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Abstract: Since the water pollution problem still affects the environmental system and human
health, the need to develop innovative membranes has become imperious. Lately, researchers have
focused on developing novel materials to help diminish the contamination problem. The aim of
present research was to obtain innovative adsorbent composite membranes based on a biodegradable
polymer, alginate, to remove toxic pollutants. Of all pollutants, lead was chosen due to its high
toxicity. The composite membranes were successfully obtained through a direct casting method. The
silver nanoparticles (Ag NPs) and caffeic acid (CA) from the composite membranes were kept at low
concentrations, which proved enough to bestow antimicrobial activity to the alginate membrane.
The obtained composite membranes were characterised by Fourier transform infrared spectroscopy
and microscopy (FTIR), scanning electron microscopy (SEM), and thermogravimetric analysis (TG-
DSC). Swelling behaviour, lead ion (Pb2+) removal capacity, regeneration and reusability were
also determined. Further, the antimicrobial activity was tested against selected pathogenic strains
(S. aureus, E. faecalis sp., P. aeruginosa, E. coli and C. albicans). The presence of Ag NPs and CA improves
the antimicrobial activity of the newly developed membranes. Overall, the composite membranes are
suitable for complex water treatment (removal of heavy metal ions and antimicrobial treatment).

Keywords: silver nanoparticles; alginate; caffeic acid; antibacterial; antifungal; antimicrobial;
composite membranes; adsorbent; lead; water purification

1. Introduction

Rapid industrialisation worldwide has led to large production and improper discharge of
heavy metals (HMs) within the environment, equally polluting land and water systems [1–3].
Toxic chemicals and HMs can potentially destroy the natural environment, becoming alarming
when they accumulate through the food chain and affect human health [4–7]. Besides all
HMs, lead (Pb) is one of the most serious and harmful pollutants [8,9]. Lead, the most toxic
and non-biodegradable HM, is highly used in smelting, mining, battery manufacturing,
painting and tanning [9–12].

Long-term accumulation or exposure to Pb may occur with significant health problems
such as nervous, digestive, reproductive, immune and urinary systems [13–17]. Due to its
high toxicity to human health, the World Health Organization (WHO) recommended not
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exceeding the highest contamination concentration of 0.010 mg/L in drinking water [18].
People are becoming interested in the importance of Pb toxicity on human health [19].
Therefore, scientists and researchers have focused on developing novel alternative materials
to remove Pb from pollutant wastewater [20–23]. Up until now, traditional methods have
been used to remove toxic pollutants. In addition, various technologies have been employed
to remove Pb from wastewater, such as coagulation/flocculation, chemical precipitation,
ion exchange, electrodeposition, ultrafiltration or adsorption [24–26]. Considering these
techniques, adsorption is a promising technology for HM removal due to the following
benefits: cost-efficiency, easy usability, eco-friendly and low energy consumption [27–29].
Recently, some studies focused on developing ceramic membranes for HM removal from
wastewater. Results showed ceramic membranes are more effective in metal removal than
polymer membranes [30,31].

Alginate was chosen as an adsorbent based on critical issues of environmental aspects
and high adsorption performance after modification or cross-linking [32,33]. Alginate
is a binary linear biopolymer considered the ideal eco-friendly material for developing
adsorbent membranes for wastewater treatment. Choosing alginate biopolymers for de-
veloping adsorbent membranes was based on their biocompatibility, biodegradability and
cost-effectiveness [34]. Besides its non-toxicity and good adsorbent capacity, it possesses
plenty of hydroxyls (-OH) and carboxyl moieties (-COOH) on the polymer backbone, which
serve in coordination and ion exchange [32,35].

Furthermore, the hydroxyl and carboxyl functional groups on its molecular chain
could allow its GG blocks to cross-link with calcium chloride by exchanging Na+ with Ca2+.
When the ion exchange occurs, an insoluble gel is formed with the characteristics of an
“egg-box” structure [36]. This fact changes and improves the adsorption capacity of the
adsorbent membranes. It has been proved that the alginate structure’s carboxyl functional
groups are more effective in chelation than many others (hydroxyl, amine, amide, etc.) [35].

Numerous materials have been incorporated with alginate hydrogel to enhance the
performance and stability of environmental applications. Many research studies have
indicated that materials such as activated carbon, carbon nanotubes, graphene oxide,
nanoparticles, magnetic materials and even microorganisms have been encapsulated in
alginate for environmental applications [37,38]. Literature provides evidence regarding the
synergism between alginate and the above materials by developing composite membranes,
suggesting good potential for real-world applications [37,39–41].

Very recently, papers have shown that alginate-based membranes possess great nano-
filtration performance towards cleaning properties. It has also been proven that adding
diverse materials such as graphene oxide and carbon nanotubes improved the membrane
stability and anti-fouling properties [42,43]. Other studies reported great results on the
obtained alginate membranes specifying that they could be used as promising candidates
for green organic solvent nanofiltration [44,45].

Papageorgious et al. [46] synthesised calcium-alginate beads from Laminaria digitata
for the adsorption of Cu2+–Cd2+, Pb2+–Cd2+ and Pb2+–Cu2+ mixtures from aqueous metal
solutions. Results confirmed that the formulated alginate beads are promising for HM
adsorption from wastewater feeds [46]. Another interesting adsorbent is chitosan [47].
Some authors have developed an environment-friendly and effective alginate-chitosan
hybrid adsorbent for the Pb2+ removal from water by the freeze-drying method [48].

Unfortunately, alginate does not exhibit antibacterial activity. Therefore, it cannot be
used to kill water-borne pathogens. The possible use of nanoparticles as antimicrobial
agents for water treatment is reported in the literature [49,50]. This shortcoming can be
solved by loading the alginate membranes with antimicrobial agents like nanoparticles [51].
Ag NPs are one of the most effective antimicrobial agents capable of killing microorganisms,
including viruses, bacteria and fungi [52]. Their dimensions strongly influence their
antimicrobial activity. Silver nanoparticles have numerous applications in diverse fields.
Besides its biomedical, engineering, electronics and consumer products applications, it
has great potential in environmental remediation [53–55]. Another important substance of
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interest for loading within the adsorbent membranes to enhance its antibacterial activity
is caffeic acid. Caffeic acid (3,4-hydroxycinnamic acid) belongs to the phenolic acids, an
essential polyphenols class [56–58]. Among the many properties of caffeic acid, in addition
to its antibacterial activity, other important biological activities include antioxidant, anti-
inflammatory and immunomodulatory [59–62]. Caffeic acid is also a well-known chelating
agent that can improve the membrane adsorption capacity [63,64].

In the current study, we report the synthesis of an alginate/Ag NPs/CA composite
membrane for the first time through a simple casting method used for water treatment. Sim-
ilar studies based on silver nanoparticle-alginate membranes demonstrated their potential
for antibacterial applications, such as the biomedical and food packaging industry [65–67].
Here for the first time, we report the addition in the composite membrane of a second
antimicrobial/chelating agent, caffeic acid. The adsorption capacity was tested on simu-
lated polluted water (using Pb2+ as a model pollutant). The antimicrobial properties were
determined against a broad range of pathogen microorganisms, indicating the advantage of
the composite membranes in disinfecting the wastewater. Therefore, such membranes can
be used for water purification treatment. The membranes were characterised by Fourier-
transform infrared spectroscopy and microscopy (FTIR), scanning electron microscopy
(SEM) and thermogravimetric and differential scanning calorimetry analysis (TG-DSC).
The membrane was tested for polyphenol release, regeneration and reusability. Heavy
metals (HM) ion removal capacity and antimicrobial activity were also determined.

2. Materials and Methods
2.1. Materials

The sodium alginate, nitrate salt of lead, calcium chloride dihydrate, caffeic acid and
Ag NPs (<150 nm particle dimension) were acquired from Sigma-Aldrich Merck, Burling-
ton, MA, USA. All chemicals were used without further purification. A stock solution,
containing 1000 mg/L lead was prepared by dissolving Pb(NO3)2 in distilled water.

For the antimicrobial evaluation Nutrient Broth No. 2 (NB) Mueller–Hinton Broth
(M–H), Sabouraud Glucose with chloramphenicol and agar acquired from Sigma-Aldrich
(Darmstadt, Germany) were used. The microbial strains used in this study were obtained
from the Microorganisms Collection of the Department of Microbiology, Faculty of Biology
and Research Institute of the University of Bucharest.

2.2. Membrane Preparation

Figure 1 shows a graphic chart of alginate/Ag NPs/CA composite membranes prepa-
ration through a simple casting method similar to the study in [21]. First, sodium alginate
(1.5 g) was dissolved, under magnetic stirring, in 50 mL of distilled water (at 25 ◦C for 24 h)
to form a 3% solution.

Then, two solutions of 5 and 10 ppm silver nanoparticles were obtained. Next, caf-
feic acid (2, 10 and 20 ppm) was added to the previously obtained solutions. The final
compositions of the obtained solutions are shown in Table 1 below.

Afterwards, the solutions were sonicated for 1 h and then left at 25 ◦C for 24 h while
magnetically stirring to obtain homogenous solutions. Therefore, for this experiment,
five solutions were cast in Petri dishes, lyophilised, cross-linked by immersion in 200 mL
calcium chloride solution with 5% concentration for 10 min, and analysed using appropri-
ate techniques.
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nanoparticles).

Table 1. The alginate and alginate-based composite membranes composition.

Code Sample Name Alginate (g) Ag NPs (mg) Ag NPs (%) Caffeic Acid (mg) Caffeic Acid (%) Water (mL)

P0 Alg 3% 1.5 0 0 0 0 50

P1 Alg/Ag NPs1 1.5 5 0.33 0 0 50

P2 Alg/Ag NPs2 1.5 10 0.66 0 0 50

P3 Alg/Ag
NPs/CA1 1.5 5 0.33 2 0.13 50

P4 Alg/Ag
NPs/CA2 1.5 5 0.33 10 0.66 50

P5 Alg/Ag
NPs/CA3 1.5 5 0.33 20 1.31 50

2.3. Methods

The obtained composite membranes were characterised by FTIR spectroscopy and
microscopy, SEM, TG-DSC, controlled release of polyphenolic, HM ion removal capacity,
regeneration/reusability study and swelling capacity. Antimicrobial assessments were
also performed.

The Fourier transform infrared spectroscopy (FTIR) spectra were recorded with a Nicolet
iS50 FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA), using the attenuated
total reflection accessory (ATR) (Thermo Fisher Scientific, Waltham, MA, USA). All spectra
were obtained as the average of 32 scans in domain 400 and 4000 cm−1 at a resolution of
4 cm−1. FTIR 2D maps were obtained with a Nicolet iN10 MX FTIR microscope, equiped
with a DTGS detector, between 600–4000 cm−1. Information about spatial distribution of
the components was extracted from the 2D FTIR maps.

A Quanta Inspect F50 (FEI Company, Eindhoven, The Netherlands) was used to
acquire the scanning electron microscopy (SEM) micrographs. The device is equipped with
a field emission gun (FEG) and an energy dispersive X-ray spectrometer (EDX). Samples
were covered with a 10 nm gold layer.

Thermal stability of the samples was determined with an STA 449 F3 Jupiter apparatus
from Netzsch (Selb, Germany). Samples of ~10 mg from each membrane were placed in an
open alumina crucible and heated with a speed of 10 ◦C min−1, up to 900 ◦C in oxidizing
atmosphere (50 mL min−1 dried air).

A high-performance liquid-chromatography-type Agilent 1260 Infinity with Array Diode
Detector (HPLC-DAD) was applied for analysing the controlled release of the polyphenol
over time. The amount of bioactive substance in the samples and the calibration curve for
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caffeic acid in water were determined. The separation was done using an Aqua C18 column
(250 × 4.6 mm, 5 µm) and a mobile phase composed of ultrapure water and methanol [59].

The HM ion removal efficiencies of the Alginate/Ag NPs/CA composite membranes
were evaluated by measuring lead concentrations using inductively coupled plasma-mass
spectrometry (ICP-MS). Prior to ICP-MS analysis, each membrane was exposed to 25 mL of
10, 50 and 100 mg/L lead solutions for 24 h. Lead nitrate solutions were prepared so that
lead was present at the concentrations mentioned above to simulate the presence of HMs
in polluting aqueous media with adverse effects on the environment. After exposure to
the Pb(NO3)2 solutions, the samples were washed with distilled water to assess the Pb2+

absorbed in the membrane’s porous framework, removing traces from a stock solution.
After washing, the membranes were placed in an oven at 40 ◦C until completely dried.
Considering the dilutions made during the ICP-MS sample preparation and the dry mass
of the sample, the final lead concentrations in the membranes were estimated. Finally, the
removal efficiency (%R) of Pb2+ was calculated using Equation (1):

%R =
C0 − Cm

C0
·10 (1)

where C0 is the maximum concentration of Pb that could have been adsorbed by the mem-
branes based on the Pb(NO3)2 concentration of the solutions, and Cm is the Pb concentration
in the membranes determined by ICP-MS.

The regeneration and reusability study was also performed by ICP-MS analysis. Samples
from each membrane (~140 mg) were exposed for three days to specific solutions. During
the first day, each membrane was cross-linked with a 1% calcium chloride solution. A
Pb2+ ion solution (10 mg/L) was used the next day to retain Pb2+ within the membranes.
On the third day, two solutions of 1 and 10% calcium chloride were used to recover lead
from the membrane. The samples (solutions and membranes) taken from the specific
calcium chloride solutions were subjected to ICP-MS analysis. The recyclability of these
adsorbent composite membranes is an essential aspect of energy consumption, economics
and environmental protection issues.

Before ICP analysis, membranes for both retention and regeneration studies were
weighed and subjected to digestion with 8 mL HNO3 in a microwave oven (Ethos UP,
Milestone Inc., Sorisole, Italy), using a program for high organic content matrices (35 min at
200 ◦C, using a microwave power of 1800 W). After cooling, the samples were diluted with
Milli-Q water up to 100 mL. Second, the samples were diluted 1000-fold to fit within the
calibration range. Solutions for the regeneration study were diluted 10-fold. Measurements
were performed with an Agilent 8800 Triple Quadrupole ICP-MS (Agilent Technologies,
Tokyo, Japan), equipped with an ASX500 autosampler, Peltier cooling spray-chamber
(2 ◦C), MicroMist concentric nebuliser, nickel sampler, skimmer cones and a 2.5 mm
internal diameter torch. The equipment was tuned according to the manufacturer and
calibrated with five calibration standards ranging from 0.5 to 10 µg/L Pb. ICP-MS’s
operating conditions were the following: nebuliser pump set to 0.1 RPS, 1 L/min carrier
gas flow, 0.7 mL/min He flows and 1550 W RF power. The lead calibration curve showed
excellent linearity with a correlation coefficient of R2 = 0.9999.

The adsorption/swelling capacity was studied by immersing samples of ~2 cm × 2 cm
in 0.2 L water. Each sample had its mass determined before starting the experiment and
was weighted again at the following time intervals: 0.25, 0.5, 1, 2, 4, 6, 12 and 24 h. The
equation 2 was used to calculate the swelling capacity:

Swelling capacity (%) =
Mh,t x Mi

Mi
× 100, (2)

Mi is the initial membrane mass and Mh,t is the membrane mass after immersion in
water. The experiment was performed in triplicate.

The antimicrobial assays of the composite membranes were performed using Staphy-
lococcus aureus ATCC 25923, Enterococcus faecalis VRE 2566, Enterococcus faecalis ATCC
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29212, Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853 and Candida albicans
ATCC 10231. Bacterial cell suspensions of 1.5 × 108 CFU/mL and yeast suspensions of
3 × 108 CFU/mL were obtained from fresh cultures.

The samples (1 cm × 1 cm) were sterilised by UV irradiation for 30 min on both
sides to remove any possible contamination. The sterility of the antimicrobial assays was
established by maintaining each type of membrane in media for 24 h at 37 ◦C. The broth
media’s clarity indicates the samples’ sterility [68–71].

An adapted spot diffusion method was used for the qualitative antimicrobial
assay [72,73]. Specific media for each strain was placed in Petri dishes, which were then
seeded with inoculums. Samples of the same size, from each membrane were added at
equal distances. The biologically active compounds (silver nanoparticles and caffeic acid)
were performed as control solutions with the concentration specifics. After a 24 h incu-
bation at 37 ◦C, bioactive compounds diffused on the media surface and their influence
of each sample against the pathogenic strains was evaluated. By measuring the growth
inhibition diameters the sensibility of strains was assessed.

The membranes’ anti-adherent capacity was made by establishing the colony-forming
units/mL values (CFU/mL) by the method explained in the preceding studies [21,68,73],
in line with M100-31st Edition Standard [71]. The viable colony formation was expressed
as the mean of the total number of colonies ×1/D (D = decimal dilution, for which the
number of total colonies was determined). The release of bio-active compounds into
the liquid media was quantitatively assessed using the decimal microdilution method.
30 µL of the liquid media were taken after the samples were incubated in the presence
of 107 bacterial cell density. According to the previous method, decimal dilutions were
accomplished to determine CFU/mL. The assessments were done in three independent
experiments [21,68,73].

Antimicrobial assessments were statistically analysed via GraphPad Prism 9.5 by
GraphPad Software, San Diego, CA, USA. We compared the capacity of selected strains to
adhere to the surface of the membranes using analysis of variance (ANOVA) and Holm–
Šídák’s as multiple comparison tests. A p-value < 0.05 is considered statistically significant.

3. Results and Discussion
3.1. FTIR Spectroscopy and Microscopy
3.1.1. FTIR Spectroscopy

The modifications that might occur within the composite membranes due to the Ag
NPs and caffeic acid addition were investigated through FTIR spectroscopy. The most
important assignments associated with the main adsorption peaks are presented in Figure 2
and also in Table 2.

Table 2. Assignment of relevant IR adsorption bands of alginate and alginate-based
composite membranes.

Sample/Assignment P0 P1 P2 P3 P4 P5

O-H and H-bonded (alcohols, phenols) 3253 3252 3272 3253 3260 3254
C-H stretch (aromatic) - - - 3050 3054 3055
C-H stretch (alkanes) 2923 2927 2927 2930 2925 2925

C=O stretch - - - 1640 1645 1645
C-C stretch 1593 1596 1596 1592 1596 1595

C-O stretch (alcohols, carboxylic acids, esters, ethers) 1031 1027 1027 1025 1028 1027

The broad band from 3252–3272cm−1 was assigned to the vibration of the O-H bonds
from alginate. The intense peaks between 2923–2930 cm−1 are assigned to the C-H asym-
metric vibrations. The 1025–1031 cm−1 peaks corresponds to the glycosidic bond within
the alginate structure. Small shifts could also be observed due to the interactions between
the -COO− group from the alginate molecule and the unreacted zone from Ag NPs. This
information concords with data found in the literature [37,53,74].
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3.1.2. FTIR Microscopy

Through the help of FTIR microscopy, we could observe the spatial distribution of
Ag NPs and CA within the polysaccharide matrix. Figure 3 illustrates the FTIR maps
corresponding to the obtained membranes’ 3250 cm−1, 1600 cm−1 and 1030 cm−1, along
with the microscopic view of the subjected region.
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P3-Alg/Ag NPs/CA1, P4-Alg/Ag NPs/CA2, P5-Alg/Ag NPs/CA3.

The FTIR maps, for all six samples, at these wavenumbers present striking similarities,
which indicates a uniform distribution of components in the composite membranes. There-
fore, the membranes are generally homogenous, meaning good Ag NPs and CA dispersion.

3.2. Scanning Electron Microscopy (SEM) Characterisation

The SEM analysis gives relevant data about surface morphology and other defects
that might occur inside or on the surface of the membranes.

The morphology of the composite membranes is presented in Figure 4. The highly
porous membrane with labyrinth system pores can be observed in all SEM images. Such
pores result from the cross-linking processes when various shapes are obtained by fusing
large flakes. The lyophilisation process similarly influences the formation of the smaller
pores by forcing the water out of the structure. This resulted in a sponge-like appearance of
the membrane, similar structures being reported in other literature studies [53,75]. In the
SEM micrographs at higher magnification, Ag NPs (small white dots) could be observed
on the samples’ surfaces.

EDX analysis indicates the elemental composition of the membranes obtained. EDX
analysis was performed after the samples were cross-linked with calcium chloride and
subjected to lead retention. The EDX results confirmed which samples retained lead
solutions within their composition (Figure 5). The figure below shows which samples kept
Pb within their pores.

3.3. Thermal (TG-DSC) Analysis

The thermal analysis data for simple alginate and alginate-based composite mem-
branes are presented in Figure 6 for temperature intervals 20–300 ◦C and in Figures S1–S6
in detail. The samples are starting to lose residual water molecules up to 100 ◦C (~13.5% to
~16.5%), and a weak endothermic effect is associated to the process on the DSC curve [53].
The endothermic effect occurs at a higher temperature in the samples containing Ag NPs
(101.3 and 92.2 ◦C for P1 and P2) when compared with the simple alginate one (87.7 ◦C for
P0), indicating a minor improvement in thermal stability. Table 3 presents the principal
data from thermal analysis.
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(g,h), P4-Alg/Ag NPs/CA2 (i,j), P5-Alg/Ag NPs/CA3 (k,l).
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Figure 5. EDX spectra and elemental composition: (a) Alg/Ag NPs2, (b) Alg/Ag NPs/CA1,
(c) Alg/Ag NPs/CA2, (d) Alg/Ag NPs/CA3.

Table 3. Principal data from the thermal analysis (mass loss intervals and residual mass).

Sample RT-210 ◦C 210–270 ◦C 270–360 ◦C 360–600 ◦C Residual Mass

P0 14.72% 31.41% 8.14% 20.38% 20.61%
P1 16.54% 32.33% 6.07% 19.89% 21.41%
P2 15.47% 31.43% 7.17% 20.72% 21.93%
P3 16.46% 31.42% 7.72% 20.05% 20.52%
P4 13.54% 31.85% 16.96% 11.39% 20.10%
P5 14.39% 31.85% 18.72% 9.90% 20.00%

Therefore, we can assign the first mass loss to the elimination of water-bound molecules
from the alginate structure. Between 210–270 ◦C, the samples are losing 31–32% of their
mass; this is associated with an exothermic effect, with a maximum between 233–243 ◦C.
This indicates an oxidative process, most probably at secondary lateral moieties of the
polymeric backbone [76]. The temperature onset for this process decreases from 231.2 ◦C for
P0 to 224.9 and 230.9 ◦C for P1 and P2, indicating only minor changes induced by Ag NPs.
After 270 ◦C, the samples lose mass continuously, up to ~530 ◦C, in a degradative–oxidative
process of polymer fragmentation and burning. After 560 ◦C, the residual carbonaceous
mass is burned in an exothermic process [77]. The residual mass represents 20–22%, and it
consists of inorganic compounds (mainly CaO).
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3.4. Controlled Release of Polyphenol

For the release study of polyphenols, only the samples with caffeic acid (P3, P4 and P5)
were taken into consideration. For this experiment, the membrane samples were introduced
in 50 mL distilled water and kept inside a thermoshaker at a controlled and monitored
temperature of 37 ◦C to analyse the CA release. The dimensions of the membranes used for
analysis were 40 × 20 × 5 mm, with a mass of ~0.56 g, which would result in a concentration
of 15–147 ppm if the entire CA would have been released. The samples were analysed at 1, 2, 3,
4, 6, 8, 12, 36, 48, 60, 72, 75, 84 and 137 h. As a result of the study, a concentration higher than
10 ppm of caffeic acid was not determined in the solution. The CA was determined (Figure
S6a) using a calibration curve between 10–250 ppm with an equation y = 9.0145x − 88.59 and
R2 = 0.9988 (Figure S7b).

After the exposure time, the solutions were immediately injected into the HPLC. The
obtained chromatograms of the tested samples (Alg/Ag NPs/ CA1, Alg/Ag NPs/ CA2
and Alg/Ag NPs/CA3) did not indicate the presence of CA (Figure S8a–c). In the samples
collected up to 137 h, no interfering peaks related to caffeic acid were observed. This fact
might be due to the cross-linked with calcium chloride, which blocked the membrane;
therefore, no caffeic acid was released. This aspect is of great interest since caffeic acid has
hydroxyl groups at positions 3 and 4, which will bond/interact with diverse functional
groups of the other constituents of the composite membranes.

3.5. Removal Capacity of Lead Ions

The composite membranes were exposed for 24 h to 25 mL of 10, 50 and 100 mg/L lead
nitrate concentration solution (these concentrations were obtained from a stock solution of
1000 mg/L) to assess the retention capacity of each obtained sample. The dimensions of
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the membrane samples used for analysis were 20 × 10 × 5 mm, with a mass of ~140 mg.
The determinations of Pb ion quantity adsorbed onto the composite membranes were
conducted through ICP-MS analysis.

The absorption of Pb ions is due to the porous structure of the membranes, yielding
promising results in terms of retention percentages, which ranged from 60.09 to 98.76%, as
seen in Figure 7, with the highest values being obtained for the P5 sample in general.
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One can see that the percentage of removed lead ions decreases as the Pb2+ concentra-
tion increases in the tested solutions. This is due to the saturation of the membrane with
lead ions. Briefly, the membranes will remove a higher percentage of the existing lead ions
when the solution is diluted and a smaller percentage when the solution is concentrated.
To better understand membranes removal capacity, we factorised the membrane mass used
in each experiment to see how much Pb2+ can be removed per membrane mg (Figure 8). It
can be seen that although the removal percentage is higher in diluted solutions, the actual
lead quantity removed is smaller. Consequently, the highest Pb2+ quantity removed can be
observed in concentrated solutions, where, because of the saturation of the membrane, the
calculated percentage is smaller.
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Ag NPs and CA in the composite membranes have a mixed effect. While adding Ag
NPs slightly reduces the adsorption capacity per mg, the presence of CA enhances the
adsorption capacity due to multiple –OH moieties. Overall, the best removal capacity is
exhibited by the P5 sample, with the highest CA content [78,79], but no statistical difference
was observed.

3.6. Regeneration and Reusability Study

The recyclability and reusability of adsorbent membranes should be important, espe-
cially when involving energy consumption. Still, the most essential issue is environmental
protection. Therefore, Table 4 illustrates the ICP-MS results of the solutions and composite
membranes based on alginate, Ag NPs, and CA. Because we have used the 25 mL solution
with a concentration of 10 mg/L Pb2+, the theoretical amount that can be adsorbed and
removed is 250 µg Pb2+ [34,78].

Table 4. ICP-MS results of the solutions and membranes after immersion in CaCl2 1% and CaCl2 10%.

Sample
CaCl2 1% CaCl2 10%

Amount Pb in Solution [µg] Amount Pb in Membrane [µg] Amount Pb in Solution [µg] Amount Pb in Membrane [µg]

P1 103.42 ± 0.28 133.01 ± 12.80 195.71 ± 1.73 41.05 ± 13.20
P2 98.09 ± 0.26 120.12 ± 13.30 187.62 ± 1.66 31.01 ± 2.90
P3 102.59 ± 0.10 128.11 ± 32.40 201.01 ± 1.63 29.12 ± 11.70
P4 108.37 ± 0.15 114.03 ± 14.40 211.57 ± 1.59 11.21 ± 10.30
P5 115.48 ± 0.03 131.05 ± 12.40 227.65 ± 1.41 19.02 ± 7.60

Table 4 shows the results obtained for the membrane regeneration and reusability
study. As expected, the membranes maintained in 10% CaCl2 can better remove lead from
the membranes because the concentration of Ca ions is higher and can replace more Pb2+.

3.7. Sweeling/Adsorption Capacity

In the evaluation of the stability of the samples, the composite membranes were
subjected to swelling measurements to determine the mass change during water immersion.
The swelling behaviour was assessed in distilled water. Figure 9 presents the water uptake
capacity on the synthesised composite membranes.
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In the first 2–5 h, the samples absorb liquid, increasing their mass to saturation.
Afterwards, further measurements indicated weight stabilisation, which could be associated
with the maximum saturation limit. As can be viewed from Figure 9, the swelling capacity
is highly influenced by the increased amount of Ag NPs and CA. This could be related to the
pores’ existence within the membranes’ structure, which can induce a higher water retention
capacity within the samples P1, P2, P3 and P4. The highest value was on P5 (~150%).
Sample P0 contains only simple alginate, which exhibits a smaller water retention capacity
(~110%). Literature confirms these results on swelling assays with similar polysaccharide
membranes [53,80].

3.8. The Antimicrobial Assessments
3.8.1. Qualitative Evaluation of the Antimicrobial Activity

Qualitative evaluation of antimicrobial activity was made by measuring the growth
inhibition zone diameters (GIZD). The data results are expressed in Figure 10 as mean
values with standard deviation.
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strain was statistically analysed by one-way ANOVA and Holm–Šídák’s multiple comparisons tests.
The resulting data were statistically significant (p < 0.0001).

Figure 10 shows that all samples exhibited antimicrobial activity against the tested
strains. The Gram-negative bacteria were most sensitive to the action of the alginate-based
membranes. The membranes with silver NPs and CA (P3-P5) in composition determined
the most significant sensitivity to P. aeruginosa ATCC 27853 than bioactive compounds. The
inhibitory effect against Gram-negative and Gram-positive bacteria is evident in the case of
membranes with a concentration of at least 0.66% silver NPs. The most sensitive strains
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were P. aeruginosa and E. faecalis sp. Alginate-based membranes determined a moderate
inhibitory effect against C. albicans.

Inducing antimicrobial activity to alginate composite by adding silver nanoparticles
is one of the logical choices [81–83]. A similar study [84] reported the antimicrobial ac-
tivity of alginate-silver nanocomposite films against several pathogenic strains (S. aureus,
Salmonella typhimurium and Clostridium perfringens). The 5–10 mg Ag films exhibited growth
inhibition zone diameters of 10–12 mm. Susilowati et al. [85] presented that the antibacterial
activity was affected by the concentration of Ag NPs, and S. aureus was more sensitive than
E. coli to the action of alginate-silver films.

3.8.2. Quantitative Evaluation of the Anti-Adherence Capacity of the Membranes

According to the WHO, drinking water should be microorganism-free and not pose
health risks to the human population [86]. Consequently, water quality from drinking water
systems influences microbial biofilm formation. Moreover, the biofilm-forming capacity of
microorganisms promotes even the attachment of other pathogens [87]. The influence of
alginate-based membranes on selected strains’ growth and adherence capacity is presented
in Figures 11 and 12.
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Figure 11. Graphical representation of CFU/mL values of tested strains to evaluate the release of
bioactive compounds from alginate-based films into the broth media after 24 h. The data results were
compared using one-way ANOVA and Holm–Šídák’s multiple comparisons tests (ns–not significant;
* p < 0.03; ** p < 0.009; *** p < 0.0003; **** p < 0.0001).
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Figure 12. The anti-adherence capacity of the membranes against the tested strains. The data results
were compared using one-way ANOVA and Holm–Šídák’s multiple comparisons tests (ns—not
significant; * p < 0.04; ** p < 0.008; *** p < 0.0008; **** p < 0.0001).

Figure 11 confirms the qualitative results and presents the inhibitory effect of bioactive
compounds from the alginate-based membranes. The samples showed a decrease of
viable colonies forming at most seven logarithmic units, which suggests the ability of the
membranes to inhibit biofilm development.

The alginate-based membranes enriched with CA and Ag NPs present a significant
antimicrobial activity against the Gram-negative bacteria tested and C. albicans compared
with the cell growth control. Moreover, it can be observed that enriching the alginate-
based membranes with 1.31% caffeic acid decreased cell growth in liquid media by at least
4 CFU/mL logarithmic units.

Quantitative results suggest a release and inhibitory effect of bioactive compounds
from membranes after 24 h since they were in contact with selected strains in liquid broth.

Figure 12 presents the significant decrease in the CFU/mL values of the alginate-based
membranes, suggesting the ability to inhibit the adherence of the bacteria cells on their
surface. The capacity of the membranes to reduce cell proliferation in the liquid media was
more pronounced in the case of Gram-positive bacteria. S. aureus was the most sensitive
at concentrations above 0.66% Ag NPs. The membranes with 0.66 and 1.31% CA (P4 and
P5) determined the most significant inhibitory effect compared to controls. This also can
be observed for E. faecalis ATCC 29212. Moreover, in the case of P5, it can be remarked a
significant decrease in CFU/mL values and a synergic effect between the CA and Ag NPs
for all strains except P. aeruginosa.
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In contrast with the qualitative results, membranes determined a moderate bacterio-
static effect against P. aeruginosa in liquid media. The growth rate for C. albicans decreased
significantly (with 4 CFU/mL units) upon contact with an alginate-based membrane; still,
substantial differences between the enriched samples with bioactive compounds cannot
be observed.

Overall, according to Figures 11 and 12, the enrichment of the alginate membrane
with Ag NPs and CA improves the antimicrobial activity of the newly developed mem-
branes. Ag NPs inhibit bacterial growth by attaching to cell walls through electrostatic
attraction, disrupting cell permeability by generating reactive oxygen species and DNA
damage [88,89]. Caffeic acid also reduces biofilm development by increasing cell membrane
permeability, depolarising and damaging cell membrane, inhibiting proline dehydrogenase
production and cytosolic dehydrogenases activity, secretion of α-hemolysin, disrupting
ATP synthesis, leakage of intracellular components etc. [90,91]. Furthermore, similar stud-
ies reported the pronounced inhibitory effect on bacterial growth, simultaneously with the
increasing concentration of Ag NPs in alginate films [92–94].

4. Conclusions

Composite membranes based on alginate biopolymers and antibacterial agents, such
as silver and caffeic acid, to develop adsorbent materials for removing lead ions from water
systems were successfully synthesised. The Alginate/Ag NPs/ CA composite membranes
were obtained through a simple casting method. The FTIR analysis indicates the presence
of the main important functional groups found within the composite membranes. The
SEM analysis reveals essential information on surface morphology, showing a highly
porous-like appearance with labyrinth system pores. EDX analysis confirmed the elemental
composition of the tested samples, indicating which samples had adsorbed Pb within their
pores. The thermal analysis data indicates that samples had similar thermal behaviour,
suggesting similar interactions in the polymer structure. The ICP-MS results confirmed
the SEM and swelling/adsorbent test about the membranes’ porosity, showing good
Pb ions’ absorbance. The removal capacity test on the obtained composite membranes
showed a retention of 60.09 to 98.76%, which implies that Pb was adsorbed on the surface
of the membranes. The regeneration and reusability study showed that the composite
membranes kept in 10% CaCl2 had a better ability to remove Pb2+ due to the higher
concentration of Ca2+. Further, the composite membranes were tested against selected
pathogenic strains (S. aureus, E. faecalis sp., P. aeruginosa, E. coli and C. albicans). The
qualitative evaluation, which measures the inhibition zone diameter around the samples,
showed that all samples demonstrated antimicrobial activity against tested strains. Still,
Gram-negative bacteria were more sensitive to the action of the alginate-based composite
membranes. The quantitative evaluation of the anti-adherence capacity suggested the
ability of the tested composite membranes to inhibit biofilm formation. In addition, the
antimicrobial assessments of the subjected samples showed that adding Ag NPs and
CA within the sample’s composition improves the antimicrobial activity of the newly
developed adsorbent composite membranes. In conclusion, the results of this study show
that these composite membranes are suitable for using them as adsorbent materials in
water purification applications.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/membranes13060591/s1, Figure S1: TG-DSC curves of
P0 alginate membrane; Figure S2: TG-DSC curves of P1 alginate-based composite membrane;
Figure S3: TG-DSC curves of P2 alginate-based composite membrane; Figure S4: TG-DSC curves of
P3 alginate-based composite membrane; Figure S5: TG-DSC curves of P4 alginate-based composite
membrane; Figure S6: TG-DSC curves of P5 alginate-based composite membrane; Figure S7: HPLC
chromatogram of caffeic acid standards (a) and calibration curve (b); Figure S8: HPLC chromatograms
for samples collected after 137h: (a) P3; (b) P4; (c) P5.
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