its efficiency after the sixth reuse cycle in stabilised motor oil/water emulsion
separation [126]. For membranes, this disadvantage can be mitigated by passing to vacuum
filtration. The separation fluxes of nano-emulsions water-in-olive oil and water-in-pump
oil under gravity effect were less than 10 L·m−2·h−1, while under vacuum, the filtrate
fluxes were above 1299 L m−2·h−1 bar−1 [121].

Most membranes and filtration materials tested for emulsion separation maintain their
separation efficiency with no significant decline in the filtrate flux [107–109,115,117,120].
Ye et al. (2024) tested the filtrate flux stability of CFM-PEI-TiO2 membrane over 120 min
of continuous emulsion separation. It was found that the separation efficiency decreased
from 99.9 to 99.2%, while the filtrate flux increased from 1351.92 L·m−2·h−1 (Table 2) to
more than 1550 L·m−2·h−1 [108].

Collagen/casein/chitosan polymer membrane used for acid separation from wastew-
ater showed excellent reusability for five cycles of testing [123].

Collagen fibres material containing Zr4+ was found to have a 5% decrease in the filtrate
flux after 120 min of continuous use, which was attributed to the contamination of the
separation material with oil and surfactant [122].

The regeneration of filtration material/membrane can be achieved by washing with
ethanol and subsequent drying at about 40 ◦C; the material/membrane is then ready for
the next continuous separation cycle (120 to 150 min) [107,120]. In this way, the oil is
removed from the surface of the separation material. It has been reported that a membrane
maintained its high-water filtrate flux even in the sixth cycle of reutilisation (separation
efficiency up to 99.98, water filtrate flux 1804 L·m−2·h−1) [117].

Liu et al. (2009, 2010), discussed the reutilisation of a Fe(III) immobilized on CFs
photocatalyst, used for malachite green and orange II removal [133,136]. A slight decrease
in the photocatalytic activity after each cycle of reutilisation has been reported. This was
attributed to the decrease in the adsorption capacity of the catalyst and to the loss of iron.
To reactivate the catalyst, the Fe(III) reimmobilisation onto the catalyst has been considered.

The efficiency of tetracycline removal by photocatalytic degradation in the presence of
AgNPs/Fe@CFs after five cycles was higher than 90%; the same material was tested for
the elimination of tetracycline resistant E. coli, and its elimination rate after five cycles was
very high (99.99%) [5].

When retaining oil on collagen-cellulose-Fe3O4/TiO2 (sponge-type structure), it was
proven that this material can be used up to at least nine cycles without a significant decrease
in the degree of oil removal from water [130].

Catalase immobilised on collagen was tested for hydrogen peroxide decomposition,
and it was found that the material can be reused up to 45 times when working in optimal
conditions (temperature 30 ◦C, pH = 7) [156].

4. Environmental Implications

Although collagen toxicity is small and high quantities of collagen must be ingested
before some health effects can be observed [19], the final material that is used in wastew-
ater treatment may contain substances that are not harmless (e.g., silver, iron, synthetic
polymers, etc.). Therefore, advanced studies of stability over time and degradation un-
der the action of water pH and temperature are required before using these materials
on a large scale. Collagen-based materials can be susceptible to proteolytic degradation
(protein breakdown into smaller polypeptides or the corresponding amino acids); the
addition of, e.g., magnetite improves the resistance of the material to acidic and proteolytic
degradation [34].

In addition, the material must have good mechanical stability, so that it is not entrained,
blocking the equipment and the pipes through which the water passes in the subsequent
stages of decontamination. For membrane materials, some authors report performing
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abrasion stability tests [107–109,116,121]. These tests consist of membrane abrasion with
sandpaper followed by contact angle checking at various intervals. The membrane is
then reused for emulsion separation experiments, and its performance is reevaluated. For
example, it was found that CFM-PEI-TiO2 surface superhydrophilicity has been kept even
after 500 cycles of abrasion [104]. CFM/UiO-66(12)/PDMS membrane maintained its high
performance in the separation of six types of micro and nano-emulsions, after 200 abrasion
cycles (oil separation flux up to 1012.2 L m−2 h−1, efficiency up to 99.993%) [116].

Generally, the materials that are used in wastewater treatment must have a good
resistance to degradation in a harsh chemical environment given by the presence of organic
solvents, strong acids or strong alkali. The chemical stability can be tested by membrane
immersion for 2 h in strong acid (pH = 2) and alkali (pH = 12) solutions [109,116]. The
resistance towards the corrosive environment was attributed in the case of UiO-66-NH2
membrane to the supplementary membrane functionalisation with -NH2 groups [109].
The stability of a thin film composite (collagen, casein, chitosan) membrane used for acid
recovery was evaluated by performing acid immersion tests for extended time (10 days);
although some mesopores have been formed in the membrane, it has been reported that
the membrane overall performance was not impacted significantly [123]. Li et al. (2021)
also evaluated the resistance towards organic solvents (e.g., by immersion in dodecane,
n-heptane or n-octane solution); the tested materials were reassembled, and emulsion sepa-
ration experiments indicated that the materials kept their separating performances [116].

The stability of AgNPs/Fe@CFs aerogel used for antibiotic degradation, antibiotic-
resistant bacteria elimination and heavy metals adsorption was evaluated by estimating
silver leaching corresponding to each cycle; after the fifth cycle, the cumulative silver leach-
ing was about 0.13%, which corresponds to a concentration of silver in water significantly
lower than the maximum concentration allowed in the drinking water standards [5].

Collagen crosslinked with synthetic polymers was found to have better performance
in acidic conditions or at high temperatures [33,38].

When foreseeing adsorption utilisation for wastewater treatment, the stability of the
material to irradiation must be evaluated. This is done by performing morphological
analysis and identification of the functional groups (SEM and FTIR) of the adsorbent
before and after irradiation at different doses. In this regard, Tang et al. (2021) found
that there is a slight decrease in the adsorption capacity of HTO/CF after the first 60Co
γ-ray irradiation dose, followed by constant adsorption capacity when the irradiation dose
increases [80]. PBA/CF showed also good irradiation stability after exposure at different
doses of 60Co γ-ray irradiation (10–350 kGy) [88]. Fe/Ni loaded on bayberry tannin/CF
showed adsorption capacity decrease with increasing irradiation dose, but the removal rate
remains high (above 98%) [86].

Some adsorbents are intended to be biodegradable [36,45,56]. The adsorbent material
synthesised by Kaur and Jindal (2020) is ecofriendly; this adsorbent biodegrades under the
action of microorganisms by metabolic and enzymatic processes specific to soil burial or
composting methods [36,45]. Du et al. (2018) compared the biodegradability of CF-PDMS
with that of simple CF during a soil burial test performed for 75 days and found that the
PDMS modified material has a weight loss above 52% after 75 days, while CF loses about
67% of its initial weight [78].

Ye at al. (2023) report biosafety tests for CFM-PMDA-TiO2 [107]. The toxicity of the
membrane was evaluated by studying zebrafish evolution in the filtrate or in the water
that contains the membrane; the zebrafish population remained unaffected after 14 days of
testing, both tests indicating that the membrane is not toxic.

5. Challenges and Conclusions

Experiments with real wastewater are tremendously useful to appreciate the behaviour
of the materials when competitive adsorption takes place and if the affinity of the materials
towards the tested pollutants shifts to water components that are not necessary to be
removed (e.g., Ca2+, Mg2+, K+, Na+, Cl−, etc.). There are a limited number of studies
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with real wastewater [35,58,87,107,150]. To overcome this aspect, some researchers have
performed ion interference studies [32,56,58,80,81,84].

The Hg(II) retention on CF/ZIF 7-NH2 from water contaminated with multi ions
(potassium, magnesium, calcium, cadmium, manganese) evidenced the high affinity of the
adsorbent towards Hg ions (315.89 vs. 332.1 mg·g−1 in the absence of competing ions) [57].
In the presence of other ions (trivalent iron, bivalent copper, barium and lead), it was
found that the Cr(VI) removal performance of a collagen-based aerogel decreases from
almost 100% to about 65%, hence, emphasising the importance to study the performances
of the materials in conditions that are similar to real ones [56]. In general, for retention
mechanisms that are based on coordination between metal ions and organic functional
groups (little electrostatic influence), the competition for retention will be given by metal
ions that have a similar hydrated radius [88]; when electrostatic interaction is predominant,
the interference in the retention will be given by the ions that have the same valence as the
target ion [32,58].

The removal efficiency of As(III) using Zr/CF was highly influenced by coexisting
anions like Cl−, NO3

−, SO4
2 − and HPO4

2−, dividing the removal efficiency by 2. On the
contrary, low concentrations of HCO3

− do not affect the As(III) adsorption [60].
p-arsanilic acid was added to river or lake water samples to study the removal of this

contaminant on amphiphilic amino-modified CF; the contaminant concentration in the
treated water was less than the maximum allowable concentration [35].

Antibiotics and other metal ions have also been found to compete for adsorption sites
when removing heavy metals from water; the efficiency of Cu(II) removal of (SA/BHC)@TE
decreased from 90.3% to 80.07% in the presence of tetracycline (Figure 14) [58]. To better
understand, the authors did comparative experiments with tap water, sea water and lake
water; the lowest Cu(II) removal efficiency (76.32%) was recorded for sea water due to
increased water mineralisation [58].

 

Figure 14. Influence of other species present in the wastewater [58].

Some researchers preferred to perform the adsorption kinetics studies using methylene
blue and indigo carmine, while the reusability of the adsorbent was tested for 10 cycles on
real wastewater resulting from the dyeing stage (cotton dyeing—containing direct red and
mordant brown; acrylic fibre dyeing—basic pink dye); the adsorbent was regenerated after
each adsorption cycle using NaCl and had a removal efficiency greater than 70% for the
first eight cycles [87].

Collagen-graphene oxide nanocomposite was tested for dye and phenolic compounds
removal from tannery effluents; the material proved to be efficient, reducing the COD
(chemical oxygen demand) and BOD (biochemical oxygen demand) values below the limits
imposed by the wastewater directive [73].
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The efficiency of nano-ZnS/CF for uranyl removal out of lake and river water samples
was found to remain high (86.64% and 92.89%) [84]. The experiences with synthetic
nuclear wastewater showed a good selectivity of adsorbents towards uranyl ions; the
common compound of the tested materials was collagen, and the selectivity for uranyl ions
was attributed to the strong bonds that uranyl ions create with the collagen’s functional
groups [28,80,81,83,84,165].

Separation on membranes can be complicated by the presence of a mixture of several
oily compounds instead of an emulsion formed of one oily compound in water. Ye at
al. (2023, 2024) performed separation studies using emulsions prepared from commer-
cially available cosmetics (facial creams, shampoos, hand creams, hair conditioners) to
simulate real wastewater resulting from the cosmetics industry [107,108]. The results can
be compared with the separation efficiencies and filtrate fluxes obtained from tests with
a single oil/water emulsion on the same membrane. For CFM-PMDA-TiO2 membrane,
separation efficiency remains higher than 94%; the filtrate flux decreases due to the complex
mixture of oily compounds present in the cosmetic wastewater. The filtrate flux remains
high anyway (579.9 L·m−2·h−1 in the worst case [107]). The CFM-PEI-TiO2 membrane
gives, however, remarkably better performances then the CFM-PMDA-TiO2 membrane
(the efficiency when separating cosmetic emulsions was above 98.5%, minimum filtrate
flux 985.0 L·m−2·h−1, maximum filtrate flux 1486.4 L·m−2·h−1) [108]. This highlights
the importance of additional compounds that are included in the collagen membrane
(PEI vs. PMDA).

An aspect that was neglected is the calculation of the cost of the material. Although
collagen is recovered from waste, this generates a cost, which is added to the production
cost of the final material. Peng et al. (2023) reported a small cost compared with other
materials (0.027 $/gram for zirconium molybdopyrophosphate-functionalised collagen
fibres vs. other industrial adsorbents for nuclear wastewater that are in the range of
0.133–18.821 $/gram) [85]. In addition, Yang et al. (2024), reported smaller manufacturing
costs for their adsorbent compared with the price of industrial adsorbents for nuclear
industry [84].

The purpose of this review was to explore the state of research on the use of recovered
collagen as a sustainable alternative for wastewater treatment. It is rarely that wastewater
is loaded with only one type of pollutant. In general, it is a mixture of different types of
contaminants such as heavy metals, organic substances (e.g., cosmetics, pharmaceuticals,
surfactants, oils, dyes, etc.) and acids. The collagen-based materials have proven their
effectiveness in retaining a wide range of organic and inorganic compounds from the
classes above mentioned, as well as in retaining isotypes from the wastewater resulting
from nuclear power plants.

The current methods that have been tested for wastewater purification using collagen-
based materials are adsorption, photooxidation, separation using membranes or bed fil-
tration and coagulation-flocculation. Without a trace of doubt, collagen has proven its
effectiveness in the depollution of wastewater; it can be incorporated into various materials
used in many of the technologies specific to wastewater treatment plants.

Most of the adsorption studies also address the issues of material stability and reusabil-
ity. The positive results of the tests performed to evaluate the irradiation stability of
collagen-based materials together with the experiments in a dynamic regime suggest that
collagen adsorbents are good candidates for the treatment of radioactive wastewater. The
ability of the membranes to withstand mechanical stress was evaluated, and it was found
that the collagen membranes generally maintain their wetting properties even after a large
number of abrasion cycles. Since these materials are intended for use in wastewater treat-
ment plants, it means that they are exposed to a harsh chemical environment. Therefore,
their reusability and stability must be properly evaluated before implementing the use of
these materials on a larger scale.

Despite its proven antibacterial activity, few studies have been dedicated so far to
collagen-based materials used for microorganisms’ removal from wastewater. These as-
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pects must be studied more in depth considering the excellent antimicrobial properties of
collagen-modified materials and the possibility of coupling good adsorption capacity with
microorganism reduction.

The removal of microplastic by filtration on collagen-based materials requires ad-
vanced deepening. So far, only one study addresses the issue of microplastic retention by
filtration on collagen-containing membranes.

Another aspect that needs to be highlighted is that with a few exceptions, most of
the studies have been performed on synthetic wastewater samples. Some authors have
studied, however, the interference of other contaminants or species in the removal process
of the targeted compound.
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Abstract: One major environmental issue responsible for water pollution is the presence of dyes in
the aquatic environment as a result of human activity, particularly the textile industry. Chitosan–
Polyvinylpolypyrrolidone (PVPP) polymer composite beads were synthesized and explored for the
adsorption of dyes (Bismarck brown (BB), orange G (OG), brilliant blue G (BBG), and indigo carmine
(IC)) from dye solution. The CS-PVPP beads demonstrated high removal efficiency of BB (87%), OG
(58%), BBG (42%), and IC (49%). The beads demonstrated a reasonable surface area of 2.203 m2/g
and were negatively charged in the applicable operating pH ranges. TGA analysis showed that
the polymer composite can withstand decomposition up to 400 ◦C, proving high stability in harsh
conditions. FTIR analysis highlighted the presence of N-H amine, O-H alcohol, and S=O sulfo groups
responsible for electrostatic interaction and hydrogen bonding with the dye molecules. A shift in the
FTIR bands was observed on N-H and C-N stretching for the beads after dye adsorption, implying
that adsorption was facilitated by hydrogen bonding and Van der Waals forces of attraction between
the hydroxyl, amine, and carbonyl groups on the surface of the beads and the dye molecules. An
increase in pH increased the adsorption capacity of the beads for BB while decreasing OG, BBG, and
IC due to their cationic and anionic nature, respectively. While an increase in temperature did not
affect the adsorption capacity of OG and BBG, it significantly improved the removal of BB and IC
from the dye solution and the adsorption was thermodynamically favoured, as demonstrated by the
negative Gibbs free energy at all temperatures. Adsorption of dye mixtures followed the characteristic
adsorption nature of the individual dyes. The beads show great potential for applications in the
treatment of dye wastewater.

Keywords: chitosan; polyvinylpolypyrrolidone; dyes; adsorption

1. Introduction

Environmental pollution, particularly from the textile and paper industries, is a major
concern due to the discharge of synthetic organic dyes in industrial effluents, which can
contain concentrations of hazardous dyes of up to 10% residual dyes [1,2]. The discharge of
synthetic organic dyes from industrial effluents poses significant dangers to water bodies,
aquatic life, and humans alike [3]. These dyes, along with other chemicals present in textile
dyeing effluents, can severely degrade water quality and disrupt aquatic ecosystems, re-
ducing oxygen levels, blocking sunlight penetration, and altering the chemical composition
of the water [4–6]. This creates inhospitable conditions for aquatic organisms, leading
to reduced biodiversity and increased mortality among species [7]. Moreover, the dis-
charge of untreated or inadequately treated effluents into water bodies can impact human
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health, leading to skin irritations, respiratory problems, and gastrointestinal illnesses in
communities living near contaminated water sources [8–10].

Various physical, chemical, and biological approaches have been employed for the
removal of dyes from industrial effluents, including coagulation and flocculation [11],
adsorption [12,13], ion exchange [14], reverse osmosis [15], membrane filtration [16], bio-
logical treatment [17], and irradiation [18]. These methods offer efficient colour removal
but are costly, generate concentrated sludge as secondary waste, and require high amounts
of energy [19,20]. For instance, coagulation–flocculation using ferric chloride leads to the
production of significant amounts of sludge [21]. Fenton reactions generate iron sludge
as a by-product [22,23] and electrochemical oxidation consumes significant amounts of
electricity [24]. Biological treatment methods encounter technical constraints such as sensi-
tivity towards temperature and time constraints, and they often require large land space for
optimal effects [25]. Adsorption using sustainable materials like chitosan [26], alginate [27],
waste fruit peels [28], zirconium [29], and tannin composites offers a favourable approach
to wastewater treatment [30] due to their flexibility, ease of operation, low energy consump-
tion, cost-effectiveness, and insensitivity to toxic pollutants [31,32]. Moreover, adsorption
does not involve the generation of harmful bi-products since the dyes simply transfer from
the bulk solution to the solvent [25,33]. Different materials have been explored for dye
removal from wastewater including activated carbon [34,35], biomass [36,37], clay [38,39],
and polymers [40,41]. Polymers have gained attention in dye adsorption due to their high
efficiency in surfactant adsorption, cost-effectiveness, biocompatibility, non-toxicity, and
suitability for various applications [42,43].

Chitosan, a derivative of chitin found in the exoskeletons of crustaceans and cell
walls of fungi, boasts versatile applications across industries owing to its biodegradability
and biocompatibility [44,45]. Chitosan has several promising characteristics in wastewater
treatment such as biodegradability, low toxicity, high adsorption capacity, and antimicrobial
properties [46,47]. Its unique cationic character in the acid medium gives it a chelate effect
on dyes and metal ions due to ion exchange and electrostatic attraction [26,48]. Chitosan
has been combined with other polymers such as polyvinyl alcohol [49], alginate [50], and
polyvinylpyrrolidone [51] to enhance its performance in water treatment, especially in dye
removal. For instance, Khorshidi and Khalaji [52] reported 98% removal of eosin Y dye from
an aqueous solution using chitosan–polyvinylpyrrolidone composite (CS-PVP) powder.
The high dye removal was attributed to electrostatic attractions, hydrogen bonding, and
n–π interactions between the composite and dye molecules.

Polyvinylpolypyrrolidone (PVPP), a synthetic polymer known for its cost-effectiveness,
biocompatibility, and high hydrophilicity, is adept at adsorbing polyphenolic compounds
from solutions [53]. It owes its high effectiveness to the strong electrostatic forces and
formation of hydrogen bonds to form a phenol–PVPP complex [54]. In this study, we
focused on the synthesis of chitosan–PVPP beads and their application in the removal of
four representative dyes, that is, brilliant blue G (a triphenylmethane dye), indigo carmine
(a disulfoninc acid sodium salt), Bismarck brown, and orange G (azo dyes). The effect of
initial pH, temperature, contact time, and dye concentrations were investigated. Although
PVPP has proved proficient in the removal of phenolic compounds, it has not been explored
for the removal of dyes from aqueous solution. The beads formed in this study are porous
with firm physical and chemical characteristics, demonstrate acceptable reusability, and
can be used in various processes from batch to continuous in different reactor systems.

2. Materials and Methods

Chitosan (medium molecular weight, C12H24N2O9, 99.9%), PVPP (crystalline powder,
circa 110 μm, (C6H9NO)x, 99.99%), acetic acid (CH3COOH, 99.9%), sodium hydroxide
(NaOH, 98%), bismarck Brown ((H2N)2C6H3N2]2C6H4, 50%), orange G (C16H10N2Na2O7S2,
80%) indigo carmine (C16H8N2Na2O8S2, 80%), brilliant blue G (C37H34N2Na2O9S3, 99.9%),
and congo red (C32H22N6Na2O6S2, 35%) were obtained from Sigma-Aldrich, Saint-Louis,
MO, USA. All other reagents used in the experiment were also obtained from Sigma-
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Aldrich, Johannesburg, South Africa, and used without any further purification. The
structures and physiochemical properties of dyes and polymers used in this study are
presented in Table 1.

Table 1. Physiochemical properties of dyes and polymers in this study.

Dye Structure Log P pKa Solubility (g/L) BOD (mg/g)

Bismarck brown

H2N NH2

N
N N

N

NH2H2N

H Cl 2.26 3.34 10 1.456

Orange G

Na+

Na+

S OO
O
-

S
O

O
-
O

N
N

OH 4.931 11.5 80 1.176

Indigo Carmine

N N
H

S S

HOOO O

-O
O

O-

O
Na+Na+ 3.06 12.2 10 1.072

Brilliant blue G

Na+S
O

O

O
-

N

N+

SO O
O

H
N

O
−0.35 12.4 40 0.43 g/g

Chitosan −2.3 6.5 Insoluble -

PVPP - - Insoluble -

2.1. Synthesis and Characterization of Polymer Beads

Chitosan powder was added to 1.5% acetic acid to make a 2% chitosan solution while
stirring at 60 ◦C followed by the addition of PVPP powder to make a paste of 3% PVPP.
The beads were formed by dropping the paste into a 2% NaOH solution at a constant rate
of 8 mL/min from a distance of roughly 10 cm using a syringe pump (Figure 1). They were
allowed to cure for 4 h washed with deionised water, dried with a paper towel, and stored
for future use.
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Figure 1. An illustration of the synthesis of beads in the lab using a syringe pump.

The beads were characterized by Fourier transform infrared (FTIR) to identify the
functional groups responsible for dye adsorption and the surface area was determined
using the dye adsorption experiment [55].

For determination of surface area, 3 g of the beads were added to 15 mL of different
concentrations of congo red dye (0–400 mg/L) in phosphate buffer saline (PBS) solution
at pH 6 with 0.004 wt.% NaCl in 50 mL Erlenmeyer flasks [56]. The flasks were incubated
at 60 ◦C for 24 h while stirring at 180 rpm. The concentration of the residual Congo red
was analyzed using a UV-Vis spectrophotometer (UV-1600PC; Avantor, Lutterworth, UK)
at a wavelength of 500 nm. With a plot of Qe vs. Ce, the maximum Langmuir monolayer
adsorption capacity (Qm) was calculated using Equation (1):

Qe =
QmKLCe

1 + KLCe
(1)

where Qe is the equilibrium congo red concentration on the adsorbent (mg/g), Ce is the
concentration of congo red in the solution at equilibrium (mg/L), and KL is the Langmuir
adsorption constant (L/mg).

The specific surface area of the beads was calculated from Equation (2):

Speci f ic sur f ace area =
Qm × N × Sa

Mw × 1021 (2)

where N is the Avogadro constant, and Sa (1.73 nm2) and Mw (696.7 g/mol) are the surface
area and molecular weight of the Congo red molecule, respectively.

Zeta potential measurement was performed on a Zetasizer Nano ZS90 (Malvern
Instruments Ltd., Malvern, UK) using deionized water as the dispersant at 24.9 ◦C, a count
rate of 18.0 kcps, and a measurement position of 2.00 mm in a clear disposable zeta cell.

Thermogravimetric analysis (TGA) was carried out using a TGA analyzer (SDT Q600
V20.9 Build 20, New Castle, DE, USA). The measurement was performed under nitrogen
protection at a continuous flow of 50 mL/min and the temperature increased from 21.5 ◦C
to 900 ◦C with a heating rate of 10 ◦C/min.

2.2. Adsorption of Dyes Using CS/PVPP Beads

Batch degradation experiments were carried out in triplicate on four representative
dyes, that is, Bismarck brown (BB), orange G (OG), brilliant blue G (BBG), and indigo
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carmine (IC) dissolved in deionized water (DIW). A 1000 mg/L stock solution of the dyes
was prepared in DIW and diluted to the required concentrations during degradation using
DIW. The experiments were carried out at room temperature by adding 1 g of beads to
15 mL of 50 mg/L dye solution in 250 mL Erlenmeyer flasks while shaking at 150 rpm.
The concentrations of the dyes over the degradation times were measured using a VWR
1600PC spectrophotometer at wavelengths 465 nm, 485 nm, 595 nm, and 610 nm for BB,
OG, BBG, and IC, respectively. The adsorption kinetics were studied at room temperature
(25 ◦C) by contacting 1 g of beads with 2.5 mg/L, 5 mg/L, 10 mg/L, 20 mg/L, 50 mg/L, and
100 mg/L dye solutions with the solution pH set at 9. For comparison purposes, identical
experiments were carried out at varying temperatures (25, 35, and 45 ◦C) and initial pH (7,
9, and 12.5). The initial solution pH was adjusted using conc. NaOH or conc. HCl before
the addition of beads. The equilibrium concentration, Ce (mg/L), was recorded after 24 h
and the amount of dye adsorbed onto the beads at equilibrium, Qe (mg/g) was calculated
using Equation (3):

Qe = (Co − Ce)× V
m

(3)

where Co is the initial dye concentration, V is the experimental solution volume, and m is
the mass of the beads.

Binary and quaternary mixtures of the four dyes were also degraded using the beads
in deionized and their concentrations at different degradation times were determined. All
the dye mixtures were prepared to give a total dye concentration of 50 mg/L and the dye
composition was measured using UV-Vis spectroscopy.

3. Results and Discussions

3.1. Synthesis and Characterization of Polymer Beads

The white chitosan–PVPP beads formed were spherical with a slightly translucent
quality, a glossy surface, and an average diameter of 4.48 ± 0.156 mm (Figure 2).

 

Figure 2. CS-PVPP beads (A) synthesized in the lab and (B) a demonstration of their size.

3.1.1. Surface Area and Zeta Potential of the Beads

The specific surface area (SSA) of the beads was calculated by a congo red adsorption
experiment according to the procedure described by Spence et al. [56]. The adsorption
capacity of the beads using different concentrations of congo red dye was fitted using a non-
linear Langmuir monolayer adsorption model [55]. The beads showed higher adsorption
capacity with increasing congo red concentration (Figure 3A) and the Qm, KL, and SSA of
the beads were obtained as 1.473 mg/g, 0.057 L/mg, and 2.203 m2/g, respectively, using
Equations (1) and (2).
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Figure 3. A graph of (A) the amount of dye adsorbed on beads vs concentration of Congo red dye at
equilibrium and (B) the change of zeta potential of the beads’ surface with pH.

As observed in Figure 3B, the isoelectric point for the surface of the bead is around
pH 8.26. The surface of the beads possesses a positive charge at lower pH values and
favours the attraction of negatively charged or anionic dye molecules. An increase in
pH results in negative zeta potential causing electrostatic repulsion between the anionic
adsorbate/dye molecules and the bead surface [57].

3.1.2. TGA Analysis

TGA was performed on the beads to determine their thermal stability and decom-
position behaviour, as shown in Figure 4. The beads underwent three stages of thermal
degradation with the first stage of 90.80% occurring from 25 to 150 ◦C. This loss was
attributed to the loss of free water since the beads comprise 95% water and 5% polymer
material. From 180 to 300 ◦C, another 1.313% mass loss was registered, which could ac-
count for the thermal decomposition of unpolymerized monomers and monomers with
lower degree of polymerization as well as loss of bound water [58]. After 400 ◦C, a further
4.976% mass is lost due to drying of the sugar rings, depolymerization, breakdown of intra
and intermolecular hydrogen bonds, and decomposition of acetylated and deacetylated
units [59,60]. The third transition of the weight loss could be due to the breakdown of the
oligosaccharide backbone of the polymer [60]. The stability of the polymer up to 400 ◦C
can be attributed to the strong intramolecular and intermolecular hydrogen bonds formed
between chitosan and PVPP [61].

Figure 4. Thermogravimetric curves of the polymer beads.
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3.1.3. FTIR Analysis of Composite Beads before and after Dye Adsorption

FTIR was performed on the dyes and the beads before and after dye adsorption. It
was obtained using a Bruker Alpha II Platinum ATR over the range of 400–4000 cm−1 and
25 scans. BB (Figure 5A) showed absorption bands around 3310 and 3140 cm−1 due to N-H
(primary and secondary amine), 1631 cm−1 due to C=C stretching (conjugated alkene),
1514 cm−1 due to N-H bending (amine), 1409 and 1143 due to C-N stretching (aromatic
amine), and 1030, 880, and 707 cm−1 due to C=C bending (alkene). OG (Figure 5B) bands
were displayed on 3452 cm−1 for O-H stretching (alcohol), 1629 cm−1 for C=C stretching
for trans-alkene (disubstituted), 1479, 1199, and 1036 cm−1 for S=O for sulfo groups, and
977, 915, 831, 759, and 660 cm−1 for C=C bending (alkene). BBG (Figure 5C), on the other
hand, displayed bands at 1571 cm−1 for N-H bending (amine), 1501 cm−1 for C-H bending
alkene, 1329 and 1154 cm−1 for S=O stretching sulfo group, 1024 cm−1 for C-O stretching
ether, and 909, 685, and 617 cm−1 for C=C bending alkene. IC (Figure 5D) produces bands
at 3361 cm−1 and 1479 cm−1 for O-H alcohol, 1629 cm−1 for C=N stretching, 1154 cm−1 for
and 1024 cm−1 for S=O stretching (sulfo group), 1099 cm−1 for C-N stretch, and 820, 730,
and 678 cm−1 for C=C bending (alkene).

 

Figure 5. FTIR spectra of beads before and after (A) BB, (B) OG, (C) IC, and (D) BBG adsorption.

The polymer composite also displayed characteristic bands at 3365 cm−1 for O-H
alcohol (intermolecular bonded), a doublet at 2917 and 2851 cm−1 for C-H stretch carbonyl,
1649 cm−1 for N-H bending (amine), 1419 cm−1 for O-H bending alcohol, 1283 cm−1 for
C-N stretching aromatic amine, 1075 cm−1 for C-O stretching alkyl ether, 1022 cm−1 for
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C-O stretching primary alcohol, and 569 cm−1 for C=O stretching alkene [58,62–64]. After
dye adsorption, there is a shift in the band at 3310 to 3365, and all other signatures of the
composite in the presence of the dyes, especially BB, OG, and BBG, significantly decreased.
This could be attributed to hydrogen bonding and intermolecular forces between amino
groups, carbonyl, hydroxyl, and sulfo groups on the dyes and adsorption sites [55,62,63].

3.2. Effect of Contact Time on Adsorption of Dye

Adsorption is a surface phenomenon where molecules (adsorbates) from a liquid or
gas adhere to the surface of a solid (adsorbent) [65] facilitated by van der Waals forces,
electrostatic interactions, hydrogen bonding, and hydrophobic interactions [66]. Its effec-
tiveness depends on the physiochemical characteristics of the adsorbate and the adsorbent,
such as morphology, chemical structure, surface charge, and functional groups [67]. Chi-
tosan is rich in amino and hydroxyl groups [68], which are easily protonated in acidic
conditions leading to increased electrostatic interactions with anionic molecules [69,70].
PVPP contains pyrrolidone rings with amide groups that can participate in hydrogen
bonding and van der Waals interactions [71,72]. Due to the lack of charged groups, it relies
more on hydrogen bonding and van der Waals forces, making it effective for a broader
range of both cationic and anionic dyes but often less efficient than chitosan for strong
electrostatic adsorption of anionic dyes [73,74].

It was observed that there was rapid adsorption of the dyes from the solution by the
beads in the first 1 h (Figure 6), which could be due to readily available active sites and
functional groups for electrostatic interactions [75]. The adsorption rate decreased in the
next 3 h as more active sites were occupied and eventually reached equilibrium after 6 h
where the rate of adsorption became equal to the rate of desorption.

Figure 6. Time-dependent degradation of BB, IC, BBG, and OG over 24 h.

BB showed the highest removal (87%) from the solution compared to all the other
dyes and this could be attributed to its cationic nature and large number of amine groups
that facilitate electrostatic attraction and hydrogen bonding with functional groups on the
bead surfaces, hence enhancing adsorption capacity [76]. Also, the amine groups on BB
react with water to establish an equilibrium ammonium salt and hydroxide ion through
protonation of the amine group leading to increased interaction with the negatively charged
surface of the beads [77]. The adsorption of OG (58%), BBG (42%), and IC (49%) mainly
occurred in the first hour, and no adsorption was observed in the subsequent hours. Their
low adsorption was attributed to their anionic nature contributed by the negatively charged
sulfonate and hydroxyl groups that create electrostatic repulsion between the dye molecules
and bead surface [78]. The presence of amino groups on IC and BBG facilitates electrostatic
interactions of the dyes with the functional groups on the beads’ surface [79,80].
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3.3. The Effect of pH

The effect of pH on the adsorption of different concentrations of dyes (2.5–100 mg/L)
from the solution was determined at three different pH values of 7, 9.25, and 12.5 by
adjusting the initial reaction pH using hydrochloric acid or sodium hydroxide solutions.
The equilibrium concentration on the adsorbent Qe was measured against the equilibrium
concentration in the solution Ce for all pH levels.

It was observed that an increase in pH increased the adsorption capabilities for BB,
decreased the adsorption of IC, and had no significant effect on the adsorption of BBG and
OG (Figure 7). This could be attributed to the cationic nature of BB, with a low pKa, and the
anionic nature of BBG, OG, and IC, due to their high pKa values. An increase in pH leads
to deprotonation of the amine groups making the surface of the CS-PVPP more negatively
charged, leading to increased electrostatic interaction with cationic BB [81,82]. On the other
hand, an increase in pH leads to deprotonation of the amine groups, making the surface of
the CS-PVPP more negatively charged, leading to increased electrostatic repulsive forces
with the anionic BBG, OG, and IC dyes [81,82]. This was further confirmed by the change
in zeta potential with a change in pH, as earlier reported in Figure 3, where the surface of
the beads became more negatively charged as the pH increased.

 

Figure 7. Adsorption of (A) Bismarck brown, (B) orange G, (C) brilliant blue G, and (D) indigo
carmine onto the beads at varying pH values.

3.4. The Effect of Temperature

The effect of temperature on the adsorption of dyes onto PVPP–chitosan beads varies
depending on the dye’s chemical nature and interactions with the adsorbent. For BB, IC, and
BBG, the equilibrium adsorption capacity (Qe) increases with rising temperature (Figure 8),
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indicating an endothermic adsorption process. This suggests that higher temperatures
enhance the kinetic energy and diffusion rate of these dye molecules, allowing them to
overcome activation barriers and interact more effectively with the adsorption sites on the
beads [83,84]. Additionally, the adsorption process for these dyes might involve stronger
chemical interactions at elevated temperatures, such as increased hydrogen bonding or
other endothermic interactions, leading to higher Qe values [85,86]. On the contrary, an
increase in temperature has no significant effect on the rate or amount of adsorption of OG
from the solution. The stable adsorption behaviour of OG across different temperatures
may be attributed to the process being exothermic which has been reported in other
works [87–89].

 

Figure 8. Adsorption of (A) Bismarck brown, (B) orange G, (C) brilliant blue G, and (D) indigo
carmine at varying temperatures.

3.5. Adsorption Isotherms

Dye solutions of varying concentrations (from 2.5 mg/L to 100 mg/L) were contacted
with 1 g of composite beads at room temperature for 24 h to obtain equilibrium. The amount
of dye adsorbed at equilibrium, Qe (mg/g), was plotted as a function of the equilibrium
concentration, Ce (mg/L). To analyze the equilibrium data and adsorptive capacity of the
beads, three isotherm models, namely, Langmuir, Freundlich and BET, were used in their
non-linear forms in Equations (4), (5), and (6), respectively.

Qe =
Qm1KLCe

1 + KLCe
(4)

Qe = KFC1/n
e (5)
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Qe =
QmKsCe

(1 − KLCe)(1 − KLCe + KsCe)
(6)

where Qm1 (mg/g) is the monolayer adsorption capacity, KL (L/mg) is the Langmuir
affinity constant, KF ((mg/g) (L/mg)1/n) and n the adsorption potential and strength
constants of the Freundlich isotherm model, and KL and KS the BET equilibrium constants
for adsorption of the first and upper layers, respectively. The isotherm model parameters
were obtained by non-linear regression and the fitting parameters are provided in Table 2.

Table 2. Fitting parameters of isotherm models.

Model BB OG BBG IC

Langmuir

Best-fit values
Qm 3.106 5305 * 0.5927 4493 *
KL 0.02809 4.367 × 10−6 0.02632 2.691 × 10−6

Goodness of Fit
R2 0.9937 0.9472 0.8668 0.9637

Freundlich

Best-fit values
KF 0.1026 0.002916 0.04808 0.002293
n 1.254 0.6219 2.045 0.6946

Goodness of Fit
R2 0.9914 0.9844 0.9323 0.9920

BET

Best-fit values
Qm 0.9650 0.2694 0.1470 0.2944
KS 0.1059 0.07362 1.010 0.03098
KL 0.01682 0.02070 0.009145 0.01241

Goodness of Fit
R2 0.9926 0.9995 0.9725 0.9980

* These values are unrealistically large and are artefacts of the model fit which do not reach saturation.

The Langmuir isotherm model assumes homogenous surface of adsorbates, identical
energy adsorption sites, no interaction between adsorbed molecules, and a monolayer
adsorption phenomenon where a molecule adsorbs and no other molecule may lay on
top of it [90,91]. The BET model was then developed as an extension of the Langmuir
accounting for adsorption on multiple layers with the adsorbed molecules also serving as
adsorption sites. It also assumes perfectly flat homogeneous adsorbate surfaces and negligi-
ble interaction between the adsorbed molecules [91–93]. On the other hand, the Freundlich
model takes into account the heterogeneity of surfaces with exponential distribution of
adsorption sites and adsorption site energies [94,95]. On fitting the adsorption data on the
models, it was observed that the BET model gave the best fit values for all investigated
dyes (Figure A2), as demonstrated with the highest R2 values implying that adsorption
was due to multiple adsorptions sites. The Langmuir isotherm models was considered
unstable in fitting the data since it did not tend to a constant Qm value for some of the dye
solutions (OG and IC).

3.6. Adsorption Kinetics and Mass Transfer Studies

In order to predict the rate of dye removal from the solution and the mechanism of
adsorption process, Lagergren’s pseudo first-order (PFO) [96] and Ho and McKay’s pseudo
second-order (PSO) [97] (Equations (7) and (8), respectively) were used to fit the kinetics
data, as shown in Figure A3.

Qt = Qe

(
1 − e−k1t

)
(7)

Qt =
k2Qe

2t
1 + k2Qet

(8)

where k1 (L/h) is the PFO rate constant and k2 (g/mg/h) is the PSO rate constant. The
kinetic parameters for the kinetic and mass transfer models are summarized in Table 3.
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Table 3. Fitting parameters for kinetic and mass transfer models.

Model BB OG BBG IC

Pseudo first order

Best-fit values
Qe 0.6170 0.4139 0.3038 0.3677
k1 1.732 2.040 2.973 4.826

Goodness of Fit
R2 0.9720 0.9733 0.9935 0.9993

Pseudo second order

Best-fit values
Qe 0.6489 0.4286 0.3098 0.3692
k1 5.634 12.71 38.48 168.9

Goodness of Fit
R2 0.9867 0.9782 0.9958 0.9994

Boyd

Best-fit values
Plateau 0.6170 0.4139 0.3038 0.3677

K 1.732 2.040 2.973 4.826
Goodness of Fit

R2 0.9720 0.9733 0.9935 0.9993

Multiple linear
regression

Best-fit values
kWM1 0.5241 0.3661 0.2891 0.3651
kWM2 0.07301 0.05025 0.01114 0.0002281
kWM3 0.01037 0.01104 0.003359 0.003164

Goodness of Fit
R2 0.9909 0.9805 0.9966 0.9997

The PFO and PSO models are based on the assumption that the difference between
the actual and equilibrium surface concentration are the driving force for adsorption [98].
The PFO assumes that the rate of adsorption is directly proportional to the distance from
equilibrium while the PSO model assumes that the concentration of the adsorbate remains
constant during the process, the adsorption process is not limited by diffusion and its
reaction is controlled with negligible desorption [99,100]. From the parameters presented
in Table 3, both models gave high R2 values, but the PFO model adequately described
the kinetics of the experiments since it gave Qe values that were consistent with the
experimental results obtained.

Since the PFO and PSO models are purely descriptive and do not provide specific
information about the mechanism of adsorption [99], the mechanism of adsorption of the
dyes on the beads was studied using the intra-particle diffusion model (Equation (9)) [101]
and Boyd’s single-resistance model of film diffusion (Equation (10)) [102,103] for internal
and external mass transfer, respectively.

Qt = kpt
1
2 + C (9)

−ln
(

1 − Qt

Qe

)
= k f dt (10)

where kp (mg/(g·h0.5)) is the intra-particle diffusion (IPD) constant and C is a constant
(mg/g) that is proportional to the boundary layer thickness and kfd is the adsorption
rate constant.

The adsorption process consists of three major steps, namely, boundary layer diffusion,
diffusion of adsorbate into the pores of adsorbent, and adsorption of the adsorbate onto the
active sites of the internal pores of the adsorbent. Adsorption of adsorbate onto internal
pores is assumed to be very rapid implying that the overall rate of adsorption is controlled
by one or both of the first two steps. The Boyd model suggests that the main resistance
to diffusion is in the boundary layer surrounding the adsorbent particle, while the IPD
model suggests negligible external resistance to film diffusion and constant intraparticle
diffusivity that does not change with time and position [104–106]. From the graphs obtained
(Figure A3), both the Boyd and IPD plots are multilinear, implying that the reaction rate is
dependent on both external and internal mass transfer. More so, extrapolation of the line
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segments produced positive intercepts implying that rapid adsorption occurred within a
short time (the first hour) [107].

3.7. Adsorption Thermodynamics

Equations (11) and (12) were used to obtain the adsorption parameters for standard
Gibbs free energy change (ΔG◦), entropy change (ΔS◦), and change in enthalpy (ΔH◦).

ΔG◦ = −RTln
(
Req

)
(11)

ln
(
Keq

)
=

ΔS◦

R
− ΔH◦

RT
(12)

where R is the universal gas constant in (J/mol/K), T (K) is the absolute temperature, and
KL is a non-dimensional equilibrium constant derived from the Langmuir isotherm model
(Table 2).

The modified dual-site Langmuir isotherm equilibrium constants were non-dimensionalised
by employing Equation (13) as follows:

Keq = KL × Mw × 103 × Co
s

γo
s

(13)

where Mw is the molecular mass of the adsorbate, Co
s is the standard adsorbate concen-

tration, and γo
s is the standard adsorbate activity. Co

s and γo
s are assumed to be unity. The

Van’t Hoff plot (Figure A1) was used to obtain the thermodynamic parameters that are also
presented in Table 4.

Table 4. Thermodynamic parameters for dye adsorption.

Dye
ΔG◦ (kJ/mol)

ΔH◦ (kJ/mol) ΔS◦ (J/mol) R2
25 ◦C 35 ◦C 45 ◦C

BB −23.24 −27.53 −28.99 62.95 290.55 0.8611

OG −13.53 −16.40 −16.23 27.37 138.74 0.5091

BBG −25.11 −30.28 −29.10 35.42 206.35 0.2824

IC −9.62 −10.85 −27.27 250.88 865.79 0.7756

For all the dye adsorption processes, the Gibbs free energy is negative, implying
that the adsorption was thermodynamically favoured. The positive ΔH◦ values showed
the reversible pathway for adsorption of the dyes is endothermic by nature, and thus
adsorption is favoured at high temperatures [82]. There is a possibility of structural
changes in the adsorbent and adsorbate due to increased randomness at the solid–liquid
interface suggested by the positive ΔS◦ [108].

3.8. Reusability

The reusability of a material is essential for possible industrial-scale application and
hence four subsequent adsorption experiments were carried out using the same beads
that were collected after every degradation experiment while keeping the same operating
conditions. To study the reusability of the beads, the beads were washed with deionized
water and dried using absorbent paper sheets after each experiment cycle and used to
consecutively adsorb freshly prepared dye solution of 50 mg/L. The initial extent of
degradation was recorded as 100%.

As observed in Figure 9, there is no loss in the adsorption capacity of the beads up to
the fourth cycle.
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Figure 9. Reusability of the beads for dye removal for 24 h cycles.

3.9. Degradation of Dye Mixtures

In most dye degradation studies reported, single-test dye solution experiments have
been reported that do not depict the actual conditions in real industrial wastewater. In-
dustrial effluents from dye industries contain a mixture of dyes which makes the effluent
treatment challenging. Investigations using stimulated dye wastewater are helpful in un-
derstanding the colour-removal process of the materials for application in actual industrial
effluents [109,110]. This study explored the applicability of the synthesized beads in de-
grading dye mixtures. Using the dyes explored in single study experiments, the beads were
used to degrade binary and quaternary dye mixtures for a total nominal dye concentration
of 50 mg/L for 24 h while shaking at 150 rpm; their degradation over time is depicted in
Figure 10.

Figure 10. Time-dependent degradation of dye mixtures using the beads.

Adsorption of the dyes followed a rapid dye removal from solution in the first 6 h
which could have been due to the availability of active adsorbent sites. It is worth noting
that adsorption of the mixed dyes follows the adsorption nature of the individual dyes
with mixtures containing BB showing higher percentages of removal than those without
it. This suggests that BB potentially retards the degradation of other dyes and that only
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when it is largely adsorbed do the other dyes start competing for the remaining adsorption
site [110,111].

4. Conclusions

This study demonstrates the efficacy of chitosan–polyvinylpolypyrrolidone (PVPP)
beads in the adsorption of various dyes from aqueous solutions. The results indicate that
these beads are highly effective in adsorbing dyes, with performance varying based on the
type of dye used showing high affinity for cationic dyes due to the negative surface charge
at high pH values. The investigation into the effect of pH revealed that, for cationic dyes
such as Bismarck Brown, an increase in pH leads to a higher equilibrium concentration of
dye on the adsorbent. Conversely, for anionic dyes such as Indigo Carmine, an increase in
pH results in decreased dye adsorption.

Temperature also plays a significant role in dye adsorption. For dyes like Indigo
Carmine, Brilliant Blue G, and Bismarck Brown, an increase in temperature enhances
the kinetic energy and diffusion rate of dye molecules, thereby increasing the equilib-
rium concentration on the adsorbent. However, the adsorption capacity for Orange G
remains relatively unaffected by temperature changes, suggesting that its adsorption onto
PVPP–chitosan beads is independent of temperature variations.

The TGA analysis showed that the beads can withstand high temperatures up to
400 ◦C, which provides a platform for the use of the beads in the identified optimum
conditions, that is, high pH and high temperatures.

Therefore, PVPP–chitosan beads show promising potential for dye removal from
aqueous solutions, with their performance influenced by factors such as dye type, pH,
temperature, and dye mixture composition. Due to the porosity of the beads and the
reasonable surface area, the beads can be explored for continuous adsorption processes for
pollutant removal. These insights can guide the optimization of dye removal processes in
various industrial applications.

Author Contributions: Conceptualization, H.D.K., H.G.B. and U.F.; methodology, H.D.K., W.M.
and M.A.; software, H.G.B.; validation, H.D.K., H.G.B. and U.F.; formal analysis, H.D.K., W.M.,
M.A., H.G.B. and U.F.; investigation, H.D.K., W.M. and M.A.; resources, H.G.B.; data curation,
H.D.K., W.M., M.A. and H.G.B.; writing—original draft preparation, W.M., M.A., N.H.H. and H.D.K.;
writing—review and editing, H.D.K., H.G.B., N.H.H. and U.F.; supervision, H.G.B. and U.F.; project
administration, H.G.B. and U.F.; funding acquisition, H.G.B., N.H.H. and H.D.K. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was funded by the National Research Foundation (NRF) of South Africa
[MND210426597525 and CSRP2204204025], Margaret McNamara Education grants, and the Schlum-
berger Foundation Faculty for the Future program. This work was further supported by the Austrian
Federal Ministry of Education, Science and Research (BMBWF) through Austria’s Agency for Edu-
cation and Internationalization (OeAD) [Grant numbers: Africa UNINET P056 and P058 as well as
APPEAR Project 341]. APPEAR is a program of the Austrian Development Organization.

Institutional Review Board Statement: Not applicable

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors upon request.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

70



Polymers 2024, 16, 2555

Appendix A

Figure A1. Van’t Hoff plot for the adsorption of dyes onto the beads.
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Figure A2. Langmuir, Freundlich, and BET isotherm models for (a) Bismarck brown, (b) orange G,
(c) Brilliant blue G, and (d) indigo carmine.
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Figure A3. PFO, PSO, Boyd, and IPD graphs for dye adsorption.

Figure A4. UV-Vis spectroscopy of CS-PVPP at different pH values.
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Abstract: Traditional bulk adsorbents, employed for the removal of dyes and metal ions, often face
the drawback of requiring an additional filtration system to separate the filtrate from the adsorbent. In
this study, we address this limitation by embedding the adsorbent into the polymer matrix through a
process involving dissolution–dispersion, spin-casting, and heat-stretching. Selective dissolution and
dispersion facilitate the integration of the adsorbent into the polymer matrix. Meanwhile, spin-casting
ensures the formation of a uniform and thin film structure, whereas heat-induced stretching produces
a porous matrix with a reduced water contact angle. The adsorbent selectively captures dye molecules,
while the porous structure contributes to water permeability. We utilized inexpensive and readily
available materials, such as waste polyethylene and calcium carbonate, to fabricate membranes for
the removal of methylene blue dye. The effects of various parameters, such as polymer-adsorbent
ratio, initial dye concentration, and annealing temperature, were investigated. Equilibrium data were
fitted to Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich isotherms. The equilibrium data
were best represented by the Langmuir isotherm, with maximum adsorption capacity of 35 mg/g
and 43 mg/g at 25 ◦C and 45 ◦C, respectively. The membranes can be regenerated and recycled
with a 97% dye removal efficiency. The study aims to present a template for adsorbent-embedded
polymeric membranes for dye removal, in which adsorbent can be tailored to enhance adsorption
capacity and efficiency.

Keywords: mineral-filled membranes; polymeric films; plastic waste; polyethylene and mixed-
matrix membranes

1. Introduction

Mineral-filled or heterogeneous polymeric films have become integral in the realm of
separation applications [1–3]. These minerals are used as adsorbents in gas separation tech-
niques [4–7] and as fillers in the hygiene market [8]. Specifically, calcium carbonate (CaCO3)
emerges as the predominant filler in polymeric films within the hygiene industry [9]. The
role of filler is limited to heat-stretching, in which it ensures uniform pores formation at the
interface between the polymer and itself, imparting a microporous structure [10–14]. This
unique design allows for the diffusion of water vapor while simultaneously acting as a bar-
rier against liquid water [15]. The microporous configuration facilitates better air circulation
and minimizes trapped moisture, playing a pivotal role in preventing skin rashes and irri-
tations. However, the filler does not participate in the separation phenomena—adsorption
or absorption.

In addition to its role as a filler, CaCO3 is widely used as an adsorbent for the removal
of dyes and metal ions from wastewater [3]. Other commonly employed adsorbents are
activated carbon, zeolites, and molecular sieves. The effectiveness of these adsorbents
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relies on two things: (a) high internal surface area and (b) the presence of active sites in the
form of functional groups [16,17]. Although they are effective in the sorption of pollutants,
their bulk form necessitates an additional filtration system to separate the filtrate from
the adsorbent. This limitation could be overcome by employing a method that involves
embedding adsorbent, such as CaCO3, into the polymer matrix.

This study focuses on the development of adsorbent-embedded polymeric membranes
tailored for the efficient treatment of water contaminated with dyes. Our approach draws
inspiration from the conventional utilization of CaCO3, which serves as a filler in polymeric
films within the hygiene industry and an adsorbent for the removal of dyes and metal
ions from wastewater. Unlike traditional filler applications, where CaCO3 is typically used
in smaller quantities—ranging from 1–25% [4,15,18], often around 10%—our methodol-
ogy distinguishes itself by employing a significantly larger amount, approximately 300%
(three times the mass of the polymer). This increase aims to maximize the adsorption of
dyes within the polymer matrix and sets our approach apart from conventional practices
in filler applications.

The novelty in our approach lies in crafting a porous adsorbent–polymer composite
membrane. This involves a sequential process of dissolution–dispersion, spin-casting, and
heat-induced stretching. Most reported literature preferred extrusion–stretching routes in
cases where semi-crystalline polymers—such as polyolefins—are involved [19–22]. Among
polyolefins, polyethylene (PE) is the most chosen one due to its favorable attributes, which
include low cost, processability, scalability, and versatility [12]. The integration of the adsor-
bent into the polymer matrix is facilitated by selective dissolution and dispersion. Simul-
taneously, spin-casting ensures the formation of a uniform and thin film structure [23,24],
while heat-induced stretching results in a porous matrix. Notably, without the formation
of a porous structure, this composite becomes unsuitable for dye-water separation, as
the absence of pores renders the films impermeable to the passage of dye-water. The
adsorbent selectively captures dye molecules, while the porous structure contributes to
water permeability.

We opted for inexpensive and readily available materials, such as waste polyethylene
and CaCO3, in the fabrication of membranes designed for the removal of methylene blue
(MB) dye. MB is an organic dye with a cationic nature and is prevalent as a contaminant
in industrial wastewater originating from various sectors, including plastics, textiles, cos-
metics, and food manufacturing [1]. This holistic process demonstrates the efficiency and
practicality of our membrane development methodology.

The purpose of this work was to evaluate the adsorption potential of adsorbent-
embedded polymeric membranes using inexpensive and readily available materials—waste
polyethylene and CaCO3—for MB dye. The equilibrium data of the adsorption isotherm
were then studied to understand the mechanism of dye molecules onto the prepared
composite membrane. This study presents a template for adsorbent-embedded polymeric
membranes for dye removal, in which adsorbent can be tailored to enhance adsorption
capacity and efficiency. These membranes hold significant promise for applications in
industries such as textiles, dyeing, and wastewater treatment, where the removal of dyes
from water is essential for both environmental sustainability and regulatory compliance.

2. Experimental Section

2.1. Materials

p-cymene, sourced from Njnq Bio-Tech Ltd. (Beijing, China), was used as a sol-
vent for dissolving polyethylene without additional purification. Locally collected waste
high-density polyethylene (HDPE) bottles were employed. Ultrahigh molecular weight
polyethylene (UHMWPE) with a molecular weight ranging from 3–6 million g/mol was
obtained from Sigma (St. Louis, MO, USA). CaCO3, procured from Sigma, served as an
adsorbent without additional purification. Methylene Blue (MB) was supplied by Sigma.
For membrane fabrication, a customized glass plate with a surface area of 25 cm2 was

79



Polymers 2024, 16, 1459

used as the solid substrate. Thin membrane films were annealed on a Heidolph hotplate
(Schwabach, Germany).

2.2. Characterization Techniques

Tensile strength was measured using a friction/peel tester from Lloyd Instruments
Ltd. (London, UK). Scanning electron microscope (SEM) images was captured with FEI
Quanta650FEG (Hillsboro, OR, USA). Differential scanning calorimetry (DSC) determined
the thermal behavior of hydrophobic thin films. X-ray diffraction (XRD) measurements
were carried out using PANalytical Empyrean multipurpose XRD by Malvern Panalytical,
Malvern, UK. Fourier-transform infrared spectroscopy (FTIR) was performed using the
PerkinElmer Frontier instrument (Waltham, MA, USA). Thickness was measured with a
micrometer and cross-referred with Deflesko FS3 PosiTector 6000 (Ogdensburg, NY, USA)
using an iron metal base.

2.3. Membrane Preparation

A composite solution denoted as PE:CaCO3 (1:1), was prepared by dissolving 500 mg
of UHMWPE and 500 mg of HDPE in 100 mL of p-cymene, followed by the addition of
1 g of dried CaCO3. The solution was heated to 130 ◦C for 20 min to obtain a completely
dispersed composite solution. Simultaneously, a cleaned glass substrate was heated to
120 ◦C, and the hot composite solution was spin-coated onto the substrate. The spin coating
process involved four steps: 300 rpm for 10 s, 700 rpm for 30 s, 1000 rpm for 60 s, and
finally, 3000 rpm for 120 s. This spinning allows the formation of a thin membrane and
also expels the solvent from the formed thin membrane. The glass substrate with the
polymer composite was then placed on a hot plate at 130 ◦C for 2–5 min. The resulting
polymer-composite membrane was peeled off and subjected to uniaxial stretching to
obtain the desired thin film membranes. Similar procedures were followed to prepare
PE:CaCO3 (1:2) and PE:CaCO3 (1:3) composite solutions, adjusting the amount of added
CaCO3 accordingly.

2.4. Batch Equilibrium Studies

Methylene blue (MB) was used as an adsorbate. All solutions were prepared using
distilled water. The choice of MB was based on its recognized strong affinity for adsorption
onto solid surfaces [25]. The polymer-composite membranes, namely PE:CaCO3 (1:1),
PE:CaCO3 (1:2), and PE:CaCO3 (1:3), were employed for the removal of MB from water
at varying concentrations (1, 2, 5, 10, 20, and 100 mg/L). Each experiment was repeated
under identical conditions. The concentrations of MB in the solutions before and after
adsorption were determined using a double-beam UV–vis spectrophotometer. The amount
of adsorption at equilibrium, qe (mg/g), was calculated by

qe =
(C0 − Ce)V

W
(1)

where C0 and Ce (mg/L) are the liquid-phase concentrations of dye at initial and equi-
librium, respectively. V is the volume of the solution (L), and W is the mass (g) of dry
adsorbent used. Equilibrium data were fitted to Langmuir, Freundlich, Temkin, and
Dubinin–Radushkevich adsorption isotherms.

2.5. Membrane Regeneration

For regeneration, the membrane was immersed in methanol and stirred for 10–15 min
or until the stains of dye were removed. This process dissolved MB in methanol, allowing
the membrane to be regenerated and recycled.

3. Results and Discussions

The primary objective of incorporating the adsorbent into the polymer matrix is to
augment adsorption capacity; thus, the stretching step exposes the adsorbent to the dye
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water. Moreover, in order to ensure optimal integration within the polymer matrix, as
opposed to mere surface adherence, it is crucial to note that the selected adsorbents for this
system should exhibit a density equal to or greater than that of the polymer–solvent matrix.

3.1. Morphology and Surface Properties

SEM was employed to analyze the porous structure of the adsorbent-embedded
polymeric membrane. The presented images in Figure 1 depict varying PE:CaCO3 ratios—
(a–b) 1:1, (c–d) 1:2, and (e–f) 1:3. In all three instances, micropores were formed through
heat-stretching at the interface between the polymer and the adsorbent. The third case (1:3)
reveals the highest amount of adsorbent distributed uniformly throughout the polymer
matrix. The formation of pores facilitates the entry of dye water into the matrix, enabling
efficient dye adsorption. Importantly, the heat-stretching procedure allows for in-depth
adsorption of dye molecules, moving beyond mere surface adsorption. In essence, this
unique design promotes adsorption in all three dimensions.

Figure 1. SEM images of membranes with different PE:CaCO3 ratios (a,b) 1:1, (c,d) 1:2, and (e,f) 1:3.

Figure 2 illustrates the contact angle of the composite membrane. In order to improve
dye-water penetration, the membrane should not be superhydrophobic (contact angle
~150◦). Our spin-casting process yielded an extremely rough membrane surface with a
water contact angle close to 148◦, as reported previously [24]. However, the heat-stretching
step facilitated in lowering of the water contact angle due to the heating of the polymer,
which created oxygen moieties, as reported in our previous study [26].
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Figure 2. Contact angle of water on PE and CaCO3 (a) 1:1, (b) 1:2, and (c) 1:3 composite membranes.

3.2. Chemical Composition and Thermal Behaviour

To validate the integration of the adsorbent into the polymer matrix without altering
the PE structure, we conducted a characterization of the membrane using XRD. Figure 3
presents the spectra of PE both with and without the adsorbent. The XRD analysis provides
further confirmation of the adsorbent’s presence within the membrane structure.

Figure 3. XRD patterns for PE and CaCO3 (1:3) composite membrane and pure PE.

The significance of this examination lies in addressing the potential release of the
adsorbent during synthesis, particularly given its considerably higher density compared
to the polymer. The polymer (PE) exhibits characteristic peaks at 22◦ and 24◦, serving as
reference points. All other identifiable peaks in the XRD spectrum are attributed to the
adsorbent. Notably, the intensity of the PE characteristic peaks appeared smaller due to the
relatively higher amount of the adsorbent.

The incorporation of the adsorbent into the polymer matrix is further verified through
FTIR. This confirmation is achieved by comparing the spectra of the composite membrane
with those of pure PE, as illustrated in Figure 4. The adsorbent’s peaks are distinctly
observed at around 1440 (asymmetric CO stretching), 873–898 cm−1 (out-of-plane defor-
mation of carbonate), and 712 (OCO bending in-plane deformation vibrations of CaCO3),
respectively, confirming the presence of CaCO3 and its successful integration with the
polymer [18]. At 1500 cm−1, the PE peak merges with the peak of CaCO3.
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Figure 4. FTIR spectra of PE and CaCO3 (1:3) composite membrane, pure PE and pure CaCO3.

Notably, the absence of new peaks in the spectrum suggests that there are no chemical
changes occurring within the membrane. Instead, the interaction between the polymer
and the adsorbent is predominantly intermolecular dispersion forces. This is supported by
the observation that both PE and CaCO3 retain their characteristic peaks, signifying the
preservation of their individual chemical identities within the composite structure.

The thermal behavior of the membrane was examined by DSC and is presented in
Figure 5. As observed, the melting point of the PE did not change due to the incorporation
of the adsorbent, which further confirms that no new formulation or compound formed,
and PE retains its characteristics.
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Figure 5. DSC spectra of PE and CaCO3 (1:3) composite membrane.
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3.3. Mechanical Properties

Figure 6 presents the impact of the adsorbent on the tensile strength of the composite
membrane. Four cases were studied with an increasing amount of adsorbent in the polymer
matrix—1:0, 1:1, 1:2, and 1:3. As anticipated, the tensile strength decreases as the number of
adsorbent increases in the polymer matrix, attributed to the increase in breakpoints within
the structure.

Figure 6. Tensile strength of the membranes with different PE:CaCO3 ratios.

The membrane exhibited the highest tensile strength (28 MPa) when the adsorbent
was not added to its structure, whereas it showed the lowest value (14 MPa) when the
polymer–adsorbent ratio was 1:3. The tensile strength of 14 MPa was sufficient for the
application of the composite membrane in dye-water treatment. This is particularly crucial
for the membrane’s regeneration and recyclability, as evident through recyclability studies
that will be discussed further.

3.4. Adsorption Performance of Embedded Membrane

Figure 7a,b depicts the performance test of the adsorbent-embedded membrane,
demonstrating a rise in adsorption capacity with an increasing amount of adsorbent and
equilibrium concentration of the adsorbate. The maximum experimental adsorption values
were 35 mg/g at 25 ◦C and 43 mg/g at 45 ◦C. In Figure 7b, the adsorption equilibrium is
illustrated against various equilibrium MB concentrations against various temperatures. It
was observed that for low MB equilibrium concentrations, the impact of temperature on
adsorption equilibrium was not significant. However, at higher equilibrium concentrations
(>60 mg/L), the adsorption equilibrium increased with a rise in temperature. This observed
temperature-dependent adsorption trend aligns with the notion that elevated temperatures
expedite the diffusion rates of dye molecules into the porous structure of the membrane.
The heightened adsorption capacity may be attributed to chemical interactions between
adsorbates and adsorbent, the creation of new adsorption sites, or an increased rate of
intraparticle diffusion of MB molecules into the adsorbent pores at higher temperatures [25].
This improved diffusion allows for a more effective utilization of available adsorption
sites, leading to increased adsorption. Furthermore, the temperature increase potentially
enhances the chemical interactions between the surface functional groups of the membrane—
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facilitated through CaCO3—and the dye molecules. This, in turn, results in stronger
adsorption bonds and increased adsorption efficiency.

Figure 7. Plot of adsorption isotherm at equilibrium capacity: (a) with different membranes at 25 ◦C;
(b) 1:3 membrane at different temperatures.

3.5. Isotherm Study

Adsorption isotherms are determined under equilibrium conditions. The experimental
values were compared with four adsorption isotherms, namely Langmuir, Freundlich,
Temkin, and Dubinin–Radushkevich. The equilibrium data were best represented by
the Langmuir isotherm, with maximum theoretical monolayer adsorption capacity of
34.8 mg/g and 42.4 mg/g at 25 ◦C and 45 ◦C, respectively. The results of the isotherm
study are presented in Figures 8–10, whereas the model equations, parameters, and their
values are tabulated in Tables 1–3.

Figure 8. Isotherm models at 25 ◦C.
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Figure 9. Isotherm models at 35 ◦C.

Figure 10. Isotherm models at 45 ◦C.
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Table 1. Isotherm model equations with their respective parameters and values at 25 ◦C.

Model Independent Dependent Equation Parameters Values

Langmuir Non-linear Ce qe
(KL)(qm)(Ce)
1+((KL)(Ce))

qm 34.84136

KL 0.2561
R2 0.99329

Freundlich Non-linear Ce qe (KF)(Ce1/n) n 4.06845
KF 10.81772
R2 0.91254

Temkin Ce qe

(
RT
bT

)
ln(ATCe) bT 683.10816

AT 47.25523
R2 0.86343

Dubinin–Radushkevich Ce qe (qDR)exp(−BDR·ε2) qDR 30.82449

ε = RTln[1 + 1
Ce
] BDR 9.17907

ε 738.05128
R2 0.94599

Table 2. Isotherm models and parameters at 35 ◦C.

Model Parameters Values

Langmuir Non-linear qm 38.63215
KL 0.60493
R2 0.96651

Freundlich Non-linear n 4.86823
KF 15.09673
R2 0.88229

Temkin bT 685.05074
AT 163.04295
R2 0.87783

Dubinin–Radushkevich qDR 36.80169
BDR 3.28022
ε 1234.62124

R2 0.96695

Table 3. Isotherm models and parameters at 45 ◦C.

Model Parameters Values

Langmuir Non-linear qm 42.41439
KL 1.38943
R2 0.95667

Freundlich Non-linear n 5.17984
KF 18.33436
R2 0.90241

Temkin bT 610.96986
AT 198.08295
R2 0.93852

Dubinin–Radushkevich qDR 43.82223
BDR 4.46211
ε 334.74559

R2 0.61681

The Langmuir isotherm assumes monolayer adsorption onto a surface with a finite
number of uniform adsorption sites, involving no transmigration of adsorbate within
the surface plane [27]. The Langmuir equation, as detailed in Table 1, features Ce as the
equilibrium concentration of the adsorbate (mg/L) and qe as the amount of adsorbate
adsorbed per unit mass of adsorbent (mg/g). The R2 value of 0.993 indicates that the
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adsorption data for MB onto the membrane at all three temperatures—25 ◦C, 35 ◦C, and
45 ◦C adhered best to the Langmuir isotherm model.

The Freundlich isotherm, on the other hand, assumes heterogeneous surface energies,
wherein the energy term in the Langmuir equation varies with surface coverage [27]. Rep-
resented by the equation in Table 1, the Freundlich isotherm involves Ce as the equilibrium
concentration of the adsorbate (mg/L) and qe as the amount of adsorbate adsorbed per
unit mass of adsorbent (mg/g). The parameter ‘n’ provides an indication of the favorability
of the adsorption process, with a value below one indicating a normal Langmuir isotherm
and a value above one suggestive of cooperative adsorption.

The Temkin model (TM) assumes that adsorption heat as a function of all molecules’ tem-
perature in the layer declines linearly rather than logarithmically due to the surface coverage
increase [28,29]. The Temkin isotherm, detailed in Table 1, reflects these considerations.

For isotherms displaying a high degree of rectangularity, another widely used equation
is the Dubinin–Radushkevich isotherm [27], also presented in Table 1.

Figure 11 illustrates the regeneration cycles of the composite membrane. As demon-
strated in the tensile strength section, the membrane exhibits sufficient strength to maintain
its structure throughout the regeneration and recycling processes. In the regeneration ex-
periment, it was observed that CaCO3 was susceptible to sonication, and the process could
even break its particles, allowing them to dislodge from the polymer matrix. Therefore, it is
recommended to employ normal stirring to effectively remove dye from the membrane. In
recycling experiments, we observed a 97% dye removal efficiency even after the fifth cycle.
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Figure 11. Regeneration cycles of PE:CaCO3 membranes for dye removal.

4. Conclusions

Our study successfully addresses the limitations associated with traditional bulk
adsorbents by introducing an innovative approach in the form of adsorbent-embedded
polymeric membranes. The incorporation of CaCO3 into a polyethylene matrix through
a meticulous process involving dissolution–dispersion, spin-casting, and heat-induced
stretching results in a porous composite membrane with significant advantages in dye-
water treatment, especially in both selective dye molecule capture and water permeability.
This porous configuration allows for three-dimensional adsorption, enhancing the overall
efficiency of dye removal.
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The adsorbent-embedded polymeric membranes exhibit promising efficiency in the
removal of MB dye from water. The Langmuir isotherm fitting of equilibrium data reveals
a maximum monolayer adsorption capacity of 34.8 mg/g at 25 ◦C and 42.4 mg/g at 45 ◦C.
Notably, the membranes can be regenerated and recycled with a 97% dye removal efficiency,
demonstrating their sustainability and practicality.

Moreover, our choice of inexpensive and readily available materials, such as waste
polyethylene and CaCO3, adds to the cost-effectiveness and feasibility of the proposed
membrane fabrication methodology. The membranes demonstrate significant promise for
applications in industries such as textiles, dyeing, and wastewater treatment, addressing
the critical need for efficient dye removal for environmental sustainability and regula-
tory compliance.

The adsorbent-embedded polymeric membranes presented in this study provide a
template for an efficient approach to dye-water treatment, combining the advantages of
adsorbent materials with the versatility of polymeric matrices. This research contributes
to the ongoing efforts to develop sustainable and effective solutions for water treatment
challenges in various industrial sectors.
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Abstract: The utilization of titanium dioxide (TiO2) as a photocatalyst for the treatment of wastewater
has attracted significant attention in the environmental field. Herein, we prepared an NH2-MIL-125-
derived N-doped TiO2@C Visible Light Catalyst through an in situ calcination method. The nitrogen
element in the organic connector was released through calcination, simultaneously doping into the
sample, thereby enhancing its spectral response to cover the visible region. The as-prepared N-doped
TiO2@C catalyst exhibited a preserved cage structure even after calcination, thereby alleviating the
optical shielding effect and further augmenting its photocatalytic performance by increasing the
reaction sites between the catalyst and pollutants. The calcination time of the N-doped TiO2@C-450 ◦C
catalyst was optimized to achieve a balance between the TiO2 content and nitrogen doping level,
ensuring efficient degradation rates for basic fuchsin (99.7%), Rhodamine B (89.9%) and tetracycline
hydrochloride (93%) within 90 min. Thus, this study presents a feasible strategy for the efficient
degradation of pollutants under visible light.

Keywords: titanium dioxide; NH2-MIL-125; N-doped TiO2@C; visible light photocatalysis; wastewater
pollutants

1. Introduction

The 21st century is all about global economic development, but there are some prob-
lems that we cannot ignore. One of the common concerns is how to maintain or even
improve the quality of water. According to the reports of the United Nations Educational,
Scientific and Cultural Organization in the World 2021 Water Resources Development
Report, as our society continues to grow, we use more and more fresh water in industry,
agriculture and urban life. Since 1980, its usage has been increasing by approximately 1%
every year, which exacerbates the issue of water pollution [1]. Around 80% of wastewater is
being discharged into the environment without any treatment. This leads to water pollution
that causes approximately 2 million deaths worldwide annually and leaves many others
suffering from chronic diseases [2]. Therefore, we must consider how we can upgrade our
existing methods of treating water to meet the growing demand for wastewater disposal.

The composition of wastewater usually includes organic dye pollution and antibiotic
pollution, which are typical troublemakers [3]. Organic dye pollution is mainly caused by
industries such as textiles, cosmetics, food and paper. It has a strong color, high toxicity to
living things, exhibits excellent resistance to oxidation and is tough to break down naturally.
All these factors make it a big threat to our ecosystem [4,5]. Basic fuchsin and Rhodamine
B are representative organic dyes. The molecular formula of basic fuchsin is C20H20ClN3.
Long-term exposure to basic fuchsin can cause skin cells to become cancerous because its
carcinogenic triphenylmethane structure makes it a cationic dye, which is more toxic than
anionic dyes. Rhodamine B, with a molecular formula of C28H31ClN2O3, is an alkaline
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industrial dye that poses direct harm to human health. It belongs to the third class of
carcinogens in the list published by the International Agency for Research on Cancer of
the World Health Organization (WHO). Antibiotic contamination usually originates from
livestock and pharmaceutical industries [6]. It is difficult for animals and humans to fully
absorb or transform tetracycline hydrochloride, resulting in over 50% of it being excreted
through feces and urine into the environment. As a result, tetracycline hydrochloride can
be detected in surface water, groundwater, sediment, soil and even drinking water. This
is the main reason for the increase in bacterial resistance among humans. Growing drug
resistance leads to higher healthcare costs and makes diseases more challenging to treat.
Therefore, the degradation of basic fuchsin, Rhodamine B and tetracycline hydrochloride
was studied in this paper’s experiments.

Currently, various technologies are being widely studied to address the challenge
of water pollution, including biological methods, adsorption methods, membrane sep-
aration and photocatalysis. The biological method decomposes pollutants through the
adsorption capacity and metabolic processes of bacteria, fungi, yeast, actinomycetes, algae
and other microorganisms. This degradation process is simple and stable but requires
strict environmental conditions. If researchers operate improperly or without cautionary
measures in place, it can easily lead to secondary pollution; therefore, implementing this
method on a large scale is not practical [7]. The adsorption method involves the use of
physicochemical interactions between the adsorbent material and the pollutant, resulting in
the adsorption of pollutants onto the material. Hani et al. reported the processing of MOFs
via the three-dimensional (3D) printing of cellulose MOFs as adsorbents and catalysts for
water treatment, and the materials offered the complete (>99%) removal of organic dyes
within 10 min toward anionic dyes, e.g., methyl blue (MeB). The reaction conditions are
mild and fast, and the adsorbent materials can be reused. However, changes in reaction
conditions make it easier for them to be released again [8]. Membrane separation is a
novel technology that utilizes selective permeation of membranes to separate pollutants
from wastewater, including reverse osmosis, microfiltration, ultrafiltration, nanofiltra-
tion and other specific methods. It offers simple and pollution-free operation. However,
when the membrane becomes blocked by pollutants, restoring it to its original state using
existing cleaning technologies can be challenging. As a result, the treatment efficiency
of the membrane continuously decreases, and reusing it becomes difficult. In practical
applications, membrane separation is often combined with other techniques to enhance
utilization [9]. Therefore, photocatalysis, which uses solar excitation to produce strong
oxidizing substances, is an effective and promising means for purifying phenolic water.
The photocatalytic performance of TiO2 is affected by the large band gap (3.2 eV of anatase),
which can only absorb ultraviolet light, accounting for about 5% of the solar spectrum [10–
12]. In addition, the rapid recombination of photogenerated electron–hole pairs in the
catalytic process also reduces the photoutilization rate of TiO2, resulting in a decrease in
the degradation efficiency of organic pollutants [7].

Anatase TiO2 belongs to the tetragonal system. The octahedral unit TiO6
2− has four

edges. The band gap of anatase TiO2 is 3.2 eV, which is higher than that of rutile TiO2
(3.0 eV). Although this means that anatase TiO2 has a narrower range of light absorption,
the difference in the conduction band and valence band positions gives the electron–hole
pair of anatase TiO2 a greater positive or negative potential, thus possessing a stronger
oxidation capacity. After performing theoretical calculations, Georg et al. [13] demonstrated
that the surface of anatase TiO2 demonstrates a high adsorption capacity for H2O, O2 and
OH−, leading to the increased production of active free radicals during catalytic reactions
and enhanced photocatalytic activity. During the crystallization process, anatase TiO2 tends
to form small-sized particles with a large specific surface area [14], which is also beneficial
for the photocatalytic reaction [15].

Metal–organic frameworks (MOFs) are materials that consist of a self-assembled metal–
organic skeleton formed by clusters of metal ions and organic ligands [16]. NH2-MIL-125
is a type of MOF that has a large specific surface area and pore volume, and it can facilitate
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transmission and diffusion and expose as many active sites as possible [17]. The porous
structure of NH2-MIL-125 allows for a shorter distance for charge carrier transfer, effectively
separating photogenerated electron pairs [18]. Furthermore, the large, interconnected 3D
open cavities in NH2-MIL-125 facilitate easy penetration of light, effectively reducing light
shielding [19]. The catalyst prepared using NH2-MIL-125 as the template combines TiO2
with a carbon matrix, which not only maintains the morphological advantage of the MOF
but also limits the aggregation of TiO2 nanocrystals and improves the electrical conductivity
of the TiO2@C composite [20–24].

In this work, NH2-MIL-125 was used as a template to synthesize N-doped TiO2@C
composite catalyst with high photocatalytic efficiency via calcination. TiO2 grew in situ
with titanium elements in NH2-MIL-125 as the core, and the carbon skeleton of NH2-
MIL-125 as a template still existed after calcination. The structure of N/TiO2@C catalytic
materials was characterized using XRD, SEM, TEM, XPS and other testing methods. The
natural and photocatalytic properties of N-doped TiO2@C composites were evaluated.

2. Materials and Methods

2.1. Materials

2-amino-terephthalic acid (99%) was bought from Beijing Bailingwei Technology Co.,
Ltd., Beijing, China. Dimethylformamide (99.9%) was bought from Aladdin Chemical
Co., Ltd., Shanghai, China. Methanol (99.9%) was bought from Jinan Century Tongda
Co., Ltd., Jinan, Chian. Isopropyl titanate (95%) was obtained from Syntechem Co., Ltd.,
Guangzhou, China.

2.2. Preparation of NH2-MIL-125

NH2-MIL-125 was prepared through a hydrothermal reaction. An amount of 1 g of
2-amino-terephthalic acid was added to a mixture of 18 mL of dimethylformamide and
2 mL of methanol. The mixture was stirred and subjected to ultrasonication for 5 min,
followed by the addition of 1.2 mL of isopropyl titanate. After stirring and ultrasonication
for 5 min, it was transferred to a Teflon autoclave with a volume capacity of 50 mL for
heat treatment at 150 ◦C for 15 h. The resulting yellow powder was collected, centrifuged,
washed three times each with dimethylformamide/ethanol and subsequently dried under
vacuum conditions at 50 ◦C for 20 h.

2.3. Preparation of N-Doped TiO2@C Nanomaterials

N-doped TiO2@C was prepared via the one-step pyrolysis method. A porcelain
boat containing 500 mg of NH2-MIL-125 powder was positioned at the center of a high-
temperature tubular furnace for air-based heat treatment. The tubular furnace operated
with a heating rate set to 2 ◦C·min−1 within a target temperature range spanning from
200 ◦C to 550 ◦C while maintaining the desired temperature for two hours. Following the
completion of the reaction, we retrieved the resulting powder.

2.4. Characterization

Chemical groups within samples were investigated using a Nicolet IS 20 FTIR spec-
trometer (Thermo Fisher, Waltham, MA, USA) in the range of 4000–500 cm−1. The X-ray
diffraction (XRD) of samples was conducted with an X-ray diffractometer (D8 Advance
Bruker, Berlin, Germany). The morphological structure of the cryogels was observed with a
JSM-IT500HR scanning electron microscope (SEM) and a transmission electron microscope
(TEM) (JEM-2100, JEOL, Kyoto, Japan). The Brunauer–Emmett–Teller (BET) surface area
and pore size were tested via nitrogen adsorption and desorption at 77 K with an ASAP
automated micromeritics system. The elemental composition of samples was measured
via X-ray photoelectron spectroscopy (PHI QUANTERA II, Ulvac-Phi, Kanagawa, Japan).
Thermogravimetric analysis (TGA, METTLER TOLEDO TGA/SDTA851) was carried out at
a constant heating rate of 10 ◦C min−1 from 50 ◦C to 700 ◦C under a nitrogen atmosphere.
The optical performance of the samples was conducted on a UV-3600 spectrophotome-
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ter (Shimadzu, Kyoto, Japan). The electrochemical tests, including the electrochemical
impedance (EIS), transient photocurrent and Mott–Schottky (M–S), were pictured with
an electrochemical workstation (RST5200F, Restile, Gujarat, India). The response of hy-
droxyl radicals was tested with an electron paramagnetic resonance (EPR) spectrometer
(EMXPLUS, Bruker). The contents of C, N and H in the resultant cellulose samples were
determined with a Eurovector EA 3000 elemental analyzer in CHN mode.

2.5. Photocatalytic Performance Measurements

Visible light irradiation (more than 400 nm) degraded the basic fuchsin, Rhodamine
B and tetracycline hydrochloride, and the photocatalytic properties of various catalysts
were studied. All photocatalytic experiments were repeated three times. A 300 W xenon
lamp with a filter was used to simulate AM 1.5 G lighting (100 mW/cm2) as a light source.
The circulating water flow in the reactor ensures that the photocatalytic reaction takes
place at room temperature. During the degradation process, 20 mg of each photocatalyst
was separately dispersed into 30 mL of basic fuchsin, Rhodamine B and tetracycline
hydrochloride at a concentration of 15 mg/L. The mixture was subsequently stirred in
darkness for 60 min to achieve adsorption–desorption equilibrium. During irradiation,
the samples were regularly extracted and filtered using a 0.45 μm PTFE needle filter. The
resulting solution was measured for absorbance at wavelengths of 546 nm, 554 nm and
370 nm utilizing an ultraviolet–visible spectrophotometer. After degradation, the catalyst
underwent recovery through filtration before being washed with deionized water and
ethanol. Subsequently, it was dried under vacuum conditions at a temperature of 60 ◦C
for twenty hours. Finally, the treated catalyst could undergo multiple tests to evaluate
its stability.

3. Results

3.1. Synthesis and Characterization of N-Doped TiO2@C

The overall fabrication of the N-doped TiO2@C composite is schematically illustrated
in Figure 1a. In order to explore the crystal structure of the sample prepared in the
experiment, X-ray diffraction (XRD) tests were first conducted. NH2-MIL-125 samples
show typical diffraction peaks at 6.67◦, 9.62◦, 11.48◦, 14.90◦, 16.50◦, 17.89◦ and 19.42◦.
The outcomes indicated that the synthesis of NH2-MIL-125 was successful and that the
produced MOF exhibited acceptable crystallinity. N-doped TiO2@C-450 ◦C was obtained
via the calcination of NH2-MIL-125, and the characteristic peak of NH2-MIL-125 totally
vanished during the process. The XRD pattern of N-doped TiO2@C-450 ◦C was compared
with the standard diffraction card of acanite TiO2 (JCPDSNo.21−1272). It was found that
peaks of 25.06◦, 38.10◦, 47.89◦, 53.70◦ and 61.46◦ corresponded to the (101), (004), (200),
(105) and (204) planes of anatase, respectively. The results show that the pyrolysis of NH2-
MIL-125 to produce anatase TiO2 was successful. In addition, the XRD characterization
of N-doped TiO2@C was significantly different from different calcination temperatures
(Figure 1b,c). The calcination temperature of N-doped TiO2@C-250 ◦C was too low, which
caused insufficient pyrolysis. The characteristic peaks of NH2-MIL-125 can still be seen at
6.63◦, 9.65◦ and 11.64◦, but the peak intensity was reduced significantly. This may have been
due to the partial disintegration and recombination of the NH2-MIL-125 structure. When
the temperature of the calcination reached 350 ◦C, only a carbon sheath peaked at 13.19◦,
and no TiO2-related peak pattern was visible, indicating that the NH2-MIL-125 structure
was totally broken down. TiO2 had not yet formed crystals, and the carbon element that
was liberated during the calcination was doped into the compound. The distinctive peak
of anatase TiO2 was clearly seen when the temperature hit 450 ◦C. Following that, the
intensity of the anatase TiO2 characteristic peak no longer varied considerably with the rise
in calcination temperature, but the crystallinity of TiO2 was more excellent.
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Figure 1. Schematic diagram and characterization of N-doped TiO2@C composite. (a) Fabrication of
N-doped TiO2@C composite. (b,c) NH2-MIL-125 and N-doped TiO2@C composites with calcination
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temperatures of 250 ◦C, 350 ◦C, 450 ◦C and 550 ◦C. (d) SEM images of NH2-MIL-125 and N-doped
TiO2@C composites with calcination temperatures of 250 ◦C, 350 ◦C, 450 ◦C and 550 ◦C. (e–g) TEM
images of N-doped TiO2@C-450 ◦C. (h) Electron diffraction image of N-doped TiO2@C-450 ◦C.
(i,j) Element mapping of N-doped TiO2@C-450 ◦C.

From the SEM images, the prepared NH2-MIL-125 showed a circular flake shape
with an average diameter of about 422 nm (Figure 1d). In N-doped TiO2@C-450 ◦C, the
thickness of TiO2-like circular tablets was about 50 nm, and the diameter was about 140 nm.
The sample had a thickness of around 60 nm and a diameter of about 370 nm for N-
doped TiO2@C-350 ◦C. And for the N-doped TiO2@C-250 ◦C sample, its thickness was
around 70 nm, and its diameter was about 450 nm. It is evident that, as the calcination
temperature rose, the average particle size of the sample particles shrank to some extent
while maintaining its round pill shape. This might have been because, as the calcination
temperature rose, the network structure of NH2-MIL-125 gradually lost its capacity to
crystallize, and the organic molecules in the skeleton broke down.

The shape and crystal structure of N-doped TiO2@C-450 ◦C composites were obtained
via TEM. The observation of amorphous carbon shows that a large amount of TiO2 was
distributed in the carbon matrix and finally formed the TiO2@C composite. The sample
obtained after calcination still maintained a porous structure, as seen by the presence
of TiO2 nanoparticles and pores (Figure 1e,f). This porous construction can increase
photocatalytic efficiency by exposing as many active sites as feasible while also facilitating
the transmission and diffusion of electrons during catalysis. In the adsorption experiment,
more investigation into the porous structure was conducted on N/TiO2@C-450 ◦C, on
which a lattice spacing of 0.351 nm was found, compatible with the lattice spacing of the
crystal planes of anatase TiO2 (101) (Figure 1g). From TEM observations, the diameter
of the N-doped TiO2@C-450 ◦C was approximately 289 nm (Figure 1g). On N-doped
TiO2@C-450 ◦C, a lattice spacing of 0.351 nm was found, which was compatible with the
lattice spacing of the crystal planes of anatase TiO2 (101) (Figure 1h). Titanium, oxygen,
carbon and nitrogen were all further confirmed by the element mapping (Figure 1i,j). It is
evident that, on N-doped TiO2@C-450 ◦C, the distribution of titanium, oxygen, carbon
and nitrogen was quite uniform. It can be argued that, during calcination, the nitrogen
element contained in the organic ligand 2-amino-terephtharic acid was released and then
doped into the sample. The titanium element in NH2-MIL-125 was grown in situ to form
TiO2, which was uniformly dispersed in the porous carbon skeleton, and ultimately, the
nitrogen-doped TiO2@C was successfully formed.

The elemental composition and valence information of N-doped TiO2@C were subse-
quently examined using X-ray photoelectron spectroscopy (XPS), which was utilized to test
the material composition (Figure 2a,b). When the temperature was too high, all nitrogen
was released and was no longer doped into the TiO2@C composite, and the peak value
of carbon and nitrogen decreased with the increase in calcination temperature. When the
temperature reached 550 ◦C, the peak of nitrogen was close to zero. However, the proper
calcination temperature was crucial, as the XRD pattern analysis showed that anatase TiO2
was difficult to produce or had poor crystallinity at too low temperatures. A calcination
temperature of 450 ◦C could be used as the equilibrium temperature between nitrogen
doping and TiO2 crystallinity. Three peaks at 532.0 eV, 530.9 eV and 528.9 eV, which are
associated with the C-O bond, C=O bond and Ti-O bond, respectively, can be seen in the
XPS spectra of O 1s (Figure 2c). The surface hydroxyl oxygen, which is essential for the
photodegradation of contaminants, was responsible for the development of the C-O bond.
To fight contaminants, the hydroxyl radical OH• could be created when it interacted with
photogenic holes. N 1s (Figure 2d) displayed a broad peak between 398.4 and 399.4 eV.
It is consistent with other results and typical Ti-N structures in nitrogen-doped TiO2 [25].
The C=C peaks (Figure 2e) at 288.2 eV, 286.4 eV, 285.6 eV and 284.2 eV correspond to
C=O, C-O, C-N and C=C, respectively. For pure anatase TiO2, Ti-O peaks were located at
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458.5 eV and 464.5 eV. The Ti 2p peaks for N-doped TiO2@C-450 ◦C were 457.5 eV and
463.5 eV, which is a 6.0 eV energy split. The peaks of Ti 2p shown in Figure 2f centered
at about 463.2 eV and 457.5 eV belonged to Ti 2p3/2 and Ti 2p1/2, respectively, which
confirm the Ti4+ species in the form of TiO2 nanoparticles. The Ti 2p peak for N-doped
TiO2@C-450 ◦C was slightly shifted toward a lower binding energy when compared to
pure anatase TiO2, which was brought on by nitrogen doping altering the local chemical
environment of titanium ions. The successful doping of nitrogen into TiO2@C, as shown by
the test findings from XPS, has positive implications for reducing the band gap width of
TiO2 and increasing its visible light activity. We also tested the relative amount of C and
N in the sample with an elemental analyzer. The content of nitrogen decreased with the
increase in heat treatment temperature. A ratio as high as 0.12% N/C was obtained for the
heat treatment of 450 ◦C.

The nitrogen adsorption–desorption isotherm samples for N-doped TiO2@C-450 ◦C
(Figure 2g) exhibited the conventional type IV isotherm and type H3 hysteresis loop. The
pore size distribution was calculated using the nonlocal density function model (NLDFT)
based on data from N2 adsorption (Figure 2h). N-doped TiO2@C-450 ◦C has a specific
surface area of 63 m2/g, which is significantly less than that of NH2-MIL-125 but still
significantly larger than that of other TiO2 catalysts. Therefore, basic fuchsin, rhodamine
B and tetracycline hydrochloride can be degraded at more active sites thanks to the large
specific surface area of N-doped TiO2@C-450 ◦C.

BET data need to be interpreted in combination with thermogravimetric curves
(Figure 2g,h, Table 1). The specific surface area of the samples decreased, and the av-
erage pore size increased with increasing roasting temperatures, but for different reasons.
The sample changed at about 200 ◦C as a result of the elimination of any remaining solvent.
When the temperature reached 350 ◦C, the porous structure collapsed, and the crystal skele-
ton began to disintegrate, greatly reducing the specific surface area. The decomposition
of the crystal skeleton and the collapse of the porous structure made the specific surface
area decrease sharply. When the calcination temperature was further increased to 450 ◦C,
the BET data changed due to the recrystallization of TiO2 and the formation of pyrolytic
carbon substrates. However, the skeleton shrank significantly once more at 550 ◦C, and
the specific surface area dropped to 13 m2/g, making it difficult for contaminants and the
catalyst to make contact. Therefore, by adjusting the calcination temperature, the N-doped
TiO2@C catalyst with the best photocatalytic effect was created at 450 ◦C.

Table 1. Textural characteristics of NH2-MIL-125, N-doped TiO2@C-200 ◦C, N-doped TiO2@C-350 ◦C,
N-doped TiO2@C-450 ◦C and N-doped TiO2@C-550 ◦C.

Sample
SBET

(m2g−1)
Vtotal

(cm3g−1)
Average Pore

Diameter (nm)
N/C *

NH2-MIL-125 539 0.087 5.32 0.146
N-doped TiO2@C-200 ◦C 763 0.168 6.54 0.0035
N-doped TiO2@C-350 ◦C 89 0.157 9.30 0.0022
N-doped TiO2@C-450 ◦C 63 0.141 10.89 0.0012
N-doped TiO2@C-550 ◦C 13 0.046 12.26 0.0007

* The N/C value means atomic mass ratio, which was taken with a Eurovector EA 3000 elemental analyzer in
CHN mode.
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Figure 2. Chemical characterization of the N-doped TiO2@C composites. (a,b) Survey XPS spectra of
NH2-MIL-125, N-doped TiO2@C-250 ◦C, N-doped TiO2@C-350 ◦C, N-doped TiO2@C-450 ◦C and
N-doped TiO2@C-550 ◦C. High-resolution XPS spectra of (c) O 1s, (d) N 1s, (e) C 1s and (f) Ti 2p
of N-doped TiO2@C-450 ◦C. (g) N2 adsorption–desorption isotherms of N-doped TiO2@C-450 ◦C.
(h) Pore size distributions of N-doped TiO2@C-450 ◦C. (i) Thermogravimetric curve of NH2-MIL-125.

3.2. Photocatalytic Degradation of N-Doped TiO2@C

The light absorption capacity of N-doped TiO2@C composites was investigated via
a UV–Vis absorption test (Figure 3a). NH2-MIL-125 was yellow, as already described.
The sample’s color continued to deepen as the calcination temperature rose due to the
breakdown of the crystal skeleton and the collapse of the porous structure. The sample’s
hue changed to brown at 350 ◦C, when it exhibited the best ability to absorb visible light.
As the calcination temperature increased after 350 ◦C, TiO2 crystals started to form, and
the sample’s color lightened. The sample was nearly white at 550 ◦C, and visible light
could no longer be absorbed. We know that P25, the white commercial-grade TiO2, has
poor absorption capabilities for visible light. The optimal catalyst for the best visible light
absorption performance at 400–800 nm should be N-doped TiO2@C-350 ◦C. However, the
photocatalytic activity of N-doped TiO2@C-350 ◦C was subpar due to the absence of TiO2
crystals. The most acceptable visible light catalyst, according to a thorough comparison
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between the sample’s photoabsorption capacity and TiO2 content, was N-doped TiO2@C-
450 ◦C.

Figure 3. (a) DRS spectra for N-doped TiO2@C with calcination temperatures of 200 ◦C, 300 ◦C,
350 ◦C, 450 ◦C and 550 ◦C and for NH2-MIL-125. (b) Band gap and (c) valence band spectra of
N-doped TiO2@C-450 ◦C (with an energy level diagram of N-doped TiO2@C-450 ◦C). Photocatalytic
degradation efficiencies of (d) basic fuchsins, (e) Rhodamine B and (f) tetracycline hydrochloride over
NH2-MIL-125, N-doped TiO2@C-200 ◦C, N-doped TiO2@C-350 ◦C, N-doped TiO2@C-450 ◦C and
N-doped TiO2@C-550 ◦C under xenon lamp irradiation. (g) Degradation plots of N-doped TiO2@C-
450 ◦C. (h) Transient photocurrent responses for N-doped TiO2@C with calcination temperatures
of 350 ◦C, 450 ◦C and 550 ◦C and for NH2-MIL-125. (i) EIS Nyquist plots of N-doped TiO2@C with
calcination temperatures of 350 ◦C, 450 ◦C and 550 ◦C.
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Compared with P25, the as-prepared N-doped TiO2@C-450 ◦C sample had a wider
absorption range, which was because nitrogen in the organic connector was released and
doped into the sample during calcination, which reduced the wide band gap of TiO2 and
caused the light absorption range to shift to the visible region. The prohibited band spectra
(Figure 3b) and valence band spectra (Figure 3c) of N-doped TiO2@C-450 ◦C can be used
to compute the energies of the valence band, conduction band and band gap, which were
−0.95 eV, 1.75 eV and 2.7 eV, respectively. The N-doped TiO2@C0-450 ◦C band gap created
in this work was narrower than that of anatase TiO2, which had a band gap energy of
3.22 eV, making it more suitable for light absorption and photocatalytic processes.

Under xenon lamp illumination, the photocatalytic activity of N-doped TiO2@C com-
posites was assessed using dealkalized fuchsin, Rhodamine B and tetracycline hydrochlo-
ride. These three contaminants all degraded in a very similar way. Only NH2-MIL-125
was capable of decomposing basic fuchsin (Figure 3d), lowering the pollutant concentra-
tion to 65%. This was because NH2-MIL-125 can carry out a certain amount of physical
adsorption due to its large specific surface area and micropore structure. The capability for
deterioration varied significantly among N-doped TiO2@C samples. At 350 ◦C, N-doped
TiO2@C exhibited the lowest degradation ability compared to other catalysts. N-doped
TiO2@C-350 ◦C showed the worst degradation ability, and 70% of basic fuchsin remained
in the solution after degradation, even less than that of NH2-MIL-125’s adsorption effect.
This was mainly due to two reasons. First, TiO2 does not form at this temperature and
prevents photocatalytic reactions; second, at 350 ◦C, NH2-MIL-125 undergoes significant
pyrolysis that rapidly changes its skeletal structure and reduces specific surface area sharply.
Moreover, there was an overall increase in pore size, resulting in mesoporous pores and
causing a decline in its adsorption effectiveness. Degradation of 99.7% of basic fuchsin
with N-doped TiO2@C-450 ◦C was the highest among all samples within 90 min. However,
anatase TiO2 obtained via the high-temperature heat treatment at 550 ◦C had the highest
content and the best crystal form. However, the above characterization results indicate that
the high-temperature heat treatment was not conducive to nitrogen doping and reduced
the utilization efficiency of visible light. Consequently, the degradation efficiency of basic
fuchsin was not as good as that achieved with N-doped TiO2@C-450 ◦C.

The degradation of Rhodamine B and tetracycline hydrochloride exhibited similar
trends in the above samples (Figure 3e,f). NH2-MIL-125 achieved a 73% reduction in the
content of Rhodamine B through physical adsorption. Among the tested catalysts, N-doped
TiO2@C-350 ◦C demonstrated the lowest degradation efficiency with only 23% of pollutants
being degraded, whereas N-doped TiO2@C-450 ◦C exhibited the highest degradation effect
by degrading 89.9% of Rhodamine B within 90 min. Physical adsorption by NH2-MIL-125
resulted in a decrease in the content of tetracycline hydrochloride to 68%. Similarly, N-
doped TiO2@C-350 ◦C showed inferior performance with only a 26% degradation rate for
pollutants, whereas N-doped TiO2@C-450 ◦C displayed superior degradation capability by
achieving a remarkable removal rate of 93% for tetracycline hydrochloride within the same
time frame (Figure 3g). In Table 2, we summarize the recent works on the degradation
performance of TiO2 composites against tetracycline. In comparison, our materials show
outstanding catalytic properties [26].
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Table 2. Summary of works on the degradation performance of TiO2 composites against tetracycline.

Order Catalyst Light Source
Concentrations

of Catalysts
(g/L)

Concentrations
of Pollutants

(mg/L)

Degradation
Efficiency

Time (h) Reference

1 g-C3N4/TiO2 300 Xe (UV–Vis) 0.4 20 90.1% 1.0 [26]

2 TiO2/Fe-MOF
(15%)

300 Xe (UV–Vis,
λ = 370 nm) 1 96 97% 4 [27]

3 TiO2, H2Ti3O7 Xe lamp 0.02 20 89%, 94% 1 [28]

4 Biofilm-UCPs-
TiO2

lamp (20 W) of
1800 Lux 1 40 82.1% 24 [29]

5 Black-TiO2

SPD-16 UV–vis
detector at

357 nm
0.5 10 66.2% 4.5 [30]

6 AgBreTiO2-Pal
(50%)

200–800 nm by
UV-Vis DRS 0.5 10 89.6% 1.5 [31]

7
Defect-rich

hydrogenated
g-C3N4/TiO2

300 Xe
(λ > 400 nm) 0.6 30 60% 1.5 [32]

8

N-TiO2/Ov
carbon nitride

doped with
oxygen

300 Xe
(λ > 420 nm) 0.4 30 79.9% 1.0 [33]

9

Oxygen vacancies
modified TiO2/O-
terminated Ti3C2

composites

Vis
(300 W) 0.4 20 88.5% 1.5 [34]

10 Ti3C2@TiO2
125 W Xe

(λ > 400 nm) 1 20 90% 1.5 [35]

11 N-doped TiO2@C 300 W Xe
(λ > 420 nm) 0.67 30 93% 1.5 This

work

Under xenon lamp irradiation, we used a photocurrent test to investigate the phe-
nomenon of photogenerated carrier transport in samples. The photocurrent intensity of
all N-doped TiO2@C samples was relatively high, indicating a slow photogenerated car-
rier recombination rate (Figure 3h). This was mainly because TiO2 was combined with
the carbon matrix, and the porous structure of the carbon skeleton shortened the carrier
transfer distance so that the photogenerated electron pairs could be effectively separated.
In addition, the large specific surface area of the carbon skeleton exposed more active sites,
making carrier transmission and diffusion more convenient. In short, the combination of
carbon skeletons and TiO2 enhanced the photocurrent intensity of the composite compared
with commercial-grade TiO2 P25. It is well known that the higher the photocurrent density,
the better the ability to separate photogenerated electrons and holes. Therefore, compared
with P25, N-doped TiO2@C improves carrier separation efficiency and inhibits photogener-
ated carrier recombination. To confirm this, we further studied the resistance of interfacial
charge conversion via electrochemical impedance spectroscopy. As shown in Figure 3i, the
radii of all N-doped TiO2@C composites were small, indicating that the N-doped TiO2@C
catalyst had higher interfacial charge separation efficiency and better electrical conductivity,
which is similar to the trend in the photocurrent response test results. The charge transfer
resistance (Rct) of N-doped TiO2@C in an equivalent circuit was smaller than that of pure
TiO2 [36], which further confirms the favored interfacial charge transfer.

In summary, the optimal balance between anatase TiO2 formation and nitrogen doping
was achieved when the calcination temperature reached 450 ◦C, and N-doped TiO2@C-
450 ◦C exhibited the highest photocatalytic capacity.

Tetracycline hydrochloride was used as an example to investigate the stability and
reusability of the N-doped TiO2@C-450 ◦C catalyst. The same sample was employed for
five consecutive degradation cycles under identical conditions (Figure 4a). No significant
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changes were observed after five cycles, although the degradation capacity decreased
from 93% to 81%. This decrease in degradation capacity was primarily attributed to the
blockage of mesoporous channels in N-doped TiO2@C-450 ◦C by pollutants over prolonged
reaction times, making it challenging to effectively clean and negatively impacting the
recyclability of the catalyst. Additionally, the inevitable loss of the photocatalyst during
repeated use also resulted in a decrease in degradation efficiency. Moreover, a comparison
of SEM images, XRD spectra and XPS spectra (Figure 4b–d) before and after the reaction
revealed that there was no significant change in the structure, morphology characteristics
and chemical composition of N-doped TiO2@C-450 ◦C before and after testing. N-doped
TiO2@C-450 ◦C exhibited excellent photocatalytic ability, stability and reusability; it has
great potential as a visible photocatalyst for various types of pollutants.

Figure 4. (a) Repeated experiments of tetracycline photodegradation over N-doped TiO2@C-450 ◦C.
(b) SEM images, (c) XRD patterns and (d) XPS spectra of N-doped TiO2@C-450 ◦C before and after
the photocatalytic reaction.

3.3. Photocatalytic Mechanism

The photocatalytic mechanism of N-doped TiO2@C-450 ◦C nanomaterials during
visible light degradation was investigated by conducting multiple trapping experiments
using tetracycline hydrochloride as an example. Three additional trapping reagents were
added to the reaction solution, among which ammonium oxalate (AO) was used to trap e−,
benzoquinone (BQ) was used to trap O2•− and isopropyl alcohol (IPA) was used to trap
OH• (Figure 5a). The addition of each trapping agent affected the degradation rate of tetra-
cycline hydrochloride, among which isopropyl alcohol had the most prominent inhibitory
effect among all trapping agents. The degradation efficiency of N-doped TiO2@C-450 ◦C
was reduced significantly to 71% after the addition of isopropyl alcohol, indicating that
OH• plays a leading role in the degradation reaction of tetracycline hydrochloride under
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visible light irradiation. In addition, the addition of ammonium oxalate and benzoquinone
(BQ) also had a certain effect on the degradation rate, suggesting that e− and O2•− were
also involved in the process but did not play a major role. In conclusion, OH• was pro-
duced by the N-doped TiO2@C-450 ◦C catalyst during the photocatalysis process, which
enhanced the oxidation capacity of the active substance and improved its ability to degrade
tetracycline hydrochloride greatly.

Figure 5. (a) Photocatalytic ability of N-doped TiO2@C-450 ◦C for the degradation of tetracycline with
or without adding IPA, BQ and AO under visible light. (b) EPR spectra of OH• on N-doped TiO2@C-
350 ◦C, N-doped TiO2@C-450 ◦C and N-doped TiO2@C-550 ◦C catalysts. (c) Probable photocatalytic
mechanism of tetracycline degradation by N-doped TiO2@C-450 ◦C under visible light irradiation.

A DMPO trapping agent was added to the photocatalytic reaction system to detect
active free radicals via EPR. Therefore, electron paramagnetic resonance spectroscopy was
used to detect the signals of OH• radicals generated by N-doped TiO2@C-350 ◦C, N-doped
TiO2@C-450 ◦C and N-doped TiO2@C-550 ◦C under visible light irradiation (Figure 5b).
Obviously, regardless of dark or light conditions, N-doped TiO2@C-350 ◦C OH showed
almost no occurrence of free radicals, and this was because the TiO2 of N-doped TiO2@C-
350 ◦C had not formed. For N-doped TiO2@C-450 ◦C and N-doped TiO2@C-550 ◦C, almost
no OH• free radicals increased. This indicates that the photogenerated electrons on anatase
TiO2 were transferred rapidly through the carbon skeleton, resulting in the production of a
large number of OH• free radicals. N-doped TiO2@C-450 ◦C exhibited the highest number
of OH• free radicals due to nitrogen doping, which enhanced the sample’s utilization rate
of visible light. This phenomenon further confirms the excellent photocatalytic effect of
nitrogen-doped TiO2 supported by a carbon skeleton, which can serve as photosensitizer
to absorb visible light and help to promote charge carriers’ separation through cooperation
with bulk/surface defects of TiO2 [37,38].
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Based on the test results and analysis mentioned above, a possible photocatalytic
reaction mechanism of N-doped TiO2@C-450 ◦C can be proposed (Figure 5c). Under
visible light irradiation, nitrogen-doped TiO2 nanoparticles can efficiently produce charge
carriers. At this stage, the unique porous structure of N-doped TiO2@C-450 ◦C provides
additional pathways for the movement of charge carriers, facilitating the easy transfer of
electrons to the carbon framework and effectively separating photogenerated electrons
and holes. During the degradation process, O2•− free radicals are generated through
reactions between electrons enriched on the carbon framework with H2O and O2. It can
be found that the REDOX potential of N-doped TiO2@C CB positions is more negative
than that of O2/•O2

−, and the REDOX potential of VB positions is more positive than
that of OH−/•OH, thus contributing to the generation of reactive oxygen species under
photoexcitation [39,40].

4. Conclusions

In summary, we successfully synthesized a N-doped TiO2@C composite material
through NH2-MIL-125 template-assisted calcination. Supported by the NH2-MIL-125
carbon framework, the catalyst exhibited a significantly enhanced specific surface area
of 63 m2/g, thereby facilitating an increased number of active sites for both the catalyst
and reactant. The mesoporous structure (3.5 nm) of NH2-MIL-125 facilitated enhanced
light penetration, thereby reducing the occurrence of light shielding. Element mapping
confirmed the presence of nitrogen, indicating that nitrogen was released from the organic
ligand 2-amino-terephthalic acid and doped into the sample during calcination. Nitrogen
doping in anatase shortened its wide band gap of 3.22 eV to 2.7 eV, resulting in a shift in
the optical absorption range toward the visible region. As a result, the N-doped TiO2@C
catalyst exhibited extended optical absorption capabilities beyond just ultraviolet wave-
lengths. By carefully controlling the calcination temperature, we successfully synthesized
various N-doped TiO2@C composites. When calcined at 450 ◦C, the N-doped TiO2@C
catalyst achieved a balance between anatase content and nitrogen doping. The resulting
N-doped TiO2@C-450 ◦C composite exhibited outstanding performance in photocatalytic
degradation. Under visible light for 90 min, basic fuchsin, Rhodamine B and tetracycline hy-
drochloride were degraded by 99.7%, 89.9% and 93% respectively. Moreover, the N-doped
TiO2@C-450 ◦C composite demonstrated excellent stability, as evidenced by negligible
changes in SEM, XRD and XPS characteristics after five cycles of use; only a slight decrease
in tetracycline hydrochloride degradation efficiency from 93% to 81% was observed. Last,
we proposed the mechanism of photocatalytic degradation. This study presents a viable
strategy for efficient pollution degradation under visible light.
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Abstract: This paper describes a new methodology for carrying out quantitative extraction of
cloxacillin from drinking and river water samples using a molecularly imprinted polymer (MIP) as a
selective sorbent for solid-phase extraction (MISPE). Several polymers were synthesized via thermal
polymerization using cloxacillin as a template, methacrylic acid (MAA) as a functional monomer,
ethyleneglycoldimethacrylate (EGDMA) as a cross-linker and different solvents as porogens. Binding
characteristics of the adequate molecularly imprinted and non-imprinted (NIP) polymers were evalu-
ated via batch adsorption assays following the Langmuir and Freundlich isotherms and Scatchard
assays. The parameters related to the extraction approach were studied to select the most appropriate
polymer for cloxacillin determination. Using the optimized MIP as the SPE sorbent, a simple sample
treatment methodology was combined with high-performance liquid chromatography (HPLC) to
analyze cloxacillin residues in drinking and river water. Under the optimum experimental condi-
tions, the MISPE methodology was validated using spiked samples. The linearity for cloxacillin
was assessed within the limits of 0.05–1.5 μg L−1 and the recovery percentage was higher than 98%
(RSD < 4%). The limits of detection and limits of quantification were 0.29 and 0.37 μg L−1 and 0.8 and
0.98 μg L−1 for drinking and river water, respectively. The selectivity of MIP against other ß-lactam
antibiotics with similar structures (oxacillin, cefazoline, amoxicillin and penicillin V) was studied,
obtaining a good recovery higher than 85% for all except cefazoline. The proposed MISPE-HPLC
methodology was successfully applied for the detection of cloxacillin in drinking water from Canal
de Isabel II (Madrid) and river water from the Manzanares River (Madrid).

Keywords: cloxacillin; molecularly imprinted polymer; solid-phase extraction; adsorption isotherms;
water; HPLC-DAD

1. Introduction

ß-lactam antibiotics (BLAs) constitute a very important group of antibiotics belonging
to the penicillin family, which have been broadly used as antimicrobial agents for almost a
century. The increase in the consumption of pharmaceutical products in medicine and the
veterinary field for the treatment and prevention of diseases, and to promote the growth
of livestock, has contributed to a worrying growth in antibiotic-related problems in the
aquatic environment [1]. Antibiotics can enter the aquatic system from different sources,
including the widespread manufacturing of medical preparations, direct discharge of ani-
mal wastewater or seepage from manured farmland [2], and discharge of effluents from
the treatment of communal wastewater containing antibiotics in sewage plants, which
persist because of the high stability of some compounds or their metabolites. New studies
have shown that antibiotics can be found in drinking water from groundwater [3,4]. The
presence of antibiotic residues in foodstuffs, including drinking water, has harmful effects
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on consumers, including allergic reactions, and it affects the intestinal flora and the appear-
ance and spread of antibiotic resistance [5–8]. So, monitoring residues of pharmaceuticals
such as cloxacillin in environmental water samples is very important to avoid its hazard to
human health [9].

At present, several screening tests (microbiological and immunological) are published
in the literature to detect the presence of the maximum residue limits of ß-lactams in milk
and other tissues [10]. However, these assays are highly time-consuming and expensive,
have a high percentage of false positives and, in many cases, quantitative determina-
tion is not possible. Currently, analytical investigation of cloxacillin in biological fluids,
environmental samples and food requires the use of high-performance liquid chromatog-
raphy (HPLC) combined with ultraviolet (UV) [11], diode array detector (DAD) [12,13],
fluorescence detection (FLD) [14], mass spectrometry (MS) [15,16] or tandem mass liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS) [17–20], which is
considered the preferred detection method for routine analysis in a complex matrix because
of its great sensitivity and selectivity. Although these methods are rather efficient for the
determination of cloxacillin in different matrices, some of them have disadvantages such
as low sensitivity, time-consuming sample pretreatment, high-cost instrumentation and
difficulties in sample preparation [16,17,19]. The analysis of antibiotics in different matrices
usually requires clean-up and preconcentration of the sample. In that sense, solid-phase
extraction (SPE) with different types of commercial sorbents and conditions is the most
frequently used extraction method for water samples [3,21–25]. The use of molecular
imprinting technology for sample preconcentration and efficient clean-up in food and
environmental applications is constantly increasing [26–29]. Most of the present research
in the molecular imprinting field is focused on SPE, which offers advantages such as the
predetermined selectivity for the analyte(s) of interest, the relatively low amount of solvent
and the stability of imprinted polymers, which affect the recovery and contribute highly to
the low price of the analysis. These advantages make MISPE technology highly suitable
for application to the analysis of antibiotics instead of SPE using commercial cartridges,
which, in addition to their high cost, do not allow us to obtain the required selectivity
or desired recoveries in some cases, as shown in the study by Bondi et al. [30]. Some
MIPs synthesized for cloxacillin were applied to the determination of this antibiotic in
milk [31,32], shrimp [33] and other food samples [34]. However, to date, there are no
works reported in the literature that address the application of cloxacillin MIPs for water or
environmental analyses.

This research describes the assessment of several synthetized MIPs for use as a solid-
phase extraction sorbent (MISPE) applied to the quantitative detection of cloxacillin from
drinking and river water samples. The developed MISPE-HPLC-DAD methodology was
optimized for the detection and quantification of cloxacillin using fortified drinking and
river water samples.

2. Experiment

2.1. Chemical, Reagents and Samples

All reagents were of analytical grade. For the synthesis of MIP, commercial antibi-
otics standards (cloxacillin, amoxicillin, penicillin V, oxacillin and cefazoline), ethyleneg-
lycoldimethacrylate (EGDMA), 2,2′-azobisisobutyronitrile (AIBN) and methacrylic acid
(MAA) were purchased from Sigma-Aldrich (Madrid, Spain). HPLC-grade acetonitrile
(ACN), methanol (MeOH) and toluene were supplied by LAB-SCAN (Gliwice, Poland).
Deionized water (18.2 MΩ cm) was procured from a Milli-Q water system (Millipore
Ibérica, Barcelona, Spain).

Drinking water was collected from Canal de Isabel II in Madrid, which is the Spanish
public company that supplies water for human consumption in Madrid. River water was
obtained from the Manzanares River (Madrid, Spain).
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2.2. Chromatographic Conditions

HPLC experiments were performed using a high-performance liquid chromatogra-
phy instrument 1200 Series from Agilent Technologies (Agilent Technologies, Waldbronn,
Germany) equipped with a 1260 diode-array detector, a 1260 quaternary pump and man-
ual injector with a 20 μL sample loop. An analytical column packed with 3 μm C18-
Pentafluorophenyl (15 cm × 4.6 mm) from ACE (Advanced Chromatography Technologies,
Aberdeen, Scotland) was employed to perform the separation of the analytes. The mobile
phase used combines water (solvent A) and acetonitrile (solvent B). The gradient elution
was: 5 to 22% B at 0.4–0.7 mL min−1 (6 min), 22 to 10% B at 0.7–0.25 mL min−1 (0.5 min),
10% B at 0.25 mL min−1 (3.5 min), 10 to 22% B at 0.25–0.9 mL min−1 (0.5 min), 22% B at
0.9 mL min−1 (5.5 min). To achieve maximum sensitivity for cloxacillin determination,
the detection wavelength was studied to determine the best quantitative peak areas em-
ploying a wavelength of 210 nm. Quantification of the analytes was achieved via external
calibration and measurements of the peak area.

2.3. Synthesis of Cloxacillin Molecularly Imprinted Polymers

Three cloxacillin-imprinted polymers were synthesized via thermal polymerization.
In a glass test tube, we mixed 0.2 mmol of template (cloxacillin), 1.6 mmol of functional
monomer (MAA) and 8 mmol of cross-linker (EGDMA). The chemicals were dissolved in a
volume of 4.6 mL of different porogens (water, ACN or toluene), with a template:functional
monomer:cross-linker molar composition of 1:8:40. After mixture homogenization, 36.3 mg
of AIBN (2.0% w/w) as the free radical initiator was added to the solution. The mixture
was purged under a nitrogen stream (5 min) and the glass tube was sealed. Then, the poly-
merization was carried out at 60 ◦C in a water bath for 4 h. For reference, non-imprinted
polymers (NIPs) were synthesized using the above-described protocol, in which the tem-
plate molecule was not added to the polymerization mixture. The obtained polymer was
ground and wet-sieved with acetone using a metal sieve (355 μm). The template was elimi-
nated from the polymeric matrix using microwave-assisted extraction as the microwave
energy provides fast extraction of analytes from solid matrices. The efficiency of this
technique is comparable to classical extraction techniques such as Soxhlet or sonication [35].
The procedure used for template removal was that from a previous work [36] (1.5 mL of
MeOH: acetic acid (95/5, v/v) at 800 W, 100 ◦C, 200 psi with stirring for 20 min). To com-
plete the extraction of the template, this procedure was repeated 3 times, until cloxacillin
was not detected in the extraction solvent during HPLC analysis.

2.4. Batch Binding Studies

The binding properties of the optimum selected polymer were studied using batch
adsorption experiments and Scatchard analysis. The general procedure was as follows:
20 mg of MIP or NIP was incubated for 24 h in the dark in a screw-capped flask with 2.5 mL
of water containing cloxacillin at various concentrations (0–300 mg L−1). After incubation,
the vials were centrifuged at 1200 rpm for 10 min and the free cloxacillin remaining in the
supernatant was analyzed using HPLC-DAD at 210 nm.

2.5. MISPE Procedure

An amount of 100 mg of polymer was placed in SPE cartridges (3 mL) (Scharlau,
Barcelona, Spain) between 2 polyethylene frits with 0.22 μm micropores (Supelco Analytical,
Bellefonte, PA, USA). The SPE column containing the cloxacillin MIP was preconditioned
with 2 mL of MeOH and next with 1 mL of water before loading 1 mL of sample. The
selective washing step was performed with 1 mL of toluene. Finally, the target analyte
adsorbed on the polymer was eluted with 1.5 × 3 mL of MeOH. The fractions were collected
and evaporated to dryness at room temperature under a nitrogen stream. The residues
obtained were reconstituted in a volume of 0.5 mL of water prior to HPLC analysis. The
same procedure was used to evaluate the NIP.
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3. Results and Discussion

3.1. Synthesis of Molecularly Imprinted Polymers and Binding Site Evaluation

The MIPs were synthesized following a non-covalent approach using bulk polymer-
ization, as described in Section 2.3. As the functional monomer, methacrylic acid was used
due to its capacity to form both ionic and hydrogen bonds with several functional groups
from the template. This procedure allowed us to generate specific imprints inside the
polymer matrix network. The molar ratio of functional monomer/template is crucial for
obtaining specific binding sites. When an excess of monomer is used, elevated non-specific
binding sites could be generated in the polymeric matrix [37]. The bifunctional cross-linker
monomer EGDMA is mostly used to give a certain mechanical stability in the polymer,
instilling appropriate rigidity in the matrix in a molar ratio of 1:5 (monomer:cross-linker).
AIBN at 2.0% (w/w) was used as the heat-induced initiator for the thermal polymerization
at 60 ◦C. The solvent is a key aspect in the polymerization due to the competitive effect
with the monomer and the template, independently of the interaction established between
these last ones. In this work, three polymers in different media (water, acetonitrile and
toluene) were synthetized.

The selection of the most adequate MIP to be used as a selective adsorbent in the SPE
process for the determination of cloxacillin was carried out studying the extraction factors,
calculated with Equation (1).

Extraction % =
Ci − Cf

Ci
× 100 (1)

Ci and Cf refer to the concentrations of cloxacillin in the solution before and after
extraction, respectively.

To obtain the extraction factor data, the following procedure was performed: 1 mL of
cloxacillin solution in water at 1 mgL−1 was passed through the SPE cartridge. Previously,
a conditioning step was carried out with 2 mL of MeOH and next with 1 mL of water. The
fractions of cloxacillin collected were analyzed using HPLC-DAD. Data obtained showed
that the extraction factor for the water MIP was 54%, for the toluene MIP was 75% and for
the ACN-MIP was 94%; meanwhile, the NIP extraction factors in these solvents were 16, 14
and 21%, respectively, lower that those obtained for the MIPs. This study showed that ACN
was the optimum porogen for the MIP synthesis due to the strong affinity of ACN-MIP for
cloxacillin and the good specificity obtained compared with the non-imprinted polymer
(ACN-NIP). According to obtained results, ACN-MIP was chosen as the optimum sorbent
in the SPE procedure to carry out cloxacillin determination.

3.2. Saturation Binding Curves and Scatchard Plot Analysis

The binding affinity of ACN-MIP for cloxacillin was evaluated using binding isotherm
experiments and Scatchard plot analysis. Batch adsorption experiments were carried
out as follows: 2.5 mL of solutions of cloxacillin at a concentration ranging from 0 to
300 mg L−1 were incubated with 20 mg of ACN-MIP or ACN-NIP for a period of 24 h.
Then, the concentration of the remaining cloxacillin in the solution was quantified via
chromatographic detection at 210 nm. Figure 1A represents the binding of cloxacillin
per g of polymer (B), for both imprinted and non-imprinted polymers, versus the initial
concentration of cloxacillin in the medium (C0). The cloxacillin equilibrium concentration
bound to ACN-MIP increases with the initial cloxacillin concentration in solution. The
amount of cloxacillin bound to ACN-MIP is higher than the amount of cloxacillin bound to
ACN-NIP, which means higher affinity of ACN-MIP to cloxacillin due to the specific sites
generated in the synthesis.
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Figure 1. (A) Adsorption isotherm of MIP and NIP using batch adsorption assay. (B) is the binding
of cloxacillin per g of polymer, (C0) is the initial cloxacillin in the medium. (B) Langmuir isotherms
linearized for cloxacillin adsorption onto MIP and NIP. (C) Freundlich isotherms linearized for
cloxacillin adsorption onto MIP and NIP.

Different adsorption isotherm models have been applied to characterize the sorption
behavior of MIPs. Langmuir and Freundlich isotherms are the most commonly used models
and can be utilized to determine sorbent properties such as adsorption mechanism, surface
area and affinities with the target, as these isotherms show the distribution of molecules
between the liquid and solid phases at the equilibrium time. Experimental results fitted to
Langmuir and Freundlich isotherms are included in Table 1.
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Table 1. Langmuir and Freundlich isotherm data for adsorption of cloxacillin on ACN-MIP and
ACN-NIP.

Isotherm Results

Langmuir Freundlich

B0

(mg g−1)
KL

(L mg−1)
RL R2 KF

(mg g−1)
n R2

ACN-MIP 0.25 80.2 0.001 0.964 1.5 1.8 0.988

ACN-NIP 1.21 4.51 0.004 0.976 0.5 2.5 0.963

The main premise assumed in the Langmuir isotherm model is that the sorbent is
monolayer, where the sites only take one molecule of the target each, making the adsorption
energy constant over all sites. When every adsorption site has sorbed one target molecule,
the maximum surface adsorption is achieved and no more sorption can take place [38]. The
obtained data on ACN-MIP and ACN-NIP were fitted to the Langmuir adsorption model
using Equation (2):

C
B

=

(
1

B0 × KL

)
+

(
C
Bo

)
(2)

In Equation (2), C (mg L−1) refers to the remaining analyte concentration at equi-
librium, B (mg g−1) refers to the cloxacillin amount bound to ACN-MIP or ACN-NIP
(g) at equilibrium, B0 (mg g−1) refers to the maximum amount of cloxacillin related to
complete coverage of the monolayer on the surface and KL (L mg −1) refers to the Langmuir
constant, which is associated with adsorption energy. The experimental data were plotted
in Figure 1B, showing a linear relationship where the Langmuir constants B0 and KL can be
calculated with Equation (2). The maximum monolayer capacities, B0, were 0.25 mg g−1

and 1.21 mg g−1 for ACN-MIP and ACN-NIP, respectively, while the Langmuir constants
KL were 80.2 mg L−1 and 4.51 mg L−1 for MIP and NIP, respectively (Table 1).

The Langmuir model is restricted to a monolayer, while the Freundlich isotherm model
corresponds to a heterogeneous adsorbent surface caused by multilayer adsorption and an
exponential distribution of the active sites and their energies. The empirical equation that
represents the Freundlich adsorption isotherm is as follows (3):

ln(B) = ln(KF) +
1
n

ln(C) (3)

In Equation (3), KF (mg g−1) refers to a Freundlich constant corresponding to the bind-
ing energy and n (dimensionless) is a Freundlich constant representing the heterogeneity
index according to this empirical model. The adsorption is linear when n = 1, a chemical
process when n < 1 and a physical process when n > 1 [39]. Figure 1C shows the graph of
ln(B) versus ln(C) using binding data from ACN-MIP and ACN-NIP, which give a straight
line. The values of Freundlich constants KF were 1.5 mg g−1 for MIP and 0.5 mg g−1 for
ACN-NIP, while the n constants were 1.8 and 2.5 for ACN-MIP and ACN-NIP, respectively.
The value of n for ACN-MIP was lower than for ACN-NIP, which means that ACN-MIP
has a higher percentage of binding sites of high affinity.

To finish the evaluation of the binding characteristics between cloxacillin and polymer
at equilibrium and predict the affinity between the solid phase and the analyte, the RL
parameter (dimensionless) was studied. RL, which describes the nature of the adsorption
process, is represented in Equation (4), where KL (L mg −1) refers to Langmuir constant
and C0 (mg L−1) refers to the beginning analyte concentration.

RL =
1

1 + (KL × C0)
(4)

The type of Langmuir isotherm is defined by the value of RL: irreversible when
RL = 0, favorable when RL < 1, linear when RL = 1 or unfavorable when RL > 1 [40]. The
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RL obtained for ACN-MIP and ACN-NIP were all positive and less than 1, between 0.001
and 0.04, indicating that the adsorption process of cloxacillin was favorable.

The Scatchard plot is used to determine the number and type of binding sites of the
polymers. This estimated model is often used in solid-phase extraction to characterize the
maximum amount of adsorption and the dissociation constant. The binding data were
linearly transformed according to the Scatchard equation [39].

B
C

=
(Bmax − B)

Kd
(5)

In Equation (5), B (mg g−1) refers to cloxacillin bound to 1 g of ACN-MIP or ACN-NIP
at equilibrium, C (mg L−1) refers to the remaining analyte concentration at equilibrium,
Bmax (mg g−1) refers to the maximum amount of adsorption of cloxacillin, and Kd (mg L−1)
refers to the equilibrium dissociation constant of the binding sites. The slope and the
intercept of the plot B/C versus B correspond to Kd and Bmax, respectively. The Scatchard
plots of ACN-MIP and ACN-NIP (Figure 2A and 2B, respectively) are both nonlinear.

Figure 2. Scatchard plots of the binding of cloxacillin to the MIP (A) and to the NIP (B).

The data could be fitted to two straight lines with different slopes, which means the
existence of heterogeneous binding sites, both in ACN-MIP and ACN-NIP, representing
binding sites of high and low affinity. The dissociation constant of the binding sites (Kd)
and the apparent maximum number of the binding sites (Bmax ) could be obtained from
the slope and the intercept, respectively. Table 2 shows the outcomes of Scatchard assays
for both polymers ACN-MIP and ACN-NIP. In ACN-MIP, the values of Bmax and Kd are
2.9 mg g−1 and 1.3 mg L−1, respectively, for binding sites of high affinity and 22.6 mg g−1

and 57.2 mg L−1, respectively, for the low-affinity binding sites. Meanwhile, the ACN-NIP
results revealed values of 1.8 mg g−1 and 2.7 mg L−1 for Bmax and Kd (high-affinity binding
sites) and 6.1 mg g−1 and 181.6 mg L−1 (binding sites of low affinity), respectively. These
results show that ACN-MIP had bigger Bmax and lower Kd in ACN-MIP than ACN-NIP,
due to the specific binding sites.

Table 2. Results of Scatchard analysis for ACN-MIP and ACN-NIP.

Binding Sites
ACN-MIP ACN-NIP

Bmax (mg g−1) Kd (mg L−1) Bmax (mg g−1) Kd (mg L−1)

High affinity 2.9 1.3 1.8 2.7

Low affinity 22.6 57.2 6.1 181.6

The synthesis of polymers via the non-covalent method could explain the hetero-
geneity of the surface of the MIP. Although this method generates specific binding sites,
some interactions between the template and the functional monomers cannot be made
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properly. This incompleteness could generate non-specific binding sites, causing the het-
erogeneous surface.

3.3. MISPE Procedure Optimization

The MISPE procedure was optimized using ACN-MIP as the sorbent to obtain the
best selectivity and recovery conditions for cloxacillin. Firstly, the conditioning stage was
evaluated using MeOH (3 × 1 mL) or 2 mL of MeOH and 1 mL of Milli-Q water and,
subsequently, a solution of cloxacillin in drinking water at 1 mg L−1 was loaded onto
the SPE column. The higher retention of cloxacillin (96%) occurred after conditioning the
column with 2 mL MeOH and 1 mL of Milli-Q water, being 76% when only MeOH was
used. To optimize the washing step, different solvents (water, acetonitrile and toluene)
were tested. Water and acetonitrile washed cloxacillin from the polymer. Given the low
solubility of cloxacillin in toluene, this solvent was chosen to wash the non-specifically
nonpolar bindings. To achieve a quantitative extraction of cloxacillin from the MISPE
column, different volumes (1–5 mL) of MeOH and ACN or MeOH/ACN mixtures were
examined as eluents. Recoveries were calculated from the fractions collected after the
elution step, taking into account the amount of amoxicillin retained on the column in
the loading step. Figure 3A shows the elution capacity of the solvents tested when 3 mL
(2 × 1.5) was used. It is shown that recoveries increased with the increment of methanol
percentage, reaching the maximum when 100% methanol was used. The effect of solvent
volume on the elution process was tested (Figure 3B). The complete elution of cloxacillin
was reached with MeOH (3 × 1.5 mL).

Figure 3. Optimization of MISPE. (A) Solvent elution. (B) Volume of MeOH as optimum solvent elution.
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3.4. Validation and Applicability of the MISPE-HPLC Methodology

The MISPE method developed for cloxacillin was validated by testing analytical
parameters such as linearity, accuracy, precision and limits of detection and quantification
using spiked water samples. River water required a previous filtration step through a
PTFE filter (0.2 μm) to remove suspended matter before being submitted to an optimized
MIPSE procedure.

Linearity was evaluated using spiked water samples with increasing concentrations
of cloxacillin in the range of 0.05–1.5 μg L−1. Calibration curves were plotted by means of
the cloxacillin concentration versus peak area. The obtained results showed good linearity
in both drinking and river water (R2 > 0.998). The accuracy and precision of the developed
method were assessed via analysis of drinking and river water samples spiked at three
concentration levels (0.1, 0.5, 1 μg L−1). Samples were analyzed in quintuplicate for the
intra-day study and in triplicate for the inter-day and accuracy studies. Standard deviations
were calculated in all cases (Table 3). The % RSD values showed good precision of the
developed method. The obtained values for the detection limit (LOD), calculated as a signal-
to-noise ratio of 3, were 0.29 and 0.37 μg L−1 for drinking and river water, respectively.
The quantification limits (LOQs), calculated as a signal-to-noise ratio of 10, were 0.8 and
0.98 μg L−1 for drinking and river water, respectively.

Table 3. Analytical characteristics for cloxacillin of the developed MISPE method for drinking and
river water.

Sample

Linearity
Spiking Level

μg/L

Recovery ± RSD %
LOD
μg/L

LOQ
μg/LConcentration Range

μg/L
R2 Inter-Day Intra-Day

Drinking
water

0.05–1.50 0.999
0.10 96.9 ± 6.3 90.5 ± 7.5

0.29 0.80.50 94.7 ± 4.2 92.5 ± 6.8
1.00 93.8 ± 6.4 91.8 ± 7.9

River water 0.05–1.50 0.999
0.10 83.1 ± 2.2 89.9 ± 6.0

0.37 0.980.50 84.3 ± 5.2 80.5 ± 5.0
1.00 89.1 ± 4.2 81.7 ± 7.7

The comparison of the developed method with other reported techniques for the
determination of cloxacillin, such as the detection method, extraction method, LOD, LOQ
and recovery, is summarized in Table 4.

Table 4. Comparison of the proposed method with other published methods for determination
of cloxacillin.

Sample Matrix
Extraction
Method

Detection
Method

Recovery (%) LOD LOQ Ref.

Milk SPE Electrochemical
sensor 98.6–101.8 36 nM [31]

Shrimp MIM HPLC-UV 80.9–94.9 0.03 μg/g 0.10 μg/g [33]

Pig plasma MMIP SERS <80.0 7.80 pmol [34]

Drinking water
Tap water MISPE HPLC-DAD

93.8–96.9 0.29 μg/L 0.80 μg/L
Present work83.1–89.1 0.37 μg/L 0.98 μg/L

MIM: molecularly imprinted membranes; MMIP: magnetic molecularly imprinted polymer; SERS: surface-
enhanced Raman spectroscopy.

3.5. Selectivity of the MIP

Once the MISPE procedure was optimized, the selective adsorption of the ACN-MIP
towards other ß-lactam antibiotics structurally analogous to cloxacillin such as amoxicillin,
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penicillin V, oxacillin and cefazoline was evaluated. The recovery percentages were cal-
culated considering the fractions collected after the elution step with respect to the initial
concentration of each compound loaded onto the SPE column. The results obtained are
summarized in Figure 4. Recoveries for cloxacillin, penicillin V, oxacillin and amoxicillin
were higher than 85%, while the recovery for cefazoline was approximately 74%. The results
were in accordance with the chemical structures of the compounds assayed. This study
revealed a high adsorption capacity of ACN-MIP towards the ß-lactam antibiotics with
similar chemical structures to cloxacillin (molecule template) in comparison with cefazoline,
the compound that most differs structurally from cloxacillin, which means that residues
of five ß-lactam antibiotics could be extracted using the developed MISPE methodology.
Furthermore, the adsorption capacity of the antibiotics onto ACN-NIP was evaluated. The
obtained results showed a retention capacity lower than 22% for all the analytes.

Figure 4. Recoveries of the ß-lactam antibiotics at 1 μg L−1.

4. Conclusions

The use of a molecularly imprinting polymer was evaluated to develop an SPE method
for the detection of cloxacillin in drinking and river water samples via HPLC-DAD. Bind-
ing properties of the polymer selected as optimum were studied using the Langmuir
and Freundlich models and Scatchard analysis. Imprinted and non-imprinted polymers
synthesized in ACN, ACN-MIP and ACN-NIP are well-described by these models with
high- and low-affinity binding sites. Synthetized MIP exhibited a very high adsorption
capacity for cloxacillin and good selectivity. The specific recognition of MIP towards other
antibiotics belonging to the family of ß-lactams was tested. The obtained results showed
successful recovery of antibiotics with a similar chemical structure (amoxicillin, penicillin
V and oxacillin) and lower recovery for cefazoline because of lesser structural similarity.
Hence, our work revealed that the obtained ACN-MIP has significant potential for use as
specific sorbent in the SPE method for the analysis of five beta-lactams in drinking and river
waters at trace levels. The developed MISPE-HPLC methodology offers a rapid, easy and
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reliable alternative procedure, consuming low volumes of solvents. This work thus makes
a significant advance in water quality control with respect to other published methods due
to the simplicity, low cost and sensitivity of our method.
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Abstract: This study comprehensively assesses the release rate of biocides, corrosion effects related
to antifouling, and the physical properties of different paint types. Tests were conducted to measure
thickness, viscosity, hardness, bending, adhesion, gloss, impact resistance, abrasion resistance, scratch
resistance, polarization, and salt spray. The paints evaluated include resin-based, acrylic-based,
epoxy-based, and vinyl-based formulations. The study investigates the influence of biocide content,
biocide particle size, and immersion time on release rate using a lab-scale setup. Results showed
that acrylic-based paints had a higher biocide release rate due to faster hydrolysis, while smaller
biocide particle sizes led to higher release rates in resin-based paints. Optimal total biocide contents
were determined to be 30% for acrylic-based, 60% for epoxy-based, and 50% for vinyl-based paints.
Antifouling corrosion analysis demonstrated that sample with an optimal release rate effectively
prevent algae growth and fouling. Acrylic-based paint with 30 wt.% biocide content exhibited
superior adhesion with a dolly separation force of 4.12 MPa. Evaluating the impact of synthesized
polyaniline on 30 wt.% epoxy-based paint, a sample coated with 10 wt.% polyaniline represented a
low corrosion rate of 0.35 μm/year and a high impedance value of approximately 37,000 Ohm·cm−2.

Keywords: antifouling (AF); Cu2O/ZnO biocide; polyaniline; vinyl paint; acrylic paint; epoxy paint

1. Introduction

Accumulation and adherence of marine organisms on submerged surfaces, known
as biofouling, can cause drastic harmful influences on manufactured marine infrastruc-
ture during its service time, leading to greater fuel consumption, arduous hull cleaning
processes, expedited corrosion, and a need for more maintenance [1–4]. Hence, devel-
oping practical and durable antifouling (AF) approaches is vital to preserving marine
infrastructure from biofouling organisms. To overcome the mentioned drawbacks, an-
tifouling paints are usually used to constrain the organisms’ growth on the ship’s body [5].
Recently, while numerous investigations have experimented with utilizing biocide-free
antifouling methods, namely bio-inspired coatings, fouling-resistant coatings, and fouling-
release coatings, biocides have been mostly used as the principal effective components
in commercial antifouling coatings [6–9]. Microbial biofilms have been observed to per-
form an essential part in interfering with the establishment of invertebrate larvae and
microorganisms from fungi, which is the primary form of fouling. Recent research has
proposed that the relationship between microbial biofilms and the growth of consequent
macrofouling areas could be notable [10–12]. Tributyltin self-polishing copolymer (TBT-
SPC) paints have been used widely for more than two decades due to their remarkable
antifouling features; however, tributyltin-based antifouling coatings have been forbidden
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due to environmental issues. Since the complete prohibition of the usage of tributyltin
(TBT) as a biocide in the marine ecosystem, copper oxide (Cu2O) has attracted attention
as an antifouling biocide in marine paints due to its substantial characteristics such as
durability, performance, and effectiveness; in addition, antifouling paints including copper
oxide can provide sufficient fouling control to a great number of steels [13–16]. Lately,
considerably conducting polymers (ICPs) such as polyaniline (PANI) and polypyrrole (PPy)
and their derivatives have been investigated due to their outstanding features with regard
to reversible electrochemical performance, electrical conductivity, optical and electrical
traits, etc. [17,18]. In addition, these materials have been used extensively in industrial
applications, namely batteries, electronic devices, and sensors, and as anticorrosive addi-
tives due to their promising features such as excellent mechanical and physicochemical
attributes, low costs, and safety [19–22]. Since a thin film of conducting polymers could
preserve the substrate only for a short period, organic coatings and conducting polymers
are usually combined to achieve effective and durable corrosion resistance [23–25]. Nu-
merous studies have focused on examining the corrosive characteristics of PANI coatings,
proving that with the addition of nanoparticles (NPs) to the coatings, better anticorrosive
properties will be gained due to the formation of a stable passive film on the surface of
the substrate. These nanoparticles include Fe2O3 [26–28], CNT, ZnO, ZrO2 [29], activated
carbon [30,31], and TiO2 [32–39]. Zinc oxide (ZnO), an inorganic material, has been widely
used in many applications such as photocatalysis [40], optics, and heat transfer [41] and
especially for antibacterial purposes [42,43].

Yong et al. [42] utilized ZnO NPs in an alkyd resin to prepare a biocide antifouling
paint. The results confirmed that ZnO NPs could potentially coat infrastructure in marine
industries. Al-Belushi et al. [44] first prepared ZnO nanoparticles to fabricate chitosan
(CHT)-ZnO NPs coatings at two different chitosan solutions, CHT 1% and CHT 2%. Then,
they assessed the antifouling features of the prepared coatings using Gram-negative and-
positive bacteria. The outcomes revealed that the prepared specimens had higher an-
tifouling features compared with the pure nano-ZnO rods or CHT coatings than those
of commercially available paints in the dark and under light irradiation. They further
asserted that the fabricated coatings had better efficacy in the removal of Gram-negative
bacteria rather than Gram-positive ones. Rajan et al. [45] conducted a study to investigate
epoxy-based paint’s antifouling and anticorrosive characteristics by applying the disc
diffusion method. The results showed that the investigated properties of the measured
paint could maintain antifouling and anticorrosive characteristics in natural seawater for
about six months.

Moreover, the effectiveness and durability of the coating can be improved by raising
the G. edulis extract contents. Ni et al. [46] evaluated the preparation, antifouling, and
self-polishing attributes of the multifunctional resins by hindering algae addition analysis,
anti-protein adsorption, and antifouling test. They concluded that the acrylic metal salt
resins, including the indole derivative, had substantial antifouling and self-polishing at-
tributes compared to pure acrylic metal salt resins. Adeleye et al. [47] studied the chemical
state of copper particles in water and the effect of drying time, surface type, and water
salinity on the release rate of different copper particles. They asserted that the release rate of
copper increased with water salinity. They further stated that drying paints for longer than
what is suggested by the manufacturer will cause the additional release of biocides into
water. Palanichamy et al. [48] conducted a study to evaluate the antifouling behavior of five
different marine bacteriocins using epoxy-based paint. The outcomes demonstrated that
the prepared coatings could maintain antifouling behavior for three months in seawater,
and the life expectancy could be improved as biocide content increased. Quan et al. [49]
conducted a study to evaluate the antifouling, antibacterial, and anticorrosion behavior of
epoxy coatings containing prepared poly(m-aminophenol) (PmAP) at four different concen-
trations. The antibacterial characteristics were measured via the plate count determination
method, showing that sufficient cationic moieties and phenolic hydroxyl groups available
in PmAP had effective antibacterial activity toward B. subtilis and E. coli. It was further
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asserted that the antifouling feature of the prepared coatings increased with the increase
in concentration; thus, the coatings were preserved from failure affected by microbes.
Quan et al. [50] investigated the antifouling and antibacterial execution of a binary epoxy
coating comprising bromine-benzyl-disubstituted polyaniline (BBP). The comprehensive
analyses confirmed that the prepared samples had better antifouling execution than the
normal PANI coating, and the optimal concentration was 5%. Moreover, it was found
that the antibacterial properties of the coatings were enhanced with the addition of BBP
nanoparticles. Tonelli et al. [51] analyzed the efficacy of utilizing halloysite clay nanotubes
(HNTs), which are nanocontainers, on the antifouling behaviors of epoxy coatings, proving
that the measured properties of the coatings were enhanced with the incorporation of used
nano-containers. The antifouling capability of biodegradable polyurethane was examined
by Ma et al. [52]. They reported that the composition of the polyurethane could control the
antibiofouling capacity.

Based on the performed literature review, thorough examinations have been carried
out on the release rate of biocides and the corrosion rate of resin-based paints, while limited
considerations have been paid to the release rate of disparate biocides and the corrosion
rate of different resin-based paints using wide weight ratio range of additives to acquire
the optimum concentrations. Moreover, a novel bimetallic biocide containing two different
biocides, Cu2O and ZnO, was utilized to prepare all resin-based paints. In addition, a novel
lab-scale setup using artificial seawater was designed and built with a high similarity in
composition and concentration to realistic seawater to measure the release rate.

In this investigation, we aimed to consider all affecting parameters of the antifouling
properties of different biocides, environmental issues, and physical features of the various
coatings. Moreover, all essentially required industrial aspects were comprehensively
considered to assess the industrialization facilities, confirming that the mentioned coatings
could remarkably ease industrialized capabilities, which, to the best of our knowledge, has
not been studied so far.

In this study, the biocidal release rate should be examined to achieve a suitable
formulation for antifouling paint, which is the most important component in the paint
formulation to combat growth fouling. For this reason, first, the basic formulation of paints
was extracted from the articles, and then by changing the effective parameters, such as
the type of resin, the content of the biocide in the paint, and the grain size of the pigments
on the release rate, the most appropriate formulation was selected. Mechanical, physical,
corrosion resistance, and paint quality tests were performed on St37 steel substrate for
samples at each optimal formulation. In order to guarantee the consistency and replicability
of outcomes, every experiment was performed a minimum of three times.

2. Experimental Materials and Methods

2.1. Materials

Commercial Cu2O and ZnO were purchased from Sigma-Aldrich and Merck, re-
spectively. To formulate antifouling paints, acrylic resin No. 2378, EPON 828 resin, and
Mowital B 30 H polyvinyl butyral (PVB) were obtained from Taak Resin Kaveh Chemical
Co. (Tehran, Iran), Shell Chemical Co. (Deer Park, TX, USA), and Kuraray (Merrillville,
IN, USA), respectively. Zinc phosphate epoxy No. 15300 and polyamine epoxy No. 45180
to be used as primers were obtained from Bajak Paint Co. (Tehran, Iran). To prepare the
specimens, St-37 steel was used as the base metal with a thickness of 2 mm. The chemical
composition of the used steel is listed in Table 1.

Table 1. Chemical composition of St-37 steel.

Element Mn P S C Fe

Percent
(wt.%) 0.6 0.03 0.02 0.17 0.18
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After preparing the samples, abrasive blasting was conducted to increase the surface
roughness and adhesion of the coating and remove possible oxide layers on the surface.
Then, the specimens were cleaned using acetone to remove surface contaminants such as
grease. To examine the biocide release rate, glass plates with dimensions of 10 × 15 cm2

were used.

2.2. Paints Preparation

To prepare the acrylic-based paint, first xylene and n-butanol were mixed, at an
appropriate ratio of each (1:1), using a stirrer at 2000 rpm for 30 min, then acrylic resin
powder with other additives was added in the ratio listed in Table 2. The mixture was
stirred at 2000 rpm for 1 h; last, Cu2O and ZnO were added to the mixture at different
contents. The particle size was measured using a grindometer which was set to 50 μm. By
adding glass beads at a ratio of 1:2 to the prepared sample and mixing for about 30 min,
the particle size decreased to 20 μm. The paint particles were separated from glass beads
using a metal mesh [53].

Table 2. Composition of Cu2O and ZnO biocide paints at different contents and the role of used
additives.

Material Role wt.%

Resin (binder) Film-forming component of paint 10, 20, 30, 40, 50, 60, and 70 ± 0.1
Cu2O particles Biocide activity 0, 7, 14, 20, 27, 33, and 40 ± 0.1
ZnO particles Biocide activity 0, 3, 6, 10, 13, 17, and 20 ± 0.1

Titanium dioxide (pigment) Providing the color of the paint 5 ± 0.1
Iron (III) oxide red (pigment) Providing the color of the paint 5 ± 0.1

Dioctyl phthalate Providing better pigment dispersion 5 ± 0.1
Talc Providing the color of the paint 5 ± 0.1

Efka FA 4644 Dispersing agent 2 ± 0.1
BYK310 Providing uniform dispersion 2 ± 0.1

To prepare an epoxy-based paint, liquid resin and the additives listed in Table 2 as
well as Cu2O and ZnO biocides, were mixed at 2000 rpm for 1 hr. The glass beads were
utilized to decrease the particle size. One hour prior to the application, the paint was mixed
with a Triethylenetetramine (TETA)-based amine hardener (Triethylenetetramine, Aradur®

HY951, Huntsman Corporation, Mumbai, India) at a ratio of 100 to 15.
Rosin particles must be dissolved to be used in surface coating. Thus, the rosin

particles (CAS No: 63449-39-8, Rosin Factory, Clifton, NJ, USA) were powdered well using
a mortar. The rosin powders were mixed with xylene at a ratio of 1:2. Mowital B 30 H
polyvinyl butyral (PVB) was dissolved into cyclohexane using a stirrer at 2000 rpm for
about 30 min. The listed additives in Table 2 and biocides were also mixed at the same
speed and time. Eventually, the prepared rosin was mixed with the PVB mixture with a
ratio of 1:2 for 30 min. Particle size was decreased using the glass beads.

2.3. Curing Time

The paints were applied to the plates using a 60 μm applicator at 22–25 ◦C, and the
curing time was determined based on the ISIRI6456 standard [54,55]. All tests were carried
out three times to minimize error and ensure the repeatability of data.

2.4. Biocide Release Rate Measurement

A laboratory setup was sketched and built based on the ASTM D6442-06 [56,57]. A
layer of the prepared paints with a thickness of 120 μm was applied to the glass plates to
an area of 10 × 15 cm2 using an applicator. The laboratory system consisted of a container
that was filled with artificial seawater. The artificial seawater was prepared according
to the ASTM D1141 standard [58,59], and its specifications are listed in Table S1. The
temperature and pH of the water were maintained at 23 ± 2 ◦C and 7.9–8.1, respectively,
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and they were monitored continuously during the tests. The size ratio of the painted
plates in the water and the total amount of water in each chamber were maintained at
between approximately 1:3–1:6. A 1000 cm3 quantity of artificial water was poured into
each chamber. To create dynamic and wave-like seawater conditions, blowing was carried
out in each chamber by channeling the air pump, which caused turbulence in the water.
The outlet air flow rate for each chamber was determined via a flowmeter and kept at
60 ± 5 mL/min. Figures S1 and S2 present the built laboratory setup and its corresponding
schematic, respectively.

Cu concentration was evaluated at 5-, 10- and 15-day intervals by sampling 20 cm3 of
water in each chamber and applying atomic absorption spectroscopy (AAS). The reason for
choosing 15 days is that the release rate was investigated when the water had completely
penetrated the paint layer, breaking and reforming the penetration barriers of the paint.
It was demonstrated that penetration and biocidal dissolution occurred in 7 days [60,61].
Although the water evaporated during the tests, the initial water level was maintained
by adding distilled water to the chambers. The release rate was calculated by Equation
(1) [56].

R =
CVD

AT
(1)

where R, C, V, D, A, and T are the release rate of biocide ( μg
cm2.day ), the content of biocide

((μg
L ), the volume of seawater in the measuring container (L), the number of hours per day

(24), the surface area of the paint film (cm2), and the time the flat panel was immersed in
the measuring container (h), respectively.

If the calculated release rate is ≥ 15 μg
cm2.day , it means that the paint has antifouling

activity, but for R < 15 μg
cm2.day , the antifouling performance of the paint is not satisfying [62].

2.5. Antifouling Resistance Analysis

A laboratory setup was built to examine the antifouling features of the samples. The
setup consisted of two glass tanks under the radiation of artificial light with UV lamps
with an intensity of about 90 lux that provided necessary light to the algae at night and
accelerated their growth. An air and CO2 gas blower pump were also provided in the setup.
A photo of the setup is presented in Figure S3. The water temperature was maintained at
27–30 ◦C. The chemical composition of the water used in the tanks is listed in Table S2. The
samples with satisfying biocide release rates were considered in this test, and the algae
formation process was analyzed. The samples contained substrates, zinc phosphate epoxy
No. 15300, polyamine epoxy No. 45180, and antifouling paint. A thickness of 150 μm of
each layer was applied to the steel plate, and the painted samples were compared to the
pure ones. Each sample was kept in the system for 3 months.

2.6. Thickness Measurement

The thickness of the samples was studied using the PosiTector 6000 (DeFelsko, The
Woodlands, TX, USA) instrument based on ASTM D1186 [63,64]. The tests were conducted
at 5 points for each sample, and the mean value was reported.

2.7. Viscosity Measurement

Since the viscosity of paints plays an influential role in their properties, to remove this
parameter, the tests had to be conducted at fixed viscosity; thus, the viscosity of all samples
was kept at 110 Krebs by employing a Brookfield (Ametek, Middleborough, MA, USA)
viscometer at 25 ◦C temperature based on ASTM D562 [65,66].

2.8. Hardness Test

To measure the hardness of the samples, the pencil hardness and König pendulum
hardness tests were performed according to ASTM D3363 and D4366 standards [67,68],
respectively [69,70]. The pencil hardness and König pendulum hardness tests were con-

124



Polymers 2023, 15, 3948

ducted employing Wolff-Wilborn (BYK, Germany) and byko-swing König (BYK, Geretsried,
Germany) instruments, respectively. The samples were prepared by applying a layer of the
formulated paints at a thickness of 120 μm.

2.9. Bending Test

The analyses were performed by spraying a layer of the prepared paints at a thickness
of 120 μm on the 10 × 15 cm2 plates after 1 week according to ASTM D522 standard [69,71].
The tests were conducted using a Mandrel bender machine (Ercolina, Davenport, IA, USA).

2.10. Paint Adhesion Test

The adhesion tests were performed using a Pull-off adhesion tester (DeFelsko PosiTest
AT, The Woodlands, TX, USA) according to ASTM D4541 standard [72] for a layer of the
prepared paints with a thickness of 120 μm [73].

2.11. Gloss Test

The gloss tests were conducted for a layer of the prepared paints with a thickness of
120 μm at 60◦ angle utilizing a gloss meter apparatus (3NH NHG60, Ramsey, NJ, USA)
based on ASTM D523 standard [74,75].

2.12. Impact Resistance Test

The impact resistance tests were conducted utilizing an impact resistance machine
(HD-A520, Haida international, Dongguan, China) based on the ASTM D1794 standard [76].
In this test, the deformation of the coating was evaluated with a 2-pound ball released from
different heights. Three samples were prepared for each test.

2.13. Abrasion Resistance Test

This test was conducted to measure the life of the paints against abrasion. A layer of
the prepared paints with a thickness of 200 μm was applied to an area of the plate with
dimensions of 100 × 100 × 1 mm3, having an 8 mm hole in its center. A 1 mg quantity
of paint was placed on the machine’s rotational surface, the abrasive wheels were placed
tangentially to the sample’s surface, and a 250 g loading bar was applied to each. A suction
device was installed close to the abrasion site, at a distance of 1 to 2 mm from the sample’s
surface, to remove dust caused by abrasion to the device from the test site. The mass loss of
the samples was measured after 200 cycles of wear compared with the initial weight. The
tests were conducted using an abrasion resistance test machine (GT-C14A, Nanjing, China)
according to ASTM D4060 standard [77,78].

2.14. Scratch Resistance Test

Scratch resistance tests of the samples were performed at different scratch forces, 5−30
N, employing a scratch resistance tester (SMT-500, Rtec, San Jose, CA, USA) according to
ASTM D7027 standard [79,80].

2.15. Polarization Test

To study the corrosion behavior of the prepared resins and the effect of polyaniline
as an additive in increasing the corrosion resistance of antifouling paints, the polarization
curves by Autolab in the range of −0.6 to 0.6 V relative to the open circle potential with
a sweeping rate of 1 mV

s in the formulated 3.5% NaCl solution was used. Prior to the
tests, the samples were placed in the solution for 10 min to achieve equilibrium conditions.
According to ASTM G102-89 standard [81], the extrapolation method was used to calculate
samples’ corrosion rate from polarization curves [82].

2.16. Salt Spray Test

Salt spray tests were performed to study the corrosion behavior of the samples ac-
cording to ASTM B117 standard [83,84]. The samples were placed inside the chamber so
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that they were at an angle of about 15 to 30 degrees to the vertical axis and had no contact
with each other. To speed up the conclusion time, scratches were applied to the samples
up to the depth of the base metal surface and along the diameter. The dimensions of the
salt spray test samples in the study were 2 × 5 cm2 and included three coats of primer,
middle paint, and antifouling paint. The duration of the test was 240 h. To prevent the
penetration of corrosion from the back and edges of the sample, the back of all the samples
was protected with varnish and adhesive tape.

2.17. Polyaniline Synthesis

In this study, polyaniline was synthesized, and its antifouling property and efficacy
against corrosion were investigated. A 20 g (0.1 mol) quantity of ammonium persulfate was
dissolved as oxidizer and initiator of the polymerization reaction in 100 cm3 of an aqueous
1 M perchlorate acid solution. A 0.1 mol quantity of double-distilled aniline (10 g) in
100 cm3 of an aqueous 1 M perchlorate acid solution was dissolved. The initiator solution
was added dropwise to the monomer solution, and the reaction temperature was stabilized
at 0 ◦C. The primer solution was added to the polymerization container within 1 h, and
the reaction mixture was stirred with a magnetic stirrer. After this time, the contents of the
container, which contained a blackish-green precipitate, were filtered through a Buchner
funnel. The resulting polymer was washed under filtration with methanol. The polymer
was then washed with distilled water to remove residual methanol and dried in an oven for
one day. After the synthesis of polyaniline powder, it was mixed with dimethylformamide
as a solvent in a ratio of 1:1. Previous studies added different amounts of polyaniline/acid
to the paint [85,86]; however, the best performance in increasing the corrosion resistance
and antifouling qualities has been obtained in the range of 10–20 wt.% [87]. Therefore,
30 wt.% epoxy-based antifouling paints were prepared with the addition of 10, 15, 20, or
30 wt.% of polyaniline/acid. The prepared antifouling paints were applied to the surface
of the steel with a thickness of 150 μm, and the results of the polarization and impedance
tests were compared with the sample without polyaniline. Then, the optimal content of
polyaniline added to the paint was determined.

3. Results and Discussion

3.1. Biocide Release Rate Measurement
3.1.1. Effect of Resin and Immersion Time on the Release Rate

Release rates of Cu2O and ZnO biocides for paints with a grain size of 20 μm at 5-,
10-, and 15-day intervals are listed in Table 3. Based on the release rates of Cu2O and
ZnO biocides, it can be seen that in the case of paints in which acrylic resin was used in
their preparation, the release rate was higher than that of the other two resins due to its
polishing property. Binders and polymer chains can be hydrolyzed in acrylic copolymers.
Because of the hydrolysis of their ester groups when in contact with water, acrylic resins
weaken the bond between the binder and the biocides, releasing them more easily [88].
This reaction occurs in the highest layer in the presence of Cu2O and ZnO biocides, which
have partial solubility in seawater. Below this top layer, which is the paint’s surface, the
unhydrolyzed polymer remains completely hydrophobic until the bottom layer is exposed
to seawater due to the dissolution of the top hydrolyzed layer. Due to the hydrolysis of the
acrylic paint layer, the Cu2O and ZnO biocides are also separated from the polymer and
are available to act as antifouling agents. Once the hydrolyzed polymer is removed from
the surface, the lower surfaces of the layer encounter water, and hydrolysis continues at
the new binder surface. The biocides obtained from layer hydrolysis increase the release
rate, resulting in higher release rates of Cu2O and ZnO in paints with higher contents than
the other two resins. Due to its intrinsic physical properties, the biocide release rates of
epoxy resin paint were lower than the obtained values for acrylic and vinyl resin paints.
Epoxy resin is used for insoluble matrices in antifouling paints. Since epoxy resin has a
high crosslinking density, water can only fill the created pores by the dissolution of biocides
and pigments on the paint surface; thus, seawater penetration paths to wash biocides out
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of the paint are low. Over time, the seawater gradually dissolves more biocides, expanding
the infiltration layer. When a certain amount of biocide is removed from the surface of the
paint layer, the movement of seawater easily erodes the brittle polymer chain, and the layer
with less soluble biocides is exposed to seawater, which causes the lower biocide release
rate of epoxy-based paints. At high contents of biocides, better antifouling performance
was achieved.

Table 3. Release rates of Cu2O and ZnO biocides at different contents and 5-, 10-, and 15-day intervals.

Resin

Total Biocide
Content
(wt.%)

Cu2O
Content in

Paint (wt.%)

ZnO Content
in Paint
(wt.%)

Release Rate (
μg

cm2.day
)

5 Days 5–10 Days 10–15 Days

Zn+ Cu2+ Zn+ Cu2+ Zn+ Cu2+

Acrylic

0 0 0 0 0 0 0 0 0
10 7 3 7 9 3 3 3 2
20 14 6 20 19 10 9 11 9
30 20 10 31 29 13 14 12 14
40 27 13 49 41 18 15 22 23
50 33 17 53 60 25 18 25 20
60 40 20 70 64 29 21 27 24

Epoxy

0 0 0 0 0 0 0 0 0
10 7 3 5 0 5 3 5 0
20 14 6 12 7 10 4 8 5
30 20 10 13 6 9 6 7 5
40 27 13 18 10 9 9 9 7
50 33 17 25 14 12 10 10 8
60 40 20 34 20 15 11 16 12

Vinyl

0 0 0 0 0 0 0 0 0
10 7 3 5 3 2 0 2 2
20 14 6 10 7 4 2 4 0
30 20 10 16 9 9 3 8 3
40 27 13 23 14 12 8 10 10
50 33 17 35 21 18 14 16 15
60 40 20 47 26 23 16 26 15

Vinyl/rosin-based paints had release rates that were lower than acrylic-based paints
but higher than epoxy ones. This behavior could be due to the simultaneous presence
of two types of resins with different properties in these paints. Vinyl resins have a high
degree of polymerization and are resistant to seawater, which causes the pigments to be
locked in this type of resin, and the porosity is greatly reduced. On the other hand, rosin is
a natural substance obtained from pine gum, which is chemically very sensitive to alkaline
conditions. If the solubility rate is not controlled in the alkaline environment, the seawater
dissolves the paint rapidly, and the paint disappears. The antifouling coating quickly loses
its effectiveness. For this purpose, hydrophobic or non-polar compounds should be used
to control the rate of paint solubility. Mixing rosin with hydrophobic vinyl hydrolyzes the
binder and increases the biocide release rate. According to the results of the release rate test,
it can be said that in general, the release rate of biocides depends on the rate of hydrolysis
of the copolymers from which the paint is made. Therefore, acrylic copolymers have a
higher hydrolysis rate than epoxy, and vinyl copolymers have a higher biocide release rate.
In epoxy copolymers, the rate of hydrolysis and release decreases due to the increase in
the side chain length of the monomers. In addition, with an increase in the chain length
and the spatial barrier of the lateral branches, the polarity of the resin decreases, and its
hydrophobicity increases; moreover, the rate of water penetration and water contact with
the resin decreases. In vinyl resin, hydrolysis and release rates increased with the rise of
the reactive rosin group.

Table 3 shows that the release rates after 5 days were higher than those after 10 and
15 days for all paints. In the first days of the measurement, a sharp increase in release
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rates of biocides was seen for all prepared resins due to the high content gradient created
between the paint and the aqueous environment because of the high biocide content in the
paint’s surface layer. The biocides were transferred out of the coating by forming a biocide
content gradient, and a relative density was created in the boundary layer adjacent to the
coating. The interesting point here is that after the first few days, the release rate of all
prepared resins reached a steady state, and no remarkable change was seen. In the case of
acrylic resin, due to the nature of the binder, which could be hydrolyzed, it always caused
a new layer to be replaced as the biocides were eliminated in each layer, and therefore, the
release rate decreased after the fifth day.

In the case of epoxy and vinyl/rosin resins, as mentioned, in the first five days, due to
the high content of biocides on the paint surface, the release rate was high. However, after
that, the release rate decreased, and the reason for this could be related to the formation
of penetration barriers in the resin. Since epoxy resin is insoluble, water must penetrate
via the pores created by the dissolution of the initial biocides on the surface into the paint.
Over time, the penetration path became longer as the surface biocides were eliminated.
After a certain time, the expansion rate of the depth of the pores due to the dissolution of
pigments and the penetration of ions from the penetration layer was less than the biocide
release rate and created a barrier against the penetration and release of biocides. After
a thickness of 10 to 20 μm, these created barriers in the paint, causing the release rate to
remain relatively constant until the end of the paint life.

3.1.2. Effect of the Content of the Biocides on the Release Rate

Figures 1 and 2 show the relationship between the content of the biocides and the
mean release rate of Cu2O and ZnO in a steady-state condition; steady-state refers to the
biocide release rate after five days, when the release rate reached an almost constant rate
for all prepared resins. Considering Figures 1 and 2 and Table 4, it can be seen that the
release rate increased linearly with the increase of the content of biocides; however, at
higher contents, the release rate almost reached a fixed state, and no remarkable change
was seen. This is highlighted more for acrylic resin, since the amount of biocide available
in each layer of paint remained fixed after 40 wt.% content of biocides. The mechanism
of this type of paint is the simultaneous dissolution of the paint layer and biocides; thus,
increasing the content of biocides did not affect the available amount of biocides in the most
superficial layer of the dissolving paint. In the case of epoxy and vinyl paints, the release
rate was fixed at higher contents since, in this type of insoluble resin, the particles are in
physical contact with each other, and as the particle leaves the paint and enters seawater, a
path for another particle to be exposed to the aquatic environment is created, so the release
rate at high contents continues to increase slightly [60].

Figure 1. Variation of Cu2O release rate at different contents in steady-state condition after 5 days.
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Figure 2. Variation of ZnO release rate at different contents in steady-state condition after 5 days.

Table 4. Mean release rates of Cu2O and ZnO biocides at optimal contents after 5 days.

Resin Total Biocide Content (wt.%)
Release Rate (

μg
cm2.day

)

Zn+ Cu2+

Acrylic 30 31 29
Epoxy 60 34 20
Vinyl 50 35 21

Another point to consider here is the comparison of the release rates of Cu2O and
ZnO. The main biocide in antifouling paint is Cu2O, and ZnO is used as an additional
biocide in paint. Additionally, due to the high release rate of ZnO compared to Cu2O, the
concentration of ZnO in the formulation was half that of the Cu2O (1:2). This can be well
demonstrated by comparing the release rates of the two biocides. However, when the
concentration of ZnO in the formulation was half that of Cu2O, the release rates of the two
were almost close in all cases. In addition to the higher partial dissolution of ZnO relative
to Cu2O in seawater, the lower density of ZnO also helps it to exit faster and penetrate
more easily [89].

Moreover, due to the lower dissolution rate of Cu2O, the dissolution of Cu2O biocides
controls the release rate kinetics. However, it is worth stating that with the faster dissolution
of ZnO, pores and penetration paths for water entry and Cu2O penetration increase.
Accordingly, the Cu2O release rate increased, especially in insoluble epoxy resin-based
paints. Another equally important point is that, since ZnO biocides are lighter than Cu2O
biocides, after spraying the paint, its concentration on the surface of the paint will be
higher than that of the inner layers; after the dissolution of ZnO on the surface, the water
penetration path will be deeper.

ASTM D6442-06 states that the release rate of paint should be in the range of 10–15 ( μg
cm2.day)

to have a good antifouling property. If the paint has a higher release rate than 15 ( μg
cm2.day), it

poses a danger to other organisms in the marine environment, and using this type of paint is
inappropriate. Accordingly, Table 4 lists the optimal content of biocides showing antifouling
activity.

3.1.3. Effect of Biocide Particle Size on the Release Rate

To investigate the effect of the biocide particle size on the release rate, two different
sizes were considered, 20 μm and 50 μm, and the tests were conducted at three intervals,
as before. Table 5 lists the computed release rates for three prepared resins at different
contents, test duration, and particle sizes. Based on the release rate values listed in Table 5,
lower release rates were acquired for 50 μm particles in comparison with 20 μm ones for all
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samples, since the smaller biocide particles had a better chance of penetrating rather than
the larger ones. Furthermore, as surface-to-volume ratio increased, after dissolution, the
20 μm particles created more pores in the paint surface for water to penetrate, which in turn
increased the release rate. Smaller biocide particles also had uniform distribution, leading
to a higher release rate. However, according to the results, with increasing the biocide
particle size, the release rate reduction for epoxy and vinyl/rosin resins was greater than
that of acrylic resins, which confirms that these resins had a penetration release mechanism.

Table 5. Release rates of Cu2O and ZnO biocides at different contents, particle sizes, and 5-, 10-, and
15-day intervals.

Resin Total Biocide Content (wt.%)
Particle

Size (μm)

Release Rate (
μg

cm2.day
)

5 Days 5–10 Days 10–15 Days

Zn+ Cu2+ Zn+ Cu2+ Zn+ Cu2+

Acrylic
20

20 9 11 9 10 19 20
50 4 5 8 8 16 20

40
20 23 22 15 18 41 49
50 19 15 12 14 29 40

Epoxy
20

20 5 8 4 10 7 12
50 2 5 2 4 5 5

40
20 7 9 9 9 10 18
50 3 4 3 3 4 8

Vinyl/rosin
20

20 0 4 2 4 7 10
50 0 3 0 3 5 6

40
20 10 10 8 12 14 23
50 3 6 5 7 10 19

3.2. Effect of Biocide Release Rate on the Paint Thickness

To investigate the effect of biocide release rate on the thickness of the paint layer,
first, steel samples were coated with two paint substrates with a total thickness of 150 μm.
Then, a layer of antifouling paint with the optimal content of each prepared resin was
applied (Table 5). The backs of the samples were covered entirely with a chlorinated rubber
resin-based swimming pool coating (Pars Pamchal Co.) to prevent corrosion and errors
in the release rate calculations. The release rate experiments were carried out, and the
thickness of the paints was measured for 15 days (Figure 3). As shown in Figure 3, the
largest reduction in thickness over time was related to acrylic resin, which was due to the
hydrolyzable nature of the resin.

Figure 3. Thickness of the samples as a function of time at optimal content.
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3.3. Antifouling Resistance Analysis

The antifouling resistance analyses were performed considering the optimal content of
each resin. Some samples with a release rate lower than 10 ( μg

cm2.day ) were randomly selected
to investigate the correct functioning of the designed setup. The results were shown as a
real photo after 3 months Figure 4. Sample (a) was without antifouling coating; as a result,
the effect of fouling was seen after 3 months on the surface of the sample. Algae and fouling
larvae were observed on the surface of sample (b). The release rate of sample (c) was less
than the amount required to deal with fouling growth based on the standard. In practice,
however, it could not resist the growth of fouling agents. The release rate in sample (d)
was optimal and resisted fouling growth, so no effect from algae or fouling was observed
after 3 months. Although the release rate in sample (e) was lower than the counteracting
fouling growth, the rate of fouling formation was not high. The brown particles present
were related to the corrosion products of the substrate steel. The release rate in the sample
(f) was such that it could resist fouling growth. The release rate of the sample (g) was less
than the amount required to withstand the growth of fouling mentioned in the standard
and practically could not resist fouling growth. Sample (h) had an optimal release rate, and
no algae formed, but due to corrosion products on the edge of the sheet, brown particles
were observed on the paint surface. Corrosion kinetics also intensified due to the lack of
fouling formation.

Figure 4. Real photos after 3 months of sample (a) without antifouling coating, (b) with substrate and
without antifouling coating, (c) 20 wt.% epoxy-based antifouling coating, (d) 60 wt.% epoxy-based
antifouling coating, (e) 10 wt.% acrylic-based antifouling coating, (f) 30 wt.% acrylic-based antifouling
coating, (g) 20 wt.% vinyl/rosin-based antifouling coating, (h) 50 wt.% vinyl/rosin-based antifouling
coating.
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3.4. Curing Time

The curing time for acrylic-based and vinyl/rosin-based paints was in the range of
25–30 min, and no fingerprint effects were observed after this time. Epoxy-based paints
had a longer curing time than the other prepared samples, and the samples were dried
after 8 h, but a fingerprint effect was observed. One of the important parameters affecting
the initial curing time of a coating is the type of solvent in it. In the case of vinyl and acrylic
resins, the curing time was almost the same for both due to the similar evaporation time
of the solvent, regardless of the nature of their chemical structure. On the other hand, the
curing time of epoxy resins was longer due to the chemical reaction between the resin and
the hardener. It has been previously stated [60] that epoxy-based paint’s curing time is
when the polymerization process is completed and the paint is at maximum hardness. In
this study, the epoxy-based paints were completely dried after one week of application.

3.5. Hardness

The obtained results of the pencil hardness and König pendulum hardness tests at
optimal contents of biocides are listed in Table 6. The graphite pencil hardness range is
8−1B, HB, F, and 1−6H, of which 6H was the hardest and 8B was the least hard. Based
on the data listed in Table 6, it can be seen that the epoxy resin was the hardest, and the
acrylic resin was the least hard of all. In the pencil hardness test, the sample must have a
2B degree of hardness, and in the König pendulum hardness test, the oscillation time must
be >60 s to meet the standards. Variation of hardness depends on the type and nature of
the resin. As the biocide content increased, the hardness degree of the paints increased,
since the presence of a mineral compound in an organic resin increases the hardness of that
resin. By comparing the obtained results of the release rate and hardness tests, it can be
concluded that lower hardness was seen in the acrylic resin, which had a higher release
rate at the optimal content of biocides. Therefore, the harder the resin, the lower the release
rate, and in hard resins, such as epoxy, with high contents of biocides, optimal release can
be achieved. The low release rate in harder resins is also due to more complex networks
and higher crosslinking density, which increases the hardness of these resins and makes
biocide release difficult. Furthermore, acrylic monomers involved in the polymerization
process of acrylic resins, including ethyl acrylate, ethylhexyl acrylate, and acrylic acid, have
low Tg temperature, which makes them less hard than the other two resins [90,91].

Table 6. The pencil hardness and König pendulum hardness results of prepared antifouling paints.

Resin
Total Biocide

Content (wt.%)
Pencil

Hardness Degree
König Pendulum

Oscillation Time (s)

Acrylic
10 B 65
30 H 67
40 3H 70

Epoxy
20 5H 91
40 5H 127
60 6H 165

Vinyl/rosin
20 4H 78
40 4H 109
50 B 65

3.6. Bending Test

ASTM D522 states that after bending painted specimens around cylinders with a
maximum diameter of 6 mm, if the effect of destruction, cracking, and separation is not
seen in the paint, as the paint’s flexibility is very high and desirable. If bending around
cylinders with a diameter of 6 to 10 mm does not cause rupture or cracking, its flexibility is
acceptable; otherwise, the paint will be poor in terms of flexibility. It is worth stating that
the smaller the diameter of the cylinder or mandrel, the more intense the bending of the
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paint. Figure 5 presents photos of the prepared antifouling paints after the bending test. In
epoxy resin-based paints, a 6 mm-diameter rupture was created due to bending around the
mandrel. The paint was not damaged at a cylinder diameter of 8 mm, which is classified
as suitable flexibility. The reason for this phenomenon is the epoxy resin’s high molecular
weight. However, in the acrylic and vinyl/rosin-based paints, no bending effects were seen
after bending around mandrels with a diameter of 3 and 5 mm, respectively, so they can
be considered high-flexibility paints. The flexibility of the acrylic resin was due to its low
molecular weight and the lower content of biocides in the optimal formulation of this resin.

Figure 5. Photos of (a) acrylic resin, (b) epoxy resin, (c) vinyl/rosin resin after bending test.

3.7. Paint Adhesion Test

In this test, all affecting factors were considered to be the same to compare the adhesion
of the samples. The results of this test are reported in MPa based on the force required to
separate the pin (dolly) attached to the coating from the substrate. Table 7 lists the results
of the paint adhesion test of the prepared antifouling paints at different biocide contents.
Figure 6 displays the photo of the pins and samples after running the tests. Acrylic resins
had good adhesion to their substrate due to the polarity of the functional groups in the
structure of the resins.

On the other hand, the adhesion of epoxy and vinyl/rosin coatings was much higher
than that of the acrylic resin. The reasons for this were higher chemical and surface
absorption and mechanical interlocking. The high polarity of the epoxy resin chain network,
the presence of hydroxyl and ether aliphatic groups, and the presence of metal oxide on the
steel surface caused electromagnetic absorption between the two materials. The adhesion
of epoxy resin paints is related to their hydroxyl group [92]. The formation of chemical
bonds between active hydrogen on the steel surface and the epoxide group distributed in
the resin causes adhesion. In addition, the polymerization of the epoxy resin occurs after
adding hardener and coating on the steel surface; performing this reaction in the cavities
and pores created in the sample preparation increases the mechanical adhesion.

Table 7. Obtained dolly separation force at diverse biocides content of acrylic, epoxy, and vinyl/rosin
resins.

Resin Total Biocide Content (wt.%) Pin (Dolly) Separation Force (MPa)

Acrylic 30 12/4
40 61/4

Epoxy 40 58/9
60 41/8

Vinyl/rosin 40 61/6
50 17/7
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Figure 6. Photos of (a) 30 wt.% acrylic-based antifouling coating, (b) 40 wt.% acrylic-based antifouling
coating, (c) 40 wt.% epoxy-based antifouling coating, (d) 60 wt.% epoxy-based antifouling coating,
(e) 40 wt.% vinyl/rosin-based antifouling coating, (g) 50 wt.% vinyl/rosin-based antifouling coating
after pull-off test.

3.8. Gloss Test

The outcomes of the gloss test for prepared resins with diverse biocide contents are
summarized in Table 8. The larger the gloss number, the more gloss the sample has. The
gloss decreased as the biocide content increased, and the paint became dull. The reason is
that the surface roughness increased with increased biocide content. As a result, when light
radiation struck the surface, the surface reflected less radiation, scattering occurred, and the
gloss decreased. In vinyl/rosin resin, due to the high oil absorption by rosin, which caused
better miscibility of the biocides with the resin, it had less roughness and more gloss.

Table 8. Gloss test results at diverse biocides content of acrylic, epoxy, and vinyl/rosin resins.

Resin Total Biocide Content (wt.%) Lux

Acrylic 30 26
40 20

Epoxy 40 42
60 40

Vinyl/rosin 40 45
50 38
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3.9. Impact Resistance Test

The photos of the samples after running the tests at each optimal content of biocides
are shown in Figure 7. Tests were carried out 3 times for each sample. In all samples,
the paint cracked after the ball was released from a height of 60 cm. In vinyl/rosin paint,
the number of cracks was smaller compared with the other prepared samples due to the
presence of rosin, and after the ball was thrown from a height of 50 cm, no cracks were
seen. Due to its oily nature, rosin could reduce the tensile stress applied to the paint at the
tip of the ball and increase the impact resistance. Epoxy and acrylic samples had lower
impact resistance.

Figure 7. Photos of (a) acrylic-based antifouling coating, (b) epoxy-based antifouling coating,
(c) vinyl/rosin-based antifouling coating after impact resistance test from different heights.

3.10. Abrasion Resistance Test

Since these tests are time-consuming, abrasion resistance tests were performed on
only three samples of antifouling paint with optimal content of biocides to control fouling,
and the results are given in Table 9 and Figure 8 shows the samples after the tests. The
mass losses of acrylic resin, epoxy resin, and vinyl/rosin resin were 0.017, 0.016, and 0.001,
respectively. As is obvious, most of the wear was seen in the acrylic sample because, in this
resin, weak longitudinal bonds between monomeric chains caused the paint to have less
resistance to abrasion and shear forces, but in epoxy and vinyl resins, bonds are established
in all directions.

Table 9. Mass loss of the samples after abrasion resistance test.

Resin
Total Biocide

Content (wt.%)
Initial Weight

(g)
Final Weight (g) Mass Loss (g)

Acrylic 30 62.847 62.83 0.017
Epoxy 60 64.196 64.18 0.016

Vinyl/rosin 50 63.301 63.30 0.001
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Figure 8. Photos of (a) acrylic-based antifouling coating, (b) epoxy-based antifouling coating,
(c) vinyl/rosin-based antifouling coating after abrasion resistance test.

3.11. Scratch Resistance Test

Table 10 reports the force applied to the samples that caused the first scratch on the
paint (g). According to the results, the lowest force required in order to create scratches was
for acrylic antifouling paint with 30 wt.% content of biocides due to their lower modulus
of elasticity. Moreover, the lower biocide content in acrylic-based paint reduced scratch
resistance, since biocides can act as fillers and increase scratch resistance in paint. Biocides
increase scratch resistance due to the hardness of resin, which has a lower elastic modulus.
The highest scratch resistance was related to the epoxy resin, in which no scratch was
seen under the weight of 3000 g because the occupation of intermolecular space between
polymer chains by more biocides caused the stress applied by the needle of the device via
hydrodynamic changes to be distributed between the polymer chains, and as a result, the
paint resisted scratching.

Table 10. Required force for the scratch resistance of the prepared paints.

Resin Total Biocide Content (wt.%) Applied Weight (g) Photo of Formed Scratch

Acrylic 30 1500

Epoxy 60 3000 No scratch

Vinyl/rosin 50 2000

3.12. Polarization TEST

Figure 9 shows the polarization curves of different antifouling paints and the primer
coating. The corrosion current density, potential, and corrosion rate of the samples are
listed in Table 11. The results of the prepared resins were compared with a sample having
only one primer coating to assess the effect of the antifouling paints. According to the
results, it can be seen that the corrosion rate decreased, and the potential went toward
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positive values. The corrosion rate of the three paints was close to each other since their
anticorrosion mechanism was the same. All three resins protected the substrate against
corrosion by providing the barrier layer with high adhesion. Since the motion of ions in
the interface between the metal and the coating depends on the amount of gravitational
force between the metal and the coating, a stronger interaction between the coating and
the metal and the presence of more gravitational forces in the interface increases the bond
strength of the interface. This reduces the movement of ions in this area. In other words, the
high adhesion of the coating to the metal surface causes the coating to act as an electrical
insulator to prevent the formation of anode–cathode microcells on the metal surface or to
minimize their formation.

Figure 9. Polarization curves of different antifouling paints and sample with primer coating in 3.5%
NaCl solution.

Table 11. Obtained data from the polarization curve of antifouling paints and primer coating.

Resin Ecorr (V) Icorr×10−6 ( A
cm2 ) Corrosion Rate ( mm

year )

Primer coating −0.83 79 3.61
Acrylic 30 wt.% −0.39 3.2 0.128
Epoxy 60 wt.% −0.27 0.082 0.013

Vinyl/rosin 50 wt.% −0.58 0.47 0.0188

3.13. Salt Spray Test

Figure 10 shows the impact of corrosion on the surface of the samples after salt spray
tests. According to Figure 10, corrosion products can be seen in all samples in the scratch
zone where the metal was exposed to a corrosive environment. The amount of corrosion
in each sample depends on the resin’s nature and the biocides’ content. With the 40 wt.%
acrylic-based antifouling coating, due to the incomplete distribution of pigments in the
paint, non-uniformity occurred in the coating, which reduced the corrosion resistance.
With the 60 wt.% acrylic-based antifouling coating, a large amount of corrosion products
were formed due to small cracks in the paint. In general, the corrosion resistance of all
the prepared paints was good. However, since they were denser than the acrylic-based
paints, the epoxy- and vinyl/rosin-based paints had better anticorrosion performance than
the acrylic ones. Furthermore, increasing the content of biocides reduced the corrosion
resistance due to the increase in surface roughness.
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Figure 10. Corrosion impact after salt spray test of sample (a) 30 wt.% acrylic-based antifouling
coating, (b) 40 wt.% acrylic-based antifouling coating, (c) 60 wt.% acrylic-based antifouling coating,
(d) 20 wt.% epoxy-based antifouling coating, (e) 40 wt.% epoxy-based antifouling coating, (f) 60 wt.%
epoxy-based antifouling coating, (g) 20 wt.% vinyl/rosin-based antifouling coating, (h) 40 wt.%
vinyl/rosin-based antifouling coating, (i) 50 wt.% vinyl/rosin-based antifouling coating.

The criterion for destroying organic coatings is swelling and lifting of the paint layer
from the scratch area. The rate of adhesion loss of the coating layer increases with time
and the penetration of corrosive agents into the coating layer. Paint layers applied to the
steel surface can protect the surface from corrosion by forming a layer. A layer of paint
on the surface containing zinc limits the activity of corrosive agents on the surface. For
example, this layer prevents oxygen and water from entering the steel surface, stopping
the cathodic reaction, which will reduce the corrosion rate. The most common failure
mechanism of epoxy coatings against corrosion involves the gradual loss of adhesion of
the coating to the steel substrate. In fact, due to the presence of scratches in the coating,
the resin cannot completely prevent corrosive agents from reaching the metal surface. The
interface resistance determines the corrosion resistance after corrosive agents reach the
metal surface. The important thing is to maintain corrosion resistance over time. In fact, it
is important to maintain adhesion over time for coatings used in corrosive environments.
However, due to environmental conditions and mechanical and chemical damage, these
coatings cannot provide complete protection over time.

In some cases, the damaged surface performs worse than a surface without coating.
Through the interfacial layer of steel and paint, water can penetrate through the scratches.
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Water molecules form new hydrogen bonds with the hydrated surface of the metal, re-
placing the resin’s bonds with the metal, reducing adhesion, and thus detaching the paint
coating. An anodic reaction at the site of the coating defect is usually accompanied by
a cathodic reaction near the coating substrate, which results in further separation of the
coating from the metal and, ultimately, more corrosion.

3.14. Investigation the Antifouling Property of Polyaniline in Paint and Its Efficacy on
Corrosion Rate

Polyaniline was added to the epoxy-based paint after it was dissolved in dimethyl-
formamide as an additive in proportions of 10, 15, 20, or 30 wt.%. Then, its effect on
electrochemical properties was evaluated via Tafel analysis and electrochemical impedance,
and its antifouling property was investigated. Epoxy-based antifouling paints containing
30 wt.% of biocide and 10, 15, 20, or 30 wt.% of polyaniline/acid were prepared and applied
to steel. Then, a polarization test was conducted in a 3.5% NaCl solution. Polarization
curves and data are shown in Figure 11 and Table 12, respectively. By comparing 4 paints
containing polyaniline with a paint without polyaniline, it can be concluded that the cor-
rosion potential was more positive, and the corrosion current density was significantly
reduced with the addition of polyaniline. The corrosion potential increased by 0.75, 0.85,
and 0.93 for paints containing 10, 15, and 20 wt.% polyaniline, respectively.

Figure 11. Polarization curves of antifouling paints at different contents of polyaniline in 3.5% NaCl
solution.

Table 12. Obtained data from the polarization curve of antifouling paints containing polyaniline.

Polyaniline
Concentration (wt.%)

Ecorr (V) Icorr×10−6 ( A
cm2 ) Corrosion Rate ( mm

year )

0 −0.73 6.3 0.24
10 0.11 0.0093 0.00035
15 0.23 0.37 0.0148
20 0.47 8.7 0.348
30 −0.07 3.1 0.11

It should be noted that metals with coatings containing polyaniline are placed in the
passive zone because a dense oxide layer is formed on the metal and polyaniline joint,
protecting the metal against corrosion. An electric field is formed in the direction opposite
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to the electron transfer between the metal surface and the conductive coating surface
(containing polyaniline), which can act as a charge transfer barrier layer to prevent the
transfer of electrons from the metal to the oxidant and thus reduce corrosion. The corrosion
potential decreased in the 30 wt.% sample, and the corrosion current density increased.
The reason for this phenomenon is that at low concentrations of polyaniline (less than
20 wt.%), the distance between the conducting particles of polyaniline is large and fewer
components are in contact, resulting in the formation of a chain of polyaniline, which can
create charge conduction paths which reduce the strength of the coating. However, the
conduction pathways are completed at higher concentrations, and adding polyaniline does
not contribute to forming new conduction pathways in the paint. Even acid mixed with
excess polyaniline may block the conduction channels in the paint.

Moreover, we observed that with an excessive increase of polyaniline, surface rough-
ness increased. Density decreased, which increased surface defects, and the corrosive
medium’s penetration rate into the paint coating was faster than the passive layer’s for-
mation rate. As a result, the passive layer was destroyed by the corrosive medium before
formation; thus, the anticorrosion effect of the coating was reduced. The impedance cri-
terion is an important parameter for investigating the corrosion resistance behavior of
polyaniline-containing coatings, which is directly related to the degree of penetration of
the corrosive medium into the coating. Figure 12 shows the electrochemical impedance
spectroscopy (EIS) results of antifouling polyaniline paints. As can be seen in Figure 12,
the high-frequency curves are circular. The low-frequency curves are straight lines, which
correspond to the Warburg region and indicate that the presence of polyaniline in the
coating had a high protective effect and corrosion occurred only at the metal/environment
interface, which was caused by the penetration of the corrosive medium into the pores [93].
Hence, the corrosion process largely depended on the mass transfer phenomenon and the
electrochemical reaction. The sample curve of 10 wt.% polyanilines is only a semicircle with
the highest impedance compared to other samples. In this sample, the process was often
controlled by an electrochemical reaction, and the conductive coating effectively prevented
the corrosive medium from penetrating the metal’s surface; this is also consistent with
the polarization diagram. As the concentration of polyaniline and the surface roughness
increased, and the density of the coating decreased, water penetrated the metal–coating
interface, and corrosion began.

Figure 12. Impedance curves of antifouling paints at different contents of polyaniline in 3.5% NaCl
solution.
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Since polyaniline is conductive, when paint containing polyaniline is applied to a layer
of insulating paint on a metal substrate, the antifouling paint layer containing polyaniline
plays the role of the anode, and the electrolysis of seawater produces Hyspochlorous acid
(HOCl). HOCl covers the surface of the paint coating and prevents the formation and
adhesion of marine organisms.

In traditional conductive coatings, which consist of the distribution of additives such
as graphite, carbon black, and metal powders in organic or inorganic resins, the additive
consumption is high, and it is unevenly distributed in the resin, so these coatings are
very expensive, and their conductivity properties are not efficient. However, developing
conductive polymers such as polyaniline, polythiophene, and pyrrole and mixing them
with an acid improves conductivity. However, among these, polyaniline has the best
miscibility with resin after mixing with acid. Therefore, a sample containing 10 wt.% of
polyaniline was placed in an algae growth system for 3 months to evaluate its antifouling
property, and Figure 13 shows photos of the samples after the test.

Figure 13. Photos of sample (a) without polyaniline, (b) containing 10 wt.% polyaniline after
3 months.

4. Environmental Challenges and Toxicity Effects of Biocides

Biocides are chemical substances that control or eliminate harmful organisms such
as bacteria, viruses, fungi, and algae. While these compounds play a vital role in safe-
guarding public health and preventing the spread of diseases, their use poses significant
environmental challenges and toxic effects. This summary will delve into two major as-
pects of these concerns: environmental impacts and the potential toxicity of biocides. The
utilization of biocides can lead to a range of environmental challenges. One major issue is
the persistence of these substances in ecosystems. Biocides, particularly those with high
chemical stability, can accumulate in the environment over time, resulting in long-term
contamination. This persistence poses risks to various organisms within the ecosystem,
including aquatic organisms, birds, and mammals. Furthermore, biocides can undergo
bioaccumulation, where they accumulate in the tissues of organisms at higher trophic
levels. This bioaccumulation can magnify toxic effects, potentially disrupting entire food
chains and ecological balances [94–96].

Another significant environmental challenge associated with biocides is the potential
for non-target effects. Biocides are designed to target specific organisms, but their applica-
tion may also affect non-target species, including beneficial insects, pollinators, and other
organisms critical to ecosystem functioning. These unintended consequences can disrupt
ecological interactions, reduce biodiversity, and impact ecosystems’ overall health and
resilience. Additionally, the release of biocides into the environment via different path-
ways, such as runoff or leaching, can result in contamination of water, soil, and air, further
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exacerbating environmental challenges. In terms of toxicity, biocides have the potential
to cause adverse effects on both human health and the environment. Some biocides are
classified as hazardous substances due to their toxic properties. These substances may pose
acute or chronic health risks to humans, ranging from skin and eye irritation to respiratory
problems and even carcinogenic effects. Moreover, exposure to biocides has been linked
to adverse effects on aquatic organisms, such as fish and amphibians, as well as on soil
organisms and beneficial microorganisms critical for soil fertility and nutrient cycling.

In conclusion, the use of biocides presents significant environmental challenges and
toxic effects. The persistence of these substances in ecosystems, potential non-target effects,
and the toxicity risks they pose to both human health and the environment underscores
the need for responsible and judicious use of biocides. Implementing appropriate risk
assessment and management strategies, exploring alternative pest control methods, and
promoting sustainable practices can help mitigate the negative impacts associated with
biocides while ensuring effective disease prevention and control.

5. Conclusions

This study investigated the critical role of biocide release rates in the efficiency of
antifouling paints. It examined the release rates of Cu2O and ZnO biocides in paints
with varying resin compositions, particle sizes, and immersion times. Acrylic resin-based
paints exhibited higher release rates due to the hydrolysis of acrylic copolymers, which
weakened bonds and facilitated biocide release. Conversely, epoxy resin-based paints had
lower release rates due to their insolubility and high crosslinking density, limiting water
penetration and biocide dissolution. Vinyl/rosin-based paints showed intermediate release
rates due to the combined hydrophobic properties of their constituent resins. Immersion
time was found to be significant, with initial high release rates followed by a steady state,
attributed to the formation of penetration barriers and biocide depletion. Biocide content
in the formulation influenced release rates, showing a linear increase until a threshold
was reached. Particle size also played a role, with smaller particles having higher release
rates, especially in epoxy and vinyl/rosin resins. Interestingly, ZnO biocides exhibited
release rates comparable to those of Cu2O despite their lower concentration. The study
emphasized the importance of maintaining optimal release rates for effective antifouling
performance, with fouling growth observed in samples with rates below recommendations.
Curing time and hardness varied among different resin types while meeting standard
requirements for physical properties.
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Abstract: Nanoscale zero-valent iron (NZVI) is a material that is extensively applied for water
pollution treatment, but its poor dispersibility, easy oxidation, and inconvenient collection limit its
application. To overcome these drawbacks and limit secondary contamination of nanomaterials, we
confine NZVI supported by reduced graphene oxide (rGO) in the scaffold of sodium alginate (SA)
gel beads (SA/NZVI-rGO). Scanning electron microscopy showed that the NZVI was uniformly
dispersed in the gel beads. Fourier transform infrared spectroscopy demonstrated that the hydrogen
bonding and conjugation between SA and rGO allowed the NZVI-rGO to be successfully embedded
in SA. Furthermore, the mechanical strength, swelling resistance, and Cr(VI) removal capacity
of SA/NZVI-rGO were enhanced by optimizing the ratio of NZVI and rGO. Interestingly, cation
exchange may drive Cr(VI) removal above 82% over a wide pH range. In the complex environment of
actual Cr(VI) wastewater, Cr(VI) removal efficiency still reached 70.25%. Pseudo-first-order kinetics
and Langmuir adsorption isotherm are preferred to explain the removal process. The mechanism
of Cr(VI) removal by SA/NZVI-rGO is dominated by reduction and adsorption. The sustainable
removal of Cr(VI) by packed columns could be well fitted by the Thomas, Adams–Bohart, and Yoon–
Nelson models, and importantly, the gel beads maintained integrity during the prolonged removal.
These results will contribute significant insights into the practical application of SA/NZVI-rGO beads
for the Cr(VI) removal in aqueous environments.

Keywords: gel bead; nanoscale zero-valent iron; reduced graphene oxide; sodium alginate; Cr(VI)
removal

1. Introduction

Water pollution caused by heavy metals is a critical issue since their detrimental effects
on the environment and living organisms. Chromium is a typical heavy metal element
commonly occurring in industrial wastewater, such as electroplating, textile printing and
dyeing, steel and leather manufacturing, and accumulating in soil and water [1]. The toxic-
ity of chromium is highly correlated with its valence, and hexavalent chromium (Cr(VI)),
which is highly toxic relative to trivalent chromium (Cr(III)), is even more hazardous [2].
Since Cr(VI) is strongly oxidizing and water-soluble, long periods of exposure to high levels
of Cr(VI) in humans may cause cancer and cellular tissue malformations [3]; therefore,
there is a necessity to remove Cr(VI) from the aqueous environment.

Nano-zero-valent iron (NZVI) has been extensively applied to remove pollutants from
groundwater, including heavy metals [4–7] and organics [7–9], because of its large specific
surface area, high reactivity [10], and the possibility of injection into aquifers [11]. However,
if NZVI is present at higher concentrations, NZVI tends to aggregate into larger particles
owing to magnetic and van der Waals forces, thus reducing the specific surface area and
mobility in water [12]. Moreover, under natural conditions, the structure and chemical
properties of NZVI change due to its high reactivity, gradually oxidizing and corroding
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with time [13]. To enhance the dispersion and stability of NZVI, loading NZVI on porous
materials is an effective approach. Currently, NZVI has been successfully loaded onto
graphene [14], silica [15], carbon nanotubes [16], activated carbon [17], bentonite [18], and
other materials. Loading NZVI onto graphene can effectively reduce particle agglomeration
and show efficient treatment efficiency for organic matter [19] and heavy metals [20].

However, the practical applications of such nanocomposites are still restricted for
reasons of economy and safety. Since most of these composites are nano-powder materials,
they are difficult to separate and collect after application in water pollution remediation.
From an economic point of view, the fact that inconvenient collection and reuse will
undoubtedly cause an increase in treatment costs. What is more difficult is that from the
perspective of environment and biomedicine, these nanomaterials that are inconvenient
to collect are likely to cause secondary pollution to the environment. It has been reported
that nano-scale materials, such as NZVI and GO are harmful to plants, animals, and even
humans [21,22]. Therefore, the development of a remediation agent that is easy to collect,
safe, and economical has become a hot topic of current research.

Alginate, a natural polysaccharide derived from seaweed, is a biodegradable, non-
toxic, and water-insoluble gel gent [23]. Alginate can be chelated with divalent cations to
form hydrogels, and alginate–calcium hydrogel/bead embedding is commonly used in
the food industry and biomedical field for purposes such as the immobilization of living
cells [24] and transportation of drugs [25]. In addition, the alginate-encapsulated NZVI
technology has been applied in water treatment technology and the encapsulation does
not affect the reactivity of NZVI. Bezbaruah et al. found that the reactivity of alginate-
encapsulated NZVI for nitrate removal was comparable to that of bare NZVI and that
entrapped NZVI could overcome the fluidity and sedimentation challenges related to bare
NZVI [26]. The encapsulation process improves the co-removal efficiency of Cu(II) and
MCB compared to Ni/Fe nanoparticles alone, and the gel beads can be reused multiple
times with little effect on the removal efficiency, indicating the positive effect of encapsula-
tion on degradation and reduction as well as improved economics [27]. However, alginate
gels inevitably swell under certain conditions, which reduces their mechanical properties
and limits the use of hydrogels [28]. It has been shown that the mechanical properties of
sodium alginate (SA) beads can be improved by encapsulating graphene oxide (GO) in
SA beads and then reducing them to form a reduced graphene oxide/sodium alginate
(rGO/SA) bead [29]. Hence, the formation of gel beads by coating NZVI and rGO with
sodium alginate not only avoids the disadvantages of nano-powder materials but also
sufficiently utilizes the advantage that carbon materials can overcome the poor mechanical
properties of sodium alginate.

Considering that rGO can not only improve the dispersibility and lifetime of NZVI
but also enhance the mechanical strength of sodium alginate. Therefore, in this study, pre-
synthesized NZVI supported by rGO (NZVI-rGO) was mixed with SA, and then the mixture
was pumped into calcium chloride (CaCl2) solution to form the final product SA/NZVI-rGO
gel beads. We demonstrate that SA/NZVI-rGO gel beads improve durability, mechanical
strength, and NZVI dispersibility. Further, the ratio of NZVI-rGO was optimized to boost
the anti-swelling and mechanical strength of SA/NZVI-rGO gel beads. Considering Cr(VI)
as the target pollutant, the effects of bead composition, dose ratio of NZVI and rGO, pH,
initial concentration of Cr(VI), and solid–liquid ratio on the removal effect were discussed.
The kinetics, adsorption isotherms, and possible removal mechanisms of Cr(VI) removal by
SA/NZVI-rGO gel beads were investigated. Finally, the performance of the gel beads under
continuous removal was investigated by fixed-bed column experiments and simulated
using three different models at different flow rates, concentrations, and column heights.

2. Materials and Methods

2.1. Materials

Sodium alginate (SA) and potassium dichromate (K2Cr2O7) were obtained from Tian-
jin Fuchen Chemical Reagent Co. Ltd., Tianjin, China. Sodium borohydride (NaBH4),
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diphenyl carbamide, anhydrous calcium chloride (CaCl2), and ferrous sulfate heptahy-
drate (FeSO4·7H2O) were bought from the Sinopharm Group Chemical Reagent Co. Ltd.,
Shanghai, China. Graphene oxide powder was received from Suzhou Hengqiu Technology
Co. Ltd., Suzhou, China. None of the chemicals involved in the experiment were further
purified. All solutions were made using deionized water.

2.2. Procedures for SA/NZVI-rGO Beads Synthesis

To load NZVI onto rGO (Scheme 1a), GO (5 mg/mL) dissolved in water was pulverized
by an ultrasonic cell pulverizer (Biosafer, 900-92, Biosafer Co., Nanjing, China) for 10 min,
and then sonicated for 1 h in a water bath. Then, the GO suspension mixed with a solution
of FeSO4·7H2O (2.482 g/ 20 mL) was transferred to a three-necked flask, and NaBH4
solution (2.5133 g/ 50 mL) was then dripped into the three-necked flask using a peristaltic
pump at a rate of 1.5 mL/min. The mixture was constantly stirred and introduced with
nitrogen gas. With the intense reductivity of NaBH4, Fe2+ and GO were reduced to NZVI-
rGO. The final synthesized material was filtered through a 0.45 μm filter membrane and
freeze-dried for 24 h. The NZVI-rGO at a ratio of NZVI: rGO = 1:1 was made. Considering
the influence of different dosing ratios of NZVI and rGO on the final product, NZVI-rGO
were also produced in ratios of 2:1, 3:1, and 5:1. The composite materials were named as
xNZVI-rGO (1NZVI-rGO, 2NZVI-rGO, 3NZVI-rGO, and 5NZVI-rGO), where the x was
the ratio of NZVI and rGO.

Scheme 1. Preparation process of the (a) NZVI-rGO, (b) SA/NZVI-rGO gel beads, and (c) SA
gel beads.

Next, to encapsulate the NZVI-rGO in SA (Scheme 1b), 3 g of SA was dispersed
in 50 mL of purified water and stirred for 3 h, and then left to defoam. NZVI-rGO
(0.8 g/40 mL) dissolved in purified water was treated with an ultrasonic cell crusher
for 10 min. The mixed SA and NZVI-rGO solutions were subsequently stirred under
nitrogen for 1 h and then left to defoam. To obtain SA/NZVI-rGO gel beads, the mixed
SA and NZVI-rGO were slowly dropped into CaCl2 solution (500 mL 10 mg/mL) using a
peristaltic pump (Scheme 1c). SA/NZVI-rGO gel beads rinsed repeatedly with purified
water were freeze-dried. The beads were washed several times with deionized water
and then freeze-dried. Unless otherwise stated, SA/NZVI-rGO beads below refer to
SA/2NZVI-rGO beads.

To compare the performance of different gel beads, SA, SA mixed NZVI, and SA mixed
rGO solutions were, respectively, dropped into 500 mL of 10 mg/mL CaCl2 solution with
mechanical stirring to obtain SA gel beads, SA/NZVI gel beads, and SA/rGO gel beads.

To fit the mechanical test apparatus, SA/xNZVI-rGO mixture was poured into PTFE molds
and injected with CaCl2 to gelate for 48 h to make rectangles (10 mm × 10 mm × 15 mm).
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2.3. Characterization and Analysis Methods

Scanning electron microscopy (SEM, JSM-7900 F, JEOL Ltd., Tokyo, Japan) and Fourier
transform infrared spectroscopy (FTIR, IRAffinity-1S, Shimadzu, Tokyo, Japan) were ap-
plied to observe the surface morphology and analyze the functional groups. An X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher, Warrington, UK) was
applied to determine elemental composition and valence state of gel beads. The zeta
potential of products is measured with zeta potential analyzer (90 Plus, Brookhaven, NY,
USA) at 25 °C. The concentration of Cr(VI) was quantified by UV-Vis spectrophotometer
(2802S UV/VIS, Shanghai Unicosh Instruments Co., Shanghai, China). The compressive
strength was tested using an electronic universal testing machine (CMT6103, MTS, Akron,
OH, USA) with a compression rate of 0.5 mm min−1. The swelling ratio (SR%) and water
content (WC%) are illustrated in Text S1.

2.4. Batch Experiments and Column Experiments

The Cr(VI) removal batch experiments were conducted by different gel beads (gel
beads prepared by coating different components with SA as well as SA/NZVI-rGO beads
by NZVI and rGO in different dosing ratios) to compare the removal effect and further
optimize the SA/NZVI-rGO gel beads. The removal of Cr(VI) (100 mL) by beads at
differing conditions was compared by batch experiments. The removal experiments were
all performed using a water bath thermostatic oscillator at 150 rad/min. Aliquots were
obtained at specified intervals and filtered with a 0.22 μm filter membrane. The effects of
pHs (from 3 to 11), initial Cr(VI) concentrations (from 10 to 400 mg/L), and solid-to-liquid
ratios (from 0.5 to 5 mg/mL) on Cr(VI) removal were considered separately. The calculation
of removal capacity and removal efficiency is shown in Text S2.

The practical applicability of SA/NZVI-rGO gel beads was verified by treating real
Cr(VI)-containing wastewater, which was taken from a chemical factory in Beijing, China.
The composition of the actual Cr(VI)-containing wastewater is shown in Table S2. Cation
and anion contents were detected using inductively coupled plasma mass spectrometry
(ICP-MS 7800, Agilent, Beijing, China) and ion chromatography (ICS-1100, Thermo Dionex,
Warrington, UK), respectively.

Column experiments were conducted in Plexiglas columns (2 cm inner diameter × 14 cm
height), which were tightly packed with SA/NZVI-rGO beads in the middle and packed with
2 cm thick glass beads at the top and bottom to ensure uniform water inflow and to prevent
leakage of SA/NZVI-rGO beads from the bottom of the column, with the effluent flowing
through the column in an upward direction. The effluent was obtained from the sampling
port at regular intervals and sample collection was stopped when effluent concentration
was almost equivalent to influent concentration. The effects of different flow rates (0.7, 2,
4 mL/min), bed heights (4.5, 6.5, 8.5 cm), and influent concentrations of Cr(VI) (10, 30,
40 mg/L) at a temperature of 25 ◦C and pH 3 of the Cr(VI) solution were considered. The
breakthrough curve was obtained by plotting Ct/C0 versus time.

3. Results and Discussion

3.1. Characterization of SA/NZVI-rGO Beads

The digital photographs of SA/NZVI beads, SA/NZVI-rGO beads, SA beads, and
freeze-dried SA/NZVI-rGO beads, respectively, were shown in Figures 1 and S1. All the
beads showed a sphere-like shape with a diameter of about 3 mm and the color ranged
from transparent (SA beads) to black (SA/NZVI beads and SA/NZVI-rGO beads). The
encapsulated structure facilitates an easy separation of the gel beads from the treated
wastewater. A certain mass of SA/NZVI-rGO beads was freeze-dried and then weighed,
and the water content was 96.61%, as calculated by Equation (S2). In addition, SA/NZVI
beads’ color turned from black to brownish red due to the rapid oxidation of the highly
reactive NZVI in a short period (Figure 1a,c). However, SA/NZVI-rGO beads did not
change their color after 22 h of Cr(VI) removal (Figure 1d), and the color of the SA/NZVI-
rGO beads remained unchanged after 226 days of sealed storage (Figure S1b), which
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indicates that the mere SA coating of NZVI did not reduce the oxidation rate of NZVI,
but the pre-loading of NZVI on rGO can reduce the oxidation rate of SA/NZVI-rGO
beads, which is beneficial for preservation in practical applications. And previous studies
have also shown that NZVI can be coupled with carbon materials to build galvanic cells,
which could expedite the electron release of NZVI and prevent the formation of oxidation
films [30,31].

 
Figure 1. Photographs of just-prepared (a) SA/NZVI beads and (b) SA/NZVI-rGO beads, of (c) SA/NZVI
beads exposed to oxygen for 2 h, of (d) SA/NZVI-rGO beads after removal of Cr(VI) for 22 h.

The SEM images in Figure 2 and Figure S2 show the morphology and structure of
NZVI, NZVI-rGO, and SA/NZVI-rGO. Figure S2 reveals that massive amounts of NZVI
particles are tightly connected to form large chain-like aggregates with poor dispersion.
Figure 2a reveals the NZVI particles loaded on rGO nanosheets with folded lamellar
structures are well dispersed. Our previous studies have demonstrated that well-dispersed
NZVI could improve antioxidant properties [32]. These observations imply that NZVI
with enhanced dispersion by rGO will contribute to increased reactive sites for the removal
of contaminants. Figure 2b shows that SA/NZVI-rGO beads have a continuous three-
dimensional staggered fibrous structure, and NZVI is well dispersed in beads, which
indicates that SA/NZVI-rGO beads are more abundant in folds and channels than NZVI-
rGO and greatly enhance the adsorption capacity of heavy metal contaminants.

 

Figure 2. SEM of (a) NZVI-rGO and (b) SA/ NZVI-rGO beads.
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FTIR spectra of SA beads, NZVI-rGO powder, and SA/ NZVI-rGO beads before and
after Cr(VI) removal are compared in Figure 3. For SA beads, the wide band around
3400 cm−1 represented the telescoping vibrations of O-H, C-H at 2922 cm−1, O=C-O at
1430 cm−1, C=O at 1625 cm−1, and O-H at 1029 cm−1 represent the typical structure of
alginate [33]. In NZVI-rGO, there is also a strong and wide peak near 3400 cm−1 associated
with the telescoping vibration of the O-H group, with representative absorption peaks at
1648, 1398, 1128, and 1029 cm−1 ascribed to the deformation vibration peak of aromatic
C=C, carboxy O=C-O, epoxy C-O, and hydroxyl O-H, respectively [34–36]. The weak peak
at 692 cm−1 may be the Fe-O telescoping vibration belonging to Fe3O4 nanoparticles [37],
which is consistent with the XPS results. Additionally, the spectra of NZVI-rGO and
SA/NZVI-rGO remain almost identical, which indicates that SA successfully encapsulates
NZVI-rGO. Specifically, the O=C-O of the SA/NZVI-rGO spectrum shifted significantly
from 1398 cm−1 to 1428 cm−1 compared with the NZVI-rGO spectrum, indicating that
some interfacial hydrogen bonds were formed between rGO and SA, which could cause
a tight adhesion between the SA and rGO surfaces [38]. Meanwhile, the carbon atoms in
rGO are bonded with sp2 hybrid orbitals, and the remaining electrons in the p orbitals
can form delocalized π bonds. The O-H on the SA can contribute electrons to the free-
moving π-electrons, thereby enhancing the π-electron cloud densities of the conjugated
systems, which in turn promotes the tight adhesion of rGO on the SA [39]. These results
indicate that NZVI-rGO can be uniformly and stably embedded in SA. The FTIR spectra of
SA/NZVI-rGO before and after the removal of Cr(VI) (Figure 3) were utilized to identify
the functional groups participating in the Cr(VI) removal. After Cr(VI) removal, a broad
peak of O-H at 3400 cm−1 was observed to be narrowed, suggesting that O-H participated
in the removal of Cr(VI). Also, an enhancement of the vibrational peaks of carboxyl groups
at 1428 cm−1 (O=C-O) and 1618 cm−1 (C=O) was noted, which is congruous with prior
studies that hydroxyl groups could serve as an electron donator to reduce Cr(VI) by being
oxidized to carboxyl groups [40,41].

 
Figure 3. FTIR spectrums of SA, NZVI-rGO, and SA/NZVI-rGO before and after Cr(VI) removal.

XPS spectra identified the elemental formation and chemical valence of the SA/NZVI-
rGO beads before and after the removal of Cr(VI). Previous research has demonstrated
NZVI has a kernel-shell system with an Fe(0) kernel and an iron oxide shell [42]. As
shown in the Fe 2p spectra of SA/NZVI-rGO beads (Figure 4b), Fe2O3 at 711.95 eV (Fe
2p3/2) and 725.52 eV (Fe 2p1/2), Fe3O4 at 710.31 eV (Fe 2p3/2) and 723.11 eV (Fe 2p1/2),
and Fe(0) at 705.79 eV (Fe 2p3/2), which proves the successful loading of NZVI particles
on rGO nanosheets [43]. In Figure 4b, after Cr(VI) removal, the peak area of Fe(III) was
elevated by 21.86% and that of Fe(II) was lessened by 2.22%, and Fe(0) disappeared, which
confirmed that oxidative conversion of Fe(0) and Fe(II) to Fe(III) during Cr(VI) reduction
by SA/NZVI-rGO gel beads. From the O1s spectrum (Figure 4c), the peaks observed
at 531.06 eV, 529.51 eV, and 529.43 eV are attributed to O-H, O=C/O=C-O, and Fe-O,
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separately [44]. The mol ratio of Fe-O went up from 15.49% to 19.75% after the removal of
Cr(VI), further demonstrating that the Fe(0) that provided electrons to Cr(VI) was being
oxidized. Additionally, the mol ratio of O-H lessened from 66.43% to 52.84% and the molar
ratio of O=C/O=C-O increased from 20.07% to 27.41%, which indicates that the hydroxyl
groups donated electrons and were oxidized to carboxyl groups for the process of reducing
Cr(VI) [45,46], which is consistent with the FTIR results. Cr 2p binding energy peak of
Cr atoms was observed at 578.08 eV for the SA/NZVI-rGO beads after the removal in
Figure 4a, and as shown in the Cr 2p split-peak spectrum (Figure 4d), Cr(III) corresponded
at 576.03 eV (Cr 2p3/2) and 585.39 eV (Cr 2p1/2), while Cr(VI) at 578.43 eV (Cr 2p3/2)
and 587.79 eV (Cr 2p1/2), indicating that both Cr(VI) and Cr(III) being reduced were
adsorbed on gel beads. The results show that Cr(III) accounts for 85.69% of the total Cr on
SA/NZVI-rGO, which means that the reduction is the primary cause for Cr(VI) removal.
We further found that the intensity of the Ca 2p peak decreased (Figure S3), which implies
that part of the Cr(III) ions possibly displaces Ca2+ to form carboxylated metal complexes
within the gel beads instead of releasing them directly into the aqueous solution, which is
consistent with the previous findings [47].

Figure 4. (a) Wide XPS spectrums, (b) Fe 2p and (c) O 1s XPS spectrums of SA/NZVI-rGO beads
before and after Cr(VI) removal, and (d) Cr 2p XPS spectra of SA/NZVI-rGO beads after removal.

The zeta potential is applied to analyze the electrostatic characteristics of the material.
To further explore the removal mechanism, Figure 5a demonstrates the zeta potential of
SA/NZVI-rGO at different pHs. It is observed that SA/NZVI-rGO is positively charged
at a low pH and has a strong negative charge when the pH was higher. At a low pH,
Cr(VI) exists primarily as HCrO4

− [43], and as the pH < zero point charge (pHzpc), the
surface of SA/NZVI-rGO is electropositive because of the carboxylate protonation, thus
benefiting SA/NZVI-rGO in an acidic environment for Cr(VI) retention. However, when the
pH > pHzpc, the gel beads are electronegative on account of the deprotonation of functional
groups, which causes an electrostatic repulsion against the negatively charged Cr2O4

2−,
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thereby being unfavorable to the adsorption. These prove that electrostatic interactions
have a major role in Cr(VI) adsorption on SA/NZVI-rGO.

 

Figure 5. (a) Zeta potential of SA/NZVI-rGO gel under different pH. (b) Zeta potential of SA gel,
NZVI powder, NZVI-rGO powder, SA/NZVI gel, and SA/ NZVI-rGO gel at pH = 7.

To investigate the effect of the surface charge on the stability of gels, Figure 5b shows
the zeta potential values of SA gel, NZVI powder, NZVI-rGO powder, SA/NZVI gel,
and SA/ NZVI-rGO gel. The zeta potential of SA gel is −0.16 mV, the NZVI powder is
1 mV, and the NZVI-rGO powder is −15.90 mV; therefore, the NZVI-rGO powder contains
more charge than the first two. And SA/ NZVI-rGO gel has a higher zeta potential value
than SA/NZVI gel, probably because the stronger electrostatic repulsion between SA and
NZVI-rGO makes the gel enhanced and forms a more stable gel [29].

3.2. Swelling and Mechanical Properties

For the mechanical tests, all the gels were made into rectangles, as shown in Figure S4.
The picture of the gel before, during, and after compression show that the gel is elastic. The
stress–strain curves and Young’s modulus of gels with different rGO contents are shown in
Figure 6a and Figure 6b, respectively. For SA/NZVI-rGO gels, no yielding was exhibited
in any of the stress–strain curves, indicating neither fracture strain nor fracture strength
is generated during compression [48]. The gels with a higher rGO content exhibited a
higher Young’s modulus, indicating better compressive properties. For SA/NZVI gels
without rGO addition, yielding occurred at a strain of 19.05% (Figure 6a), when the stress
was 10 KPa, indicating that the addition of rGO and the higher rGO content resulted in
better mechanical properties of the gels. Other studies have also found improved me-
chanical properties after adding rGO to alginate-based gels [29,49]. In Figure 6c, different
gel beads were immersed in deionized water at different pHs, and the experimental pro-
cedure revealed that the SA/5NZVI-rGO gel beads in deionized water at pH = 13 were
the first to dissolve and break compared to other pHs. At the same pH, the lower the
rGO content, the higher the swelling ratio, which is consistent with the change in the
decrease in the mechanical strength, further demonstrating that the swelling behavior
decreases the mechanical strength. The reason for this phenomenon may be that rGO
nanosheets dispersed uniformly in SA can restrict the movement of alginate chains [50].
Meanwhile, FTIR demonstrated that the interfacial hydrogen bonding and conjugated
electron interaction between rGO and SA could enhance the compact structure within
the gel beads, thus hindering and weakening the diffusion of water molecules within
the gel beads. Thus, SA/NZVI-rGO gel beads, which improve the mechanical strength
by adding the appropriate amount of rGO and maintain excellent anti-swelling proper-
ties in a broad pH range, are ideal for practical applications in the treatment of Cr(VI)
contaminated wastewater.
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Figure 6. (a) Compressive stress–strain curves and (b) Young’s modulus of gels with different rGO
contents and (c) swelling ratio of SA/xNZVI-rGO gels at different pH.

3.3. Bath Experiments
3.3.1. Effect of Different Bead Components

The prepared SA/NZVI-rGO gel beads showed a strong performance in removing
Cr(VI), which is shown in Figure 7a. Cr(VI) at an initial concentration of 10 mg/L was
removed with 0.5 g of SA/NZVI-rGO gel beads. The Cr(VI) removal reached equilibrium at
the 80th minute, in which 98% of Cr(VI) was removed. To compare the contribution of the
three components (SA, NZVI, and rGO) within the beads to the Cr(VI) removal, SA beads,
SA/NZVI beads, and SA/rGO beads were made, respectively. As shown in Figure 7a, SA
beads removed only about 1% of Cr(VI), SA/rGO beads improved the removal efficiency
by about 14% over SA beads, whereas SA/NZVI beads improved the removal of Cr(VI)
by about 95% over SA beads and by about 81% over SA/rGO beads. The SA/NZVI
beads showed a relatively lower removal efficiency but a relatively higher removal rate
than the SA/NZVI-rGO beads. In the gel beads, the NZVI acts as the active component
to reduce Cr(VI) to Cr(III), and its high reactivity leads to a quicker and larger removal
of Cr(VI). Nevertheless, compared to SA/NZVI-rGO gel beads, SA/NZVI gel beads are
more prone to oxidation and show poor mechanical properties, which would limit the
practical application of SA/NZVI beads. Therefore, we chose a SA/NZVI-rGO gel bead
with oxidation resistance, enhanced mechanical properties, and effective Cr(VI) removal as
the remediation agent.

 
Figure 7. The effects of (a) different beads components and (b) different dosing ratios of NZVI and
rGO on the Cr(VI) removal (initial concentration 10 mg/L, pH 3, dosage 0.5 g, 298 K).
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3.3.2. Effect of Different Dosing Ratios of NZVI and rGO

NZVI, which has strong reducibility, is the active ingredient in the reduction of Cr(VI)
to Cr(III), and rGO is the component that can improve the mechanical properties of beads.
To consider the influence of the dose ratio of NZVI and rGO on the removal capacity,
0.5 g SA/xNZVI-rGO gel beads were used to remove the Cr(VI) solution (100 mL,
10 mg/L). The removal capacity of the SA/NZVI-rGO beads for Cr(VI) increased with
the dosage ratio of NZVI and rGO increasing (Figure 7b). The removal capacity of
SA/2NZVI-rGO beads for Cr(VI) (2.07 mg/g) was almost twice that of SA/1NZVI-rGO
beads (1.24 mg/g), which may be accounted for the more available active sites. However,
as the dosing ratios of NZVI and rGO were further increased, SA/3NZVI-rGO beads and
SA/5NZVI-rGO beads no longer showed a significant increase in the Cr(VI) removal capac-
ity compared with SA/2NZVI-rGO beads, and the reaction rates of the three beads were
similar in the early stage of Cr(VI) removal. The cause may be that the excess NZVI particles
are severely agglomerated during the loading of rGO, thereby reducing the active sites,
resulting in a no longer evident improvement in the removal capacity of Cr(VI) [51]. Also,
considering the effect of rGO dosage on the mechanical properties and swelling ratio of the
gel beads, SA/2NZVI-rGO was finally selected as the gel beads used in the subsequent
experiments. The SA/2NZVI-rGO gel beads were used for reusability experiments, details
and results are available in Text S3.

3.3.3. Effect of Initial Solution pH

The different initial pH of solution also influences the Cr(VI) removal. As demon-
strated in Figure 8a, with an initial pH of 3, the removal efficiency of Cr(VI) at the 80th
minute could reach over 98%. As the pH increases to 5 and 7, the removal of Cr(VI)
dropped to 91.74% and 89.67%, separately. When the solution was alkaline, the removal
efficiency of Cr(VI) further dropped to 88.41% (pH 9) and 82.09% (pH 11). The decrease
in the Cr(VI) removal efficiency with an increasing pH is mainly related to the charge on
the gel beads and the species of Cr(VI) ions. On the one hand, SA/NZVI-rGO gel beads
are susceptible to protonation in acidic solutions and have a strong electrostatic attraction
to Cr(VI) anions. This can be confirmed by zeta potential of SA/NZVI-rGO gel beads at
a different pH (Figure 5a). On the other hand, a different pH affects the Cr(VI) species,
which influence the adsorption. The Cr(VI) species at different pH values were analyzed
using Visual MINTEQ software (Figure 8b). At a low pH range, Cr(VI) was primarily in
the form of HCrO4

− and when the pH increases it mainly appears as CrO4
2−. And the

reduction of Cr(VI) to Cr(III) is dependent on H+ ions in solution, as shown in Equations
(1) and (2). HCrO4

− has less sorption-free energy compared to CrO4
2−, which facilitates

the adsorption [52,53].

HCrO−
4 + 7H+ + 3e− → Cr3+ + 4H2O (1)

CrO2−
4 + 8H+ + 3e− → Cr3+ + 4H2O (2)

However, the removal of Cr(VI) in the present study was almost pH-independent
(even at pH = 11, Cr(VI) removal reached over 80%), which may be explained by the synergy
of adsorption and reduction. Specifically, the reduction of Cr(VI) to Cr(III) is accompanied
by the consumption of protons; however, it is noteworthy that with the increase in Cr(III),
the cation exchange between Cr(III) and Ca(II) occurs on the three-dimensional structure of
alginate, which is presented in the XPS results (Figure S3), and Ca(II) is re-released into
environment, resulting in a localized pH decrease (hydrolysis process), which would again
facilitate the adsorption and reduction. The minimum removal efficiency of SA/NZVI-rGO
gel beads for Cr(VI) at a broad pH range was compared with other NZVI-based materials,
and the results are presented in Table S1. The results show that the SA/NZVI-rGO gel
beads can remove Cr(VI) efficiently in a broad pH range.
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Figure 8. The effects of (a) different pH (initial concentration 10 mg/L, dosage 0.5 g, 298 K),
(c) different initial concentrations (dosage 0.5 g, pH 3, 298 K), and (d) different solid-to-liquid
ratios (initial concentration 10 mg/L, pH 3, 298 K) on the Cr(VI) removal. And (b) species distribution
of Cr(VI) at different pHs.

3.3.4. Effect of Initial Cr(VI) Concentration

Figure 8c shows the removal capacity and removal efficiency of Cr(VI) by SA/NZVI-
rGO beads under different initial concentrations (10 mg/L–400 mg/L). The removal capac-
ity of the SA/NZVI-rGO beads exhibited an increasing tendency with an increasing initial
concentration, and the removal capacity of SA/NZVI-rGO beads reached a maximum of
55.42 mg/g at the initial concentration of Cr(VI) of 400 mg/L. When the removal reached
equilibrium, the removal efficiency of Cr(VI) reached about 99% (at the initial concentration
of 10 mg/L–100 mg/L), but as the initial concentration was further increased, the removal
efficiency of Cr(VI) showed a decreasing trend, and the removal efficiency dropped to 70%
at the initial concentration of 400 mg/L. When the concentration of Cr(VI) is high, a Fe-Cr
hydroxide layer forms on gel beads to surround NZVI, thus preventing the reduction of
Cr(VI) by electron transfer from NZVI [54].

3.3.5. Effect of Solid-to-Liquid Ratio

The solid-to-liquid ratio between gel beads and Cr(VI) waste solution is also a key
factor affecting the removal of Cr(VI). The Cr(VI) (100 mL) removal increased continuously
(from 45% to 98%) with an increasing solid-to-liquid ratio (from 0.5 mg/mL to 5 mg/mL),
while the removal capacity showed the opposite trend, decreasing from 9.57 mg/g to
2.07 mg/g, as shown in Figure 8d. It is attributed to a large amount of Cr(VI) competing for
the available sites of gel beads at low dosing levels, resulting in a low removal efficiency but
high removal capacity. As the dosage of SA/NZVI-rGO beads was appropriately increasing
(from 0.5 mg/mL to 3 mg/mL), the increase in the Cr(VI) removal efficiency showed a
rapid upward trend; however, as the dosage of gel beads was further increased (from
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3 mg/mL to 5 mg/mL), the removal efficiency of Cr(VI) no longer increased significantly.
The reason for this is that the higher the solid–liquid ratio, the more overlapping active
sites there are [55].

3.3.6. Cr(VI) Removal from Real Wastewater

The performance of the SA/NZVI-rGO gel beads for Cr(VI) removal from real wastew-
ater was investigated. As shown in Figure 9, under the same operating conditions, when
the removal reached equilibrium, the removal efficiency of the simulated Cr(VI)-containing
wastewater reached 91.5%, while the removal efficiency of Cr(VI) in the actual wastewater
reached 70.25%. As shown in Table S2, the coexisting ions in real wastewater are usually
quite complex. After the removal experiments, Ca2+ and Na+ in the wastewater increased
due to the ion exchange of SA/NZVI-rGO gel beads, and most of the remaining anion
and cation concentrations decreased. This proves that substantial coexisting anions and
cations in the actual Cr(VI)-containing wastewater will vie with Cr(VI) ions for available
sorption sites, leading to a decreased Cr(VI) removal. However, despite the complexity of
the actual wastewater environment, the SA/NZVI-rGO beads still showed a nice Cr(VI)
removal efficiency.

 
Figure 9. The removal effect of SA/NZVI-rGO beads on real and simulated wastewater with equal
Cr(VI) concentration (initial concentration 13.75 mg/L, 100 mL, pH 5.58, dosage 0.4 g, 298 K).

3.4. Kinetics Study of the Reaction

Based on the above results, the Cr(VI) removal by the SA/NZVI-rGO gel beads
involves both adsorption and reduction. The adsorption kinetics models and reduction
kinetics models were fitted to the experimental data for clarifying detailed kinetics of Cr(VI)
removal.

3.4.1. Adsorption Kinetics

Pseudo-first-order adsorption kinetics model and pseudo-second-order adsorption
kinetics model are usually fitted for adsorption kinetics [56]. The pseudo-first-order ad-
sorption kinetics equation and pseudo-second-order adsorption kinetics equation are
below, respectively:

Qt = Qe(1 − e−k1t) (3)

Qt =
k2Q2

e t
1 + k2Qet

(4)

where Qe is the adsorption amount at equilibrium (mg/g); Qt is the adsorption amount at
time t (mg/g); k1 is the rate constant of the pseudo-first-order adsorption kinetics model; k2
is the rate constant of the pseudo-second-order adsorption kinetics model.

According to the experimental data of Cr(VI) removal by the SA/xNZVI-rGO beads,
the fitting results of the adsorption kinetics are presented in Table 1. As a result, correlation
coefficients (R2) of pseudo-first-order adsorption kinetics are larger than that of pseudo-
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second-order adsorption kinetics, and the fitted Qe is closer to the measured qe, indicating
that the Cr(VI) adsorption by SA/NZVI-rGO gel beads is more consistent with the pseudo-
first-order adsorption kinetics, which demonstrates that physical sorption is the main rate
control step in adsorption process of SA/NZVI-rGO gel beads [57].

Table 1. Pseudo-first-order/pseudo-second-order adsorption kinetics parameters for Cr(VI) adsorption.

Parameter SA/1NZVI-rGO SA/2NZVI-rGO SA/3NZVI-rGO SA/5NZVI-rGO

qe 1.243 2.073 2.103 2.219

pseudo-first-order
k1 (min−1) 0.012 0.066 0.056 0.080

Qe (mg g−1) 1.299 2.057 2.110 2.188
R2 0.986 0.994 0.998 0.988

pseudo-second-order
k2 (g−1mg−1min−1) 0.007 0.043 0.034 0.051

Qe (mg g−1) 1.692 2.23 2.31 2.348
R2 0.981 0.984 0.965 0.987

3.4.2. Reduction Kinetics

According to the experiments on the Cr(VI) removal by the SA/xNZVI-rGO beads, us-
ing the pseudo-first-order reduction kinetics model and the pseudo-second-order reduction
kinetics model to fit the above experimental data [58]. The models of pseudo-first-order
reduction kinetics and pseudo-second-order reduction kinetics can be described below:

ln
Ct

C0
= −kobs1t (5)

ln
(

1
Ct

− 1
C0

)
= kobs2t (6)

where C0 is the initial contaminant concentration (mg/L); Ct is the contaminant concen-
tration at time t (mg/L); kobs1 is the pseudo-first-order rate constant (min−1); kobs2 is the
pseudo-second-order rate constant (L/mg/min).

The pseudo-first-order/pseudo-second-order reduction kinetics parameters are listed
in Table 2. The R2 of the pseudo-first-order kinetics fits ranged from 0.937 to 0.992; however,
the R2 of pseudo-second-order kinetics fits were all less than 0.9, indicating that the Cr(VI)
reduction by SA/NZVI-rGO gel beads is consistent with the pseudo-first-order reduction
kinetics. It is in agreement with the statement that the pseudo-first-order kinetics model
can correctly characterize the kinetics of NZVI particles and modified NZVI [59,60]. Addi-
tionally, when the ratio of NZVI to rGO was increased to 2:1, an abrupt increase in kobs1 was
observed, indicating that SA/2NZVI-rGO has fast reduction kinetics. A comparison of k1
for the pseudo-first-order adsorption kinetics (Table 1) and kobs1 for the pseudo-first-order
reduction kinetics (Table 2) revealed that adsorption served as the velocity-limiting step
since the reduction process is far faster than that of adsorption [58].

Table 2. Pseudo-first-order/pseudo-second-order reduction kinetics parameters for Cr(VI) reduction.

Pseudo-First-Order Pseudo-Second-Order

kobs1 (10−2min−1) R2 kobs2 (10−2 L/mg/min) R2

SA/1NZVI-rGO 0.385 0.937 0.979 0.773
SA/2NZVI-rGO 5.829 0.992 1.531 0.615
SA/3NZVI-rGO 4.351 0.969 0.985 0.490
SA/5NZVI-rGO 6.792 0.984 1.341 0.575

3.5. Adsorption Isotherm Analysis

Further analysis of the adsorption mechanism was based on different initial concen-
tration experiments. The experimental data were fitted using the Langmuir adsorption
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isotherm model and the Freundlich adsorption isotherm model. The Langmuir isotherm
model hypothesizes that adsorption takes place on a monolayer where all adsorption sites
are of equal energy, and the adsorption capacity is dependent on the number of adsorption
sites on the adsorbent [61]. The linear form of Langmuir model could be written as follows:

Ce

Qe
=

1
kLQm

+
Ce

Qm
(7)

where Ce (mg/L) and Qe (mg/g) are the equilibrium concentration and equilibrium adsorp-
tion amount of Cr(VI) after removal; kL (L/mg) is a constant correlated with the adsorption
energy; Qm (mg/g) is theoretical maximum adsorption amount.

Langmuir separation factor (RL) can reflect basic features of Langmuir isotherm, and
RL determines whether the adsorption process is advantageous or not, and the equation is
as follows:

RL =
1

1 + kLC0
(8)

where C0 is initial concentration of adsorbent.
Freundlich isotherm model is empirical. It assumes that adsorbent has a non-homogeneous

sorption surface with different binding forces at each adsorption site, and is multilayer
adsorption [62]. The linear equation for the Langmuir model is represented below:

ln Qe = ln kF +
ln Ce

n
(9)

where kF is a constant relevant to the capacity of the adsorbent; n is a constant that responds
to the sorption strength of the adsorbent.

The fitted isothermal adsorption parameters from the experimental data of different
initial concentrations are shown in Table 3. The relevant coefficient of the Langmuir
isothermal model (R2 = 0.968) is larger than that of the Freundlich isothermal model
(R2 = 0.924), so the Langmuir isothermal adsorption model provides a more favorable
fitting of the measured data. The RL was between 0 and 1 for this experiment, indicating
that adsorption is easy to perform [63]. Furthermore, the maximum theorized capacity for
Cr(VI) removal by SA/NZVI-rGO gel beads using the Langmuir isothermal adsorption
model is 53.42 mg/g, which is approaching the measured maximum sorption capacity
(55.42 mg/g). The removal capacity of SA/NZVI-rGO gel beads for Cr(VI) was contrasted
with that of other NZVI-based materials, and the results are shown in Table S3. It can be
observed that the SA/NZVI-rGO gel beads have a comparable removal capacity. Although
this capacity does not remarkably increase to other published NZVI-based materials, the
amount of NZVI used in this study is relatively low (per gram of SA/NZVI-rGO beads
contains only 0.14 g NZVI).

Table 3. Langmuir and Freundlich isotherms parameters of Cr(VI) removal by SA/NZVI-rGO
gel beads.

Langmuir Model Freundlich Model

kL Qm R2 RL kF n R2

0.111 53.42 0.968 0.474–0.022 6.932 2.238 0.924

3.6. Removal Mechanism

Reasonable removal mechanisms, including reduction, electrostatic interaction, and
ion exchange, are proposed in Figure 10. The Cr 2p XPS spectra and kinetic results
confirmed Cr(VI) removal by gel beads was achieved by adsorption and reduction, which
was the main rate control step. Specifically, the high water content (96.61%) of the SA/NZVI-
rGO gel beads promoted the penetration of the Cr(VI) solution, and the abundant folds
and channels within the gel beads shown by SEM favored the attachment of Cr(VI). Under
different pHs, the zeta potential of SA/NZVI-rGO beads (Figure 5a) and Cr(VI) removal

160



Polymers 2023, 15, 3764

experiments (Figure 8a) showed that the electrostatic attraction between positively charged
SA/NZVI-rGO gel beads and negatively charged Cr(VI) favored the adsorption of Cr(VI)
by SA/NZVI-rGO in acidic environments. Furthermore, the XPS spectra of SA/NZVI-rGO
before and after Cr(VI) removal demonstrated that Fe(0) was oxidized to Fe(II) and Fe(III),
as well Cr(VI) was reduced to Cr(III) through obtaining electrons given by Fe(0), and Cr(III)
reacts with OH− in an aqueous solution to form Cr(OH)3 deposited on the gel beads. The
presence of rGO led to a faster reduction of Cr(VI) to Cr(III) due to the formation of massive
primary batteries by NZVI and rGO to accelerate the release of electrons [64,65]. Then,
Fe(II), which is the result of the oxidation of Fe(0) losing electrons, can further reduce Cr(VI)
to Cr(III), and Fe(II) was eventually oxidized to Fe(III). Additionally, FTIR (Figure 3) and O
1s XPS spectra (Figure 4c) of SA/NZVI-rGO before and after Cr(VI) removal demonstrate
the hydroxyl group is an electron donor that can reduce Cr(VI) to Cr(III) and then to be
oxidized to carboxyl groups. It is interesting to note that in the alginate matrix, Cr(III) can
undergo an ion exchange with -COO...Ca...OOC- (Figure S3), thus releasing Ca(II) to further
decrease the solution’s pH. This means that more H+ is available in the aqueous solution
for electrostatic adsorption due to the protonation of functional groups and for reduction,
which may indirectly improve the removal [66]. Thus, the synergistic combination of the
proposed removal mechanisms can provide the SA/NZVI-rGO gel beads with a great
removal capacity for the effective Cr(VI) removal from aqueous solutions.

 

Figure 10. Schematic diagram of the mechanism of Cr(VI) removal by SA/NZVI-rGO.

3.7. Column Experiments and Model Fitting

Column experiments were applied to research the continuous Cr(VI) removal by
SA/NZVI-rGO beads. Theoretical column models are available to simulate the break-
through performance of columns packed with SA/NZVI-rGO beads, and the Thomas,
Adams—Bohart, and Yoon—Nelson models were fitted and analyzed to the measured data,
and the above models are described in detail in Text S4. As can be seen from Figure 11a,d,g,
when the bed height rose from 4.5 cm to 8.5 cm (flow rate 0.7 mL/min, influent concen-
tration 10 mg/L), the breakthrough time and removal performance increased due to the
increase in the adsorption binding sites and the prolonged exposure time of Cr(VI) to the
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gel beads, resulting in an improved removal efficiency of Cr(VI) [47]. As a result, the higher
filling of the column would slowly decrease the removal performance of the column, which
is ideal for operation, and a similar finding has been published in the literature [67]. When
the influent concentration of Cr(VI) was increased from 10 mg/mL to 40 mg/mL (flow
rate 0.7 mL/min, bed height 8.5 cm) (Figure 11b,e,h), the breakthrough time and depletion
time of gel beads bed will be advanced because the binding sites would saturate more
quickly at higher concentrations [68]. When the flow rate was accelerated from 0.7 mL/min
to 4.0 mL/min (bed height 4.5 cm, influent concentration 10 mg/L) (Figure 11c,f,i), both
the exhaustion time and removal performance decreased, and the faster flow rate reduced
the contact time of Cr(VI) with SA/NZVI-rGO beads, resulting in a steeper penetration
curve. This is because a too fast flow rate increases the mass transfer rate, which leads to
the increase in the Cr(VI) adsorbed per unit bed height and faster saturation of the bed
column, which is consistent with the literature reports [69,70]. Furthermore, due to the
excellent mechanical properties and enhanced swelling resistance of the SA/NZVI-rGO
gel beads, the gel beads in fixed-bed column keep their integrity after continuous removal.
NZVI-rGO confinement in SA reduces nanomaterial contamination due to uncontrolled
migration of nanoparticles. The SA/NZVI-rGO gel beads are available for treatment of
actual Cr(VI) wastewater.

 

Figure 11. Effect of (a) bed height, (b) influent concentration, and (c) flow rate on the breakthrough
curve of continuous Cr(VI) removal by SA/NZVI-rGO. The lines represent the curves fitted with
(a–c) Thomas, (d–f) Adam–Bohart, and (g–i) Yoon–Nelson models.
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As presented in Figure 11, these models were fitted to the measured data from column
experiments under different conditions. The parameters of each model were acquired from
the nonlinear form of the model equation and summarized in Tables S4–S6. When the
bed height increased, the flow rate increased and the influent concentration decreased,
respectively, KT, KAB, and KYN increased. The well-fitted Thomas model suggested external
diffusion and internal diffusion are not restrictive steps, and the well-fitted Adam–Bohart
model demonstrates that external mass transfer governs dynamics of the whole system [67].
It can be concluded from the Yoon–Nelson model’ fit that τ increases with a higher bed
height and a lower influent concentration and flow rate, respectively, and τ increases
indicating a slower fixed bed exhaustion, which is ideal for removal processes. All models
have high correlation coefficients (R2 > 0.823), indicating that all three models have a
good fit, there is evidence that the above models, which are mathematically verified to be
equivalent, all exhibit high levels of fit performance [71].

4. Conclusions

In this study, the NZVI that was pre-loaded on rGO was embedded into SA to synthe-
size SA/NZVI-rGO gel beads for removing Cr(VI) from the aqueous solution. The research
proved the following: (1) The optimized gel beads simultaneously improved oxidation
resistance, swell resistance, and compression strength. (2) The SA/NZVI-rGO gel beads
could achieve a substantial Cr(VI) removal in a broad pH range (3–11) or a wide Cr(VI)
concentration range (10–100 mg/L). The Langmuir adsorption isotherm demonstrated that
the adsorption of Cr(VI) by SA/NZVI-rGO occurred easily, and the theoretical maximum
removal capacity was 53.42 mg/g. (3) The removal mechanism of Cr(VI) is a synergy
of adsorption, reduction, and ion exchange, where the reduction is dominant. (4) The
Adams–Bohart, Thomas, and Yoon–Nelson models showed a good fit for the continuous
Cr(VI) removal under different conditions in packed columns. Importantly, the gel beads in
the column maintained integrity all the time, owing to their excellent mechanical strength,
not only facilitating collection but also limiting the uncontrolled migration of NZVI-rGO,
which provides a reliable basis for reducing secondary environmental contamination by
nanomaterials in practical applications. Overall, by demonstrating improved oxidation
resistance, enhanced mechanical properties and swelling resistance, easy collection, and
efficient Cr(VI) removal, the SA/NZVI-rGO beads are a promising remediation agent in
Cr(VI) wastewater treatment.
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