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Abstract: A sol-gel approach was used to prepare a thin hydrogel membrane based on an organic-
inorganic polymer matrix embedded with pre-synthesized gold nanoparticles (AuNDPs). The organic
polymers utilized were poly(vinyl alcohol) (PVA) and poly(ethylene oxide) 400 (PEO), while
tetraethoxysilane (TEOS) served as a precursor for the inorganic silica polymer. AuNPs were
synthesized using D-glucose as a reducing agent and starch as a capping agent. A mixture of PVA,
PEO, pre-hydrolyzed TEOS, and AuNP dispersions was cast and dried at 50 °C to obtain the hybrid
hydrogel membrane. The structure, morphology, and optical properties of the nanocomposite
membrane were analyzed using TEM, SEM, XRD, and UV-Vis spectroscopy. The newly designed
hybrid hydrogel membrane was utilized as an efficient sorbent for the simultaneous speciation
analysis of chromium and manganese in water samples via solid-phase extraction. The study
revealed that Cr(Ill) and Mn(II) could be selectively adsorbed onto the PVA/PEO/TEOS/AuNPs
membrane at pH 9, while Cr(VI) and Mn(VII) remained in solution due to their inability to bind under
these conditions. Under optimized parameters, detection limits and relative standard deviations were
determined for chromium and manganese species. The developed analytical method was
successfully applied for the simultaneous speciation analysis of chromium and manganese in
drinking water and wastewater samples.

Keywords: organic-inorganic hydrogel membrane; polyvinyl alcohol; silica; gold nanoparticles;
speciation; chromium; manganese; tap and wastewaters

1. Introduction

The toxicological and biological effects of chemical elements are significantly influenced by their
specific chemical forms. It is well known that the toxicity of metal ions varies based on their oxidation
states, which directly impact their physicochemical behavior, biological interactions, and
bioavailability[1]. This highlights the importance of speciation analysis in assessing environmental
quality, food safety, and pharmaceutical products [2,3].

Chromium is one of the most abundant elements on Earth, naturally present in rocks, soil, plants,
animals, volcanic emissions, and atmospheric gases. In aqueous environments, chromium mainly
exists in two oxidation states: Cr(Ill) and Cr(VI), each exhibiting distinct toxicity, mobility, and
bioavailability [4-6]. While Cr(III) is an essential micronutrient for living organisms, Cr(VI) is highly
toxic and has been linked to carcinogenic effects in humans [7,8]. Although Cr(VI) can occur naturally
in surface and groundwater, its presence is largely a result of industrial pollution [9].

Manganese is another element found both naturally and as an environmental contaminant. It
originates from natural sources such as mineral deposits and over a hundred different manganese-
containing minerals. Human activities, including mining, ore processing, steel and iron production,
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wastewater discharge, sewage sludge disposal, fungicide application, and fossil fuel combustion,
contribute significantly to manganese pollution. As an essential nutrient for humans and animals,
manganese is commonly found in surface and groundwater in various forms, including Mn(lIl),
Mn(IV) particulates, and Mn(IV) hydroxide [10]. The primary sources of manganese intake in
humans are drinking water and food. However, both manganese deficiency and excessive exposure
can lead to adverse health effects. High levels of manganese have been associated with DNA
mutations, neurological disorders such as manganism, liver dysfunction, hallucinations, depression,
and excessive drowsiness. Manganese(VII), widely used as an oxidizing agent in synthetic chemistry
and water disinfection, often enters in the drinking water systems [11,12]. Although the concentration
of KMnO, used in water treatment can be controlled, residual KMnO, poses potential health risks,
particularly due to its long-term effects [11,12]. Therefore, accurately determining the residual
KMnO; concentration in treated water is crucial for ensuring drinking water safety.

Precise determination of Cr(III)/Cr(VI) and Mn(Il)/Mn(VII) in different water sources, including
surface water, drinking water, and wastewater, is essential for maintaining water quality standards.
Several separation techniques, predominantly based on solid-phase extraction, have been developed
for chromium [13-18] and manganese speciation [19-21]. However, simultaneous speciation of both
elements remains relatively unexplored [22-25]. The effectiveness of these procedures largely
depends on the selection of the sorbent material, making the development of advanced solid sorbents
crucial for analytical applications.

In recent years, nanomaterials —often with additional surface modifications—have emerged as
efficient sorbents due to their high surface area, strong chemical activity, rapid kinetics, and selective
affinity for heavy metal ions [26]. Examples include noble metal (silver, gold, palladium) and metal
oxide-based (TiO,, ZrO,, ZnO, Al,Os) nanoparticles [27-29], graphene, carbon nanotubes [30], three-
dimensional porous aerogels [31], and layered double hydroxides [32]. However, isolating nanosized
sorbents is often complex and time-consuming, limiting their widespread application in speciation
analysis and trace metal detection. Additionally, their use in dynamic extraction processes can be
hindered by high column back pressure. To overcome these challenges, nanocomposites
incorporating magnetic cores (Fe;sOs) have been developed, allowing for rapid and selective
separation of toxic metal species [33-35].

Organic-inorganic hybrid polymeric materials have gained significant attention for removing
toxic contaminants from wastewater and for solid-phase extractions in analytical processes [36,37].
These materials combine the advantageous properties of both organic and inorganic components,
resulting in enhanced selectivity for metal ions and improved efficiency in water treatment and
analytical applications. Various synthesis techniques are used to create these hybrid materials,
including sol-gel processing, self-assembly, nanobuilding block integration (such as layered or core-
shell structures), and the development of interpenetrating networks with hierarchical architectures.
Recently, silica-supported organic-inorganic hybrid sorbents, synthesized through ion-imprinting
combined with sol-gel processing, have shown superior selectivity and adsorption capacity. These
materials help overcome mass transfer limitations and enable efficient heavy metal removal from
aqueous solutions [38-40]. However, the primary challenge in using organic-inorganic hybrids for
metal separation and detection lies in identifying and developing innovative sorbents with enhanced
properties.

This research focused on the preparation and characterization of a novel organic-inorganic
hydrogel nanocomposite membrane (PVA/PEO/TEOS/AuNPs) and its application as an effective
sorbent for the simultaneous speciation and determination of chromium and manganese in water
samples using selective solid-phase extraction. The proposed analytical method is based on the ability
of Mn(Il) and Cr(Ill) to be quantitatively retained on the PVA/PEO/TEOS/AuNPs membrane, while
Mn(VII) and Cr(VI) oxyanions remain in solution. This approach offers a simple and efficient process,
eliminating the need for filtration or centrifugation. The membrane can be easily removed with
plastic tweezers and transferred to a centrifuge tube, after which the toxic Cr(VI) and Mn(VII) species
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are analyzed in the remaining solution. The method’s detection limits and analytical precision make
it suitable for national monitoring programs.

2. Results and Discussion

2.1. Characterization of Gold Nanoparticles and PVA/PEO/TEOS/AuNPs Hybrid Hydrogel Nanocomposite
Membrane

The optical properties of the gold nanoparticles were studied using UV-Vis spectroscopy and
the solid curve in Figure 1 shows the UV-vis spectrum recorded at 25°C from the starch-coated
AuNPs in wine red aqueous dipersion, as shown in the inset of Figure 1. The appearance of a single,
strong and sharp plasmon resonance (SPR) band at the wavelength of maximum absorbance Amax =
520 nm indicates the formation of gold particles with nanometer-sized dimensions. Stability was
observed for the obtained aqueous dispersion of AuNPs at room temperature for over six months,
with no noticeable signs of sedimentation or changes in their UV-Vis absorption spectra. This
observation is consistent with the results from measurements of the surface (-potential of the
synthesized gold nanoparticles: { =-28.7 + 1.6 mV at pH 6.8.
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Figure 1. UV-Vis absorption spectrum of as-synthesized starch-coated gold nanoparticles in aqueous dispersion;

the inset shows an optical photograph of as-prepared AuNPs dispersion.

The sharp SPR band of starch-coated AuNPs, indicating the formation of uniform spherical
nanoparticles, is further confirmed by the TEM and HRTEM micrographs shown in Figure 2 and the
corresponding nanoparticle size distribution histogram in the inset of Figure 2. The gold
nanoparticles have shapes close to the spherical and exhibit a relatively narrow size distribution with
an average diameter of 11.8 + 1.7 nm (Figure 2a). The histogram shows a narrow monomodal size
distribution for the synthesized gold nanoparticles. The observed small standard deviation indicates
that reduction with D-glucose in a starch solution with appropriate alkalinity and under the influence
of ultrasound leads to the formation of homogeneous nanoparticles in terms of shape and size. In the
HRTEM micrograph presented in Figure 2b, the individual crystalline planes in the respective crystal
lattices are clearly visible. The electron diffraction image presented in Figure 3c characterizes the
synthesized starch-coated gold nanoparticles as polycrystalline sample.
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Figure 2. (a) TEM and (b) HRTEM micrographs of starch-coated gold nanoparticles; (c) Electron diffraction

image; Inset in (a): Nanoparticle size distribution histogram based on measurements of over 200 particles.

The nanocrystalline nature of starch-coated AuNPs is further studied by X-ray diffraction of a
layer of as-prepared gold nanoparticles dried at 25°C (Figure S3). The broad reflection in the 20-range
of 20-30° originates from the glass substrate of the gold nanoparticle layer subjected to XRD analysis.
The low-intensity and broad diffraction peaks at angular positions of 38.2° and 44.5°, corresponding
to the (111) and (200) planes of the face-centered cubic (fcc) lattice of metallic gold (PDF 04-0784),
indicate the nanocrystallite nature of the metal nanoparticles. (PDF 04-0784).

The UV-Vis transmission spectra of the PVA-PEO-TEOS hybrid hydrogel nanocomposite
membrane presented in Figure 3 show a slight "red" shift of the plasmonic maxima of nanoparticles
embedded in the respective hybrid membranes compared to its position in the starch-coated
nanoparticle aqueous dispersions, accompanied by a minor broadening of the plasmon bands. This
can be interpreted as a result of changes in the dielectric constant of the nanoparticles' surrounding
environment in the hybrid matrix. The embedding of AuNps or AgNPs in PVA/PEO/TEOS hybrid
matrix results in the formation of transparent, self-standing nanocomposite membranes
PVA/PEO/TEOS/AuNPs (or AgNPs) with intense and storage-stable coloration (Figure 4b). This is
attributed to the homogeneous distribution and stability of both types of nanoparticles embedded
within the hybrid polymer structure.
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Figure 3. UV-Vis transmission spectrum of the PVA-PEO-TEOS hybrid hydrogel membrane and the membrane
modified with AuNPs; the inset shows an optical photograph of the membrane.

The surface morphology of the PVA-PEO-TEOS hybrid nanocomposite membrane and the
membrane modified with starch-coated gold nanoparticles with was observed using scanning
electron microscopy (SEM), and the obtained results are presented in Figure 4. The PVA/PEO/TEOS
hybrid hydrogel membrane is dense and homogeneous, with a relatively smooth surface. The
modification of the hybrid membrane with either silver or gold nanoparticles alters the surface
morphology of the membranes, which maintain a compact structural integrity but exhibit a less
smooth, heterogeneous surface with the presence of surface micropores. SEM micrographs of the
cross-section of the PVA/PEO/TEOS/AuNPs hydrogel composite membrane reveal a dense,
homogeneous, and microporous structure throughout the membrane's volume.
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Figure 4. SEM micrographs (top view) of (a) PVA/PEO/TEOS hybrid hydrogel membrane, and (b)
PVA/PEO/TEOS/AuNPs hydrogel nanocomposite membranes; (c) and (d) SEM micrographs (cross-section) of
the PVA/PEO/TEOS/AuNPs hydrogel nanocomposite membrane at different magnifications.

Electron microscopy observations of the PVA/PEO/TEOS hybrid hydrogel membrane and the
membrane modified with starch-coated AuNPa, obtained directly on a carbon-coated copper grid for
TEM observations, are presented in Figure 5a and b, respectively. A relatively homogeneous
distribution of AuNPs in the hybrid hydrogel membrane has been achieved, without noticeable
changes in the shape and size of the nanoparticles.

Figure 5. (a) and (b) TEM micrographs of PVA/PEO/TEOS hybrid hydrogel membrane and membrane modified
with AuNPs, respevtively.

It is noteworthy that during handling, the hybrid nanocomposite membrane modified with
AuNPs demonstrated superior mechanical strength compared to the PVA/PEO/TEOS membrane.
Furthermore, no leakage of gold nanoparticles was detected from the hydrogel nanocomposite
membranes. These experimental results indicate that AuNPs act as cross-linking agents in the
formation of the hybrid nanocomposite structure, contributing to enhanced mechanical properties of
the membrane.
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2.2. Adsorption Behavior of PVA/PEO/TEOS/AuNPs Hybrid Hydrogel Membrane toward Cr(I11)/Cr(VI)
and Mn(1I)/Mn(VII) — Optimization Studies

The degree of sorption of Cr(IIl)/Cr(VI) and Mn(II)/Mn(VII) on the PVA/PEO/TEOS/AuNPs
hybrid hydrogel membrane and on the PVA/PEO/TEOS hydrogel membrane was studied in pH
range 3-9 starting with sorption time of 12 h. The amount of gold in the nanocomposite membrane is
596+75 g, introduced into the hybrid polymer matrix solution when using 5 mL aqueous dispersion
of pre-synthesized starch-coated AuNPs [41]. The pH range was chosen based on the assumption
that the hybrid polymer matrix, composed of the organic polymer PVA, which contains OH-groups,
and the inorganic polymer SiO,, which has surface silanol groups (Si-OH), exhibits high sorption
activity toward transition metal cations in the pH range of 3 < pH <9. The results presented in Figure
4S show that quantitative sorption of both Cr(Ill) and Mn(Il) is achieved at pH 9 using the
PVA/PEO/TEOS/AuNPs nanocomposite membrane as a sorbent. Under the same conditions the
PVA/PEO/TEOS membrane without AuNPs did not ensure quantitative sorption neither for Cr(III)
nor for Mn(Il). A possible explanation for this experimental finding is the high chemical affinity of
gold nanoparticles for the investigated metal cations, as well as the electrostatic attraction between
the negatively charged gold nanoparticles and the positively charged Cr(Ill) and Mn(Il) complexes
that are formed in an ammonia medium at pH 9. This electrostatic interaction facilitates further
complex formation with the functional groups of the polymer components in the hybride
nanocomposite membrane. In an acidic medium (pH 3) the degree of sorption for Cr(IIl) and Mn(II)
onto the PVA/PEO/TEOS/AuNPs hydrogel nanocomposite membrane are lower, approximately 65%
and 10%, respectively. The remarcable decrease in Cr(III) and Mn(Il) sorption at pH < 7 can likely be
attributed to electrostatic repulsion between the positively charged metal complexes —predominant
chemical forms of Cr(Ill) and Mn(Il) under these conditions [42] —and the partially protonated,
positively charged functional groups of the nanoparticle stabilizing agent (starch), as well as those of
the polymer components of the membrane [43]. Additionally, the limited ability of these metal
complexes to form further bonds with functional groups due to their inertness further contributes to
the reduced sorption.

The compaison of retention behaviour of Cr(III)/Cr(VI) and Mn(II)/Mn(VII) is shown in Fig. 6a
and Fig. 6b, respectively, at four different pH values within the range of 3-9. It is seen that the degree
of sorption of both Cr(VI) and Mn(VII) is negligable for all studied pH values. These results clearly
demonstrate the potential of the prepared PVA/PEO/TEOS/AuNPs hybrid nanocomposite
membrane for the selective and quantitative separation of toxic Cr and Mn species - under the defined
optimal pH value of 9 simulateneous speciaiton of Cr and Mn species is possible.

(@) (b)

100

Figure 6. Degree of sorption (Ds, %) of (a) Cr(Ill) at the presence of Cr(VI) and (b) Mn(Il) at the presence of
Mn(VII) onto PVA/PEO/TEOS/AuNPs hybrid nanocomposite membrane as a function of the pH of the medium;

sorption time of 16 h, adsorbent dose (one membrane with diameter 2.5 cm) — 0,1293 g.
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In order to optimize the contact time for sorption, the degree of sorption, Ds, of Cr(III) and Mn(II)
onto the PVA/PEO/TEOS/AulNPs membrane sorbent at different contact times was studied in the
range 1 - 16 h. The kinetic adsorption curve is shown in Figure 7 and it can be seen that with an
increase of sorption time, the sorbed amounts of both Cr(Ill) and Mn(Il) gradually increase, with
quantitative sorption (>99%) being achieved within 12 h. The contact time considered optimal set to
12 h. During the solid-phase extraction of the studied ions, the PVA/PEO/TEOS/AuNPs composite
membrane maintains its integrity, and the removal and transfer of the membrane from the vessel is
very easy ensuring the possibility of simulatneous and selective separation of Cr and Mn species.
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Figure 7. Effect of the contact time on the degree of sorption Ds of Cr(Illl) and Mn(Ill) onto
PVA/PEO/TEOS/AuNPs membrane at initial concentration 1 mg/L (19.23 umol/L Cr(Ill) and 18.20 umol/L
Mn(II)), pH 9, temperature 25°C, adsorbent dose (one membrane with diameter 2.5 cm) — 0.1293 g.

A similar relatively slow process (equilibrium time of 12-18 h) has already been reported for
quantitative sorption of Cd(Il), Cu(Il), Ni(II), Pb(Il), and Hg(Il) using L-cysteine-modified chitosan
membrane [44]. It is reasonable to assume that such a slow reaching of the adsorption equilibrium is
due to the large diffusion barrier in the thin hydrogel membrane. The greater diffusion resistance
leads both to the difficult entry of Cr(IlI) and Mn(II) species into the membrane pores and to their
limited association with the sorption centers.

Under defined optimal conditions, the sorption capacity of the PVA/PEO/TEOS/AuNPs
nanocomposite membrane sorbent was evaluated after saturation of the membrane with Cr(III) or
Mn(II) ions. The effect of the initial concentration of Cr(IIl) ions or Mn(II) ions (0.5-10 mg/L) on the
sorption capacity of PVA/PEO/TEOS/AuNPs hydrogel membrane is displayed in Figure 8.
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Figure 8. Experimental adsorption isoterms for Cr(Ill) and Mn(ll) sorption on PVA/PEO/TEOS/AuNPs
nanocomposite membrane (optimal conditions: pH 9, contact time of 12 h, temperature 25°C, adsorbent dose
(one membrane with diameter 2.5 cm) — 0,1293 g. The data presented are averaged from three independent

experiments.

The adsorption isotherms clearly show that the amount of adsorbed Cr(Ill) or Mn(II) per unit
mass of the membrane increases with growing Cr(IlI) or Mn(II) concentration and reaches a plateau
determining the maximum adsorption capacity (Qemax) — 0.2144 mg/g for Cr(Ill) and 0,2254 mg/g for
Mn(II).

2.3. Desorption Studies

The choice of eluent is very important, as the eluting agent must ensure complete elution of
Cr(IIl) and Mn(Il) from the nanosorbent — PVA/PEO/TEOS/AuNPs membrane. Experiments were
conducted with different concentrations of nitric acid: 2 mol/L, 4 mol/L, and conc. HNOs at room
temperature. The degree of elution increases with the increase in the concentration of nitric acid, with
the maximum value reaching 75% when using conc. HNOs. In addition, it was observed that elution
at room temperature, regardless of the concentration of nitric acid, leads to the partial but not
complete dissolution of the membrane. This provides further evidence that the gold nanoparticles
embedded in the hybrid structure of the membrane also act as a crosslinking agent. The complete
dissolution of the membrane and in this way quantitative recovery of retained elements was achieved
with 1 mL of aqua regia under mild heating (~ 40°C) for 15 min.

2.4. Investigations on the Mechanism of Cr(IlI) and Mn(II) Adsorption onto PVA/PEO/TEOS/AuNPs
Hydrogel Nanocomposite Membrane

2.4.1. Adsorption Isotherm Models

The experimental data for the adsorption of Cr(Ill) and Mn(II) ions onto PVA/PEO/TEOS/AuNPs
hydrogel nanocomposite membrane were analyzed as a function of the initial ion concentrations
using four well-established two-parameter adsorption models [45-47]: Langmuir (Equation (1)),
Freundlich (Equation (2)), Dubinin-Kaganer-Radushkevich (DKR) (Equation (3)), and Temkin
(Equation (4)).

The Langmuir isotherm model assumes a monolayer adsorption occurring in a surface
monolayer of uniform sites. The linear form of Langmuir isotherm is presented by Equation (1):

Langmuir:  Ce/Qe = Ce/Qm + 1/(QmxKL) (1)
where Q. (mg/g) is the equilibrium capacity of the membrane, Om (mg/g) is the calculated maximum
adsorption capacity, K. (L/mg) is the equilibrium constant of the adsorbate-adsorbent equilibrium.

To predict the favorability of a given adsorption system, it is recommended to use the
dimensionless separation factor R which is represented by Equation (2). The isotherm is irreversible,
favorable, linear, or unfavorable if RL=0, 0 <R <1, RL=1, or Rt > 1, respectively.

Ru=1/(1+ KixCo) (2)
where Co (mg/L) is the initial concentration of sorbate in the liquid phase.

The Freundlich isotherm model is not restricted to the monolayer formation and can be applied
in the case of multilayer adsorption of the adsorbate on a heterogeneous surface. Equation (3)
presents the Freundlich isotherm in the linear form:

Freundlich: In Qc=1In Kr+ (1/n)xIn C. 3)
where Ce (mg/L) and Qe (mg/g) are Cr(IIl) or Mn(Il) equilibrium concentration in the solution and
equilibrium capacity of the membrane, respectively; Kk is the Freundlich isotherm constant; # is the
adsorption intensity. The value of n gives information about the adsorbent—-adsorbate interaction.
The adsorption process is favorable, when 0 < 1/n < 1; unfavorable—1/n > 1; and irreversible—1/n =1.

The DKR isotherm model assumes a multilayer adsorption onto micropore heterogeneous
surfaces:
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DKR: In Qe=In Xm - fxe? 4)
where Qe e copbupanoro koamdectso (mg/g); Xm is DKR monolayer capacity (mg/g); $ is the
coefficient associated with the average sorption energy (mol?/J?); ¢ is the Polanyi potential, which is
equal to:

€ = RxTxIn(1+1/Ce) 5)
where R is the gas constant (J/((Kxmol); T is the absolute temperature (K); C. is the equilibrium
concentration of the sorbate (mg/L).

The value of 3 is related to the adsorption energy E by the following relationship:

E=1/2xp)" (6)

The adsorption energy value can be used to determine whether the adsorption process is
physical or chemical [48]. When the E value is ranged between 8 and 16 kJ/mol, the predominant
adsorption process is chemisorption by ion-exchange mechanism [49].

The Temkin isotherm model is based on the multilayered chemisorption process and this
isotherm is applicable to a limited range of ion concentrations.

Temkin: Qe = (RxT/b)xIn Kt + (RxT/b)xIn Ce (7)
where R is the constant (8.314 J/(molxK), T is the absolute temperature (K), Kr is the equilibrium
binding constant (L/g) and b is a constant related to the heat of adsorption B = RxT/b (J/mol).

The final calculated adsorption isotherm parameters are summarized in Table 2, with graphical
representations for Cr(Ill) and Mn(Il) shown in Figures S5 and S6, respectively. The suitability of
different adsorption models for describing the adsorption behavior of the two analytes on the hybrid
hydrogel nanocomposite membrane was evaluated by comparing the correlation coefficient (R?)
values. As shown in Table 2, the Langmuir model exhibited the highest coefficient of determination
(R?=0.9998 for Cr(Ill) and R? = 0.9999 for Mn(II)), outperforming the other isotherm models.

The calculated adsorption capacity (Qm) values closely matched the experimentally obtained
values for both ions (Qemax = 0.2144 mg/g for Cr(III) and Qemax = 0.2254 mg/g for Mn(Il)), supporting
the assumption that adsorption occurs as a monolayer on a homogeneous surface. Additionally, the
Langmuir dimensionless factor (Rr) values fell within the range of 0 < Rt < 1, indicating that the
adsorption of Cr(Ill) and Mn(ll) onto the PVA/PEO/TEOS/AuNPs hydrogel nanocomposite
membrane is favorable. This conclusion is further supported by the Freundlich coefficient (1), which
satisfies the condition 0 < 1/n < 1, confirming favorable adsorption. Moreover, the positive values of
adsorption energy (E) from the Dubinin—-Radushkevich (DKR) isotherm model suggest that the
adsorption of Cr(III) and Mn(II) onto the nanocomposite membrane is endothermic [50]. The obtained
E values were found to be less than 8 kJ/mol, indicating that the sorption process is primarily
governed by physical adsorption.

Table 2. Langmuir, Freundlich and DKR isotherm parameters obtained by linear fitting of experimental data for
sorption of Cr(IIT) and Mn(II) ions onto PVA/PEO/TEOS/AuNPs hydrogel nanocomposite membrane.

Isotherm model Parameters Cr(II1) Mn(1I)
Langmuir Qm, mg/g 0.2149 0.2256
Ki, L/mg 71.66 154.8
R (at Co=1 mg/L) 0<0.0138<1 0<0.0064 <1
R 0.9998 0.9999
Freundlich Kr, mg/g 0.1964 0.2126
1/n 0.0908 << 1 0.0632 <<1
R 0.7748 0.8127
DKR Xm, mg/g 0.2159 0.2161
B, mol?/J? 1.156x108 2.192x101
E, J/mol 6.578 151.0
R2 0.9900 0.8858

2.4.2. Modeling of Cr(III) Sorption Kinetics
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In order to understand the behavior of Cr(Ill) and Mn(ll) ions adsorbed by the novel
PVA/PEO/TEOS/AuNPs hydrogel nanocomposite membrane and to determine the controlling
mechanism of the adsorption process, the two most commonly used kinetic models (pseudo-first-
order and pseudo-second-order) were tested, both of which contain two adjustable parameters [51].
Additionally, two sigmoidal models were considered, suggested by the S-shaped behavior of the
experimental kinetic curves—slogisticl [52] and dose response [53], which contain three and four
adjustable parameters, respectively. All models in their nonlinear form were fitted to the
experimental data using the OriginPro 2019 software and an iterative procedure following the
Levenberg-Marquardt algorithm.

pseudo-first-order q, =q (1- e kit (8)
where gt and ge (mg/g) are the adsorbed amounts at different times ¢ (h) and at an equilibrium,
respectively, and k1 (1/h) is the rate constant. The pseudo-first-order kinetic model better describes an
adsorption process controlled by diffusion and is mainly used to simulate a simple single reaction.

)
1+ky.qe.t
where k2 (g/(mgh) is the rate constant. The pseudo-second-order model assumes that the

pseudo-second-order q, =k, .q2

chemisorption is a rate-limiting step.

The sigmoidal slogistic kinetic model uses three parameters to describe the S-shaped kinetic
curves, which consist of an initial lag phase, followed by a phase with a high adsorption rate, and
finally a stationary phase. These parameters are:

sigmoidal model (Slogisticl) g, = v (10)

where 7 (h) describes the inflection point of the function and corresponds to the lag phase; k - kinetic
parameter related to the rate constant of the process; and ge (mg/g) - the adsorbed amount at
equilibrium, which represents the maximum adsorption capacity of Cr(Ill) or Mn(II) on the surface
of the PVA-PEO-TEOS-AuNPs hydrogel membrane.

The sigmoidal dose response kinetic model uses four parameters to describe the S-shaped kinetic
curves.

sigmoidal model (Dose response) ¢ =4 . + % (11)
where gmin (mg/g) and ge (mg/g) represent the minimum and maximum (equilibrium) adsorbed
amounts of Cr(Ill) or Mn(Il) on the surface of the PVA-PEO-TEOS-AuNPs hydrogel membrane,
respectively; logEC50 is the time at which 50% of the adsorption capacity is reached; and p (a
dimensionless parameter) describes the slope of the steep part of the curve and can be related to the
rate constant of the process.

The kinetic parameters of the analyzed models, estimated through regression analysis, are
summarized in Table 3, while the fitted curves are presented in Figures S7 and S8. To determine the
most suitable model, both the coefficient of determination (R?) and the equilibrium adsorption
capacity predicted by the model (ge.ac) should be taken into account [54]. The pseudo-first-order and
pseudo-second-order kinetic models failed to converge when describing the adsorption kinetics of
the investigated sorbates. This outcome is unsurprising, given the S-shaped behavior of the two
experimental kinetic curves shown in Figure 7.

The sigmoidal Slogisticl model accurately represents the experimental adsorption data for both
Cr(III) (geexp = 0.04169 mg/g; ge cac = 0.04446 mg/g; R? = 0.9905) and Mn(II) (geexp = 0.03981 mg/g; ge,calc =
0.04102 mg/g; R? = 0.9811). This is clearly illustrated in Figure S8, where the black and red curves
correspond to the values predicted by the Slogisticl model for the sorption of Cr(Ill) and Mn(II),
respectively, onto the hydrogel nanocomposite membrane. Similar sigmoidal kinetic behaviors have
been observed in the chemisorption of CO, on metal-organic frameworks [55], as well as in
autocatalytic [56] and autoinductive [57] chemical reactions.
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Table 3. Fitted kinetic parameters of pseudo-first-order, pseudo-second-order, sigmoidal model (slogistic1), and
sigmoidal model (dose response) for adsorption of Cr(Ill) and Mn(II) ions onto the PVA-PEO-TEOS-AuNPs

hydrogel nanocomposite membrane at concentration 1 mg/L, pH 9, temperature 25 °C, and adsorbent dose (one

membrane) 0,1293 g.

Kinetic sigmoidal model Parameters Cr(I1I) Mn(II)
Slogisticl e, cale, MG/ 0.04446 0.04102

7, h 8.895 8.301

k, dimensionless 0.5115 0.6566

R? 0.9905 0.9811
Dose response e, cale, MG/ 0.04313 0.04056
(min, calc, M/ 0.0025 0.00144

logECso, h 9.087 8.443

p, dimensionless 0.2840 0.3310

R? 0.9945 0.9803

The estimated parameter 7 represents the time corresponding to the inflection point of the
sorption kinetic curve. This parameter is indirectly linked to the lag phase, as the sorption rate
increases until reaching the inflection point. The slow initial stage of mass transfer for the chemical
forms of Cr(Ill) and Mn(II) formed at the optimal pH 9 is likely due to internal diffusion resistance.
These particles first diffuse rapidly onto the outer membrane surface before slowly penetrating the
internal pore surfaces until equilibrium is achieved.

The dose response model, which follows a sigmoidal curve, has been applied in the literature to
describe kinetic data in the fields of biology [58], pharmacology [59], and toxicology [60]. This
sigmoidal model also accurately describes the experimental results for the adsorption of both Cr(III)
(Geexp = 0.04169 mg/g and ge,calc = 0.04313 mg/g; R? = 0.9945) and Mn(II) (geexp = 0.04056 mg/g and ge,calc
= 0.04102 mg/g; R? = 0.9803). This can be clearly seen from both the data in Table 3 and Figure S9,
where the black and red curves represent the values obtained from the dose response model for the
sorption of Cr(Ill) and Mn(Il) ions, respectively, onto the PVA/PEO/TEOS/AuNPs hydrogel
nanocomposite membrane. However, to the best of our knowledge, this model has not been used in
our field of research. For this reason, the physical significance of the model's parameters requires
further investigation and interpretation.

2.5. Analytical Applications

The high extraction efficiency of the PVA/PEO/TEOS/AuNPs nanocomposite membrane
demonstrates its potential for simultaneous speciation analysis of Cr(III)/Cr(VI) and Mn(II)/Mn(VII)
in various water samples. Initially, experiments were conducted to determine the maximum sample
volume that allows for quantitative and selective separation of chromium and manganese species.
As shown in Table S1, sorption onto the nanocomposite membrane remains quantitative at a sample
volume of 20 mL. However, as the sample volume increases, the sorption efficiency decreases,
dropping to 64% for Cr(Ill) and 57% for Mn(Il) at a volume of 50 mL. To evaluate the membrane’s
applicability for Cr(III)/Cr(VI) determination in surface waters (river, lake, and seawater) were spiked
with low concentration of Cr(VI) and analyzed using the developed method. The results showed
recoveries of Cr(VI) ranging from 95% to 98%, confirming the membrane’s effectiveness in
monitoring toxic Cr(VI) levels in surface waters. A key advantage of the synthesized membrane is its
ability to simultaneously speciate Cr(IIl)/Cr(VI) and Mn(II)/Mn(VII) in both treated tap water and
disinfected wastewater. Drinking water samples from the municipal water supply in Sofia and
wastewater samples from the Kubratovo urban treatment plant were spiked with different
concentrations of Cr(VI) and Mn(VII) and analyzed using the described procedure (Section 4.7). The
achieved recoveries exceeded 95%, demonstrating the method’s suitability for simultaneous Cr and
Mn speciation. Furthermore, the accuracy of the developed analytical procedure was validated using
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the spike recovery (added/found) method. Water samples were spiked with Cr(III)/Cr(VI) and
Mn(II)/Mn(VII) at concentrations relevant to real environmental conditions and analyzed according
to the procedure outlined in Section 4.7. The results, presented in Table 4, confirm that the method
provides accurate and reliable measurements, reinforcing its applicability for environmental
monitoring.

Table 4. Results from added/found method applied to surface waters, tap waters and wastewaters.

Sample Cr(III) Cr(VI) Mn (II)  Mn(VID)
River Iskar, ug/L 0.15+0.06 <DL 4.54+0.5 n.a.
Added, pg/L 0.010
Found, ug/L 0.14+0.08  0.009+0.008 4.32+0.06
Tap water, Bistritsa,
ug/L 0.092+0.008 <DL 15.4+0.5 <DL
Added, pg/L 0.05 2.00
Found, pg/L 0.093x0.009 0.052+0.007 14.9+0.5 1.95+0.45
Wastewater 1.23+0.09  0.034+0.004  256+25 21£2
Added, pg/L 0.10 10
Found, ug/L 1.34+0.07  0.14+0.006  249+23 32+3

As far as certified reference materials for the content of Cr(III)/Cr(VI) and Mn(II)/Mn(VII) in
waters are not available, the developed procedure was applied to the total content of Cr and Mn in
SLRS-6: River Water Certified Reference Material for Trace Metals and other Constituents. Results
shown in Table 5 are in very good agreement with certified values additionally supporting the
accuracy of developed procedure.

Table 5. Analysis of SLRS-6: River Water Certified Reference Material.

Cr (Cr(IIN+Cr(VI) ) Mn (Mn(II)+Mn(VII))

Certified value, ug/L 0.252 £ 0.012 2.12+0.10
Proposed procedure, ug/L 0.245 £ 0.016 2.04 £0.09
Recovery, % 97.2+0.3 96.2+0.2

2.6. Analytical Figures of Merit

Analytical figures of merit were defined after analysis of 5 parallel samples of tap water from
drinking water treatment plant Bistritsa spiked with 0.5 ug/L Cr(VI) and 0.2 pg/L Mn(VII) and
wastewater from urban wastewater treatment plant Kubratovo spiked with 50 pg/L Cr(VI) and 100
pg/L Mn(VII), according to the developed analytical procedure (paragraph 4.7) (see Table 6). The
relative standard deviation of results for Cr(IlI) and Mn(Il) varied in the range 3-9% and for Cr(VI)
and Mn(VII) - in the range 4-10%. The detection limit and quantification limits were calculated based
on 30 and 100 criteria. The detection and determination limits achieved as well as relative standard
deviations are depicted in Table 6.

Table 6. Analytical figures of merit.

Parameters Cr(IIl) Cr(VI) Mn(II) Mn(VII)
Detection limit, ug/L 0.09 0.1 0.04 0.05
Determination limit, pg/L 0.26 0.3 0.12 0.15

RSD, % in tap water
for the species content (LOD-100
pg/L) 3-7 4-7 3-7 4-7
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RSD, % in wastewater
for the species content (LOD-500
pg/L) 4-10 3-9 3-10 3-8

The repeatability of the membrane synthesis procedure was examined by parallel analysis of
spiked tap water samples with membranes prepared by different bathes following the developed
procedure. The results obtained for the RSD values for all studied chemical species (Cr(III)/Cr(VI)
and Mn(II)/Mn(VII)) are identical with these presented in Table 5, indicating very good membrane
performance most probably because for each experiment a newly synthesized membrane is used.

The developed analytical procedure was applied in the national monitoring according to the
requirements of state regulation for the determination of specific pollutant Cr(VI) in surface waters
with total chromium content above 5 pg/L. The results obtained showed that the annual average
concentrations for Cr (VI) are below the accepted national EQS (environmental quality standard). The
content of Mn(VII) was determined in tap waters after disinfection (Sofia, Plovdiv, domestic well
waters) and it was confirmed that in all cases the levels of Mn(VII) are below the determination limit.

3. Conclusions

A novel PVA/PEO/TEOS/AuNPs hybrid hydrogel membrane was synthesized, characterized,
and proposed as an efficient nanosorbent for the simultaneous speciation of Cr(III)/Cr(VI) and
Mn(II)/Mn(VII) in tap water and wastewater. A simple analytical method was developed for the
direct determination of toxic Cr(VI) and Mn(VII) following the selective sorption of Cr(III) and Mn(II)
onto the membrane. The procedure is highly straightforward, eliminating the need for filtration,
centrifugation, or oxidation-reduction steps typically required in the speciation analysis of these
elements. The achieved detection and determination limits make this method suitable for routine
analytical applications and highly effective for environmental monitoring studies.

4. Materials and Methods

4.1. Materials, Reagents, and Instruments

All reagents were of analytical-reagent grade and all aqueous solutions were prepared in high-
purity water (Millipore Corp., Milford, MA, USA). Stock standard solutions for Cr and Mn
(TraceCERT®, 1 g/L in nitric acid (nominal concentration), Merck KGaA, Darmstadt, Germany were
used for the preparation of working diluted standard solutions in 0.5 mol L' HNOs.. The stock
standards solutions for Mn(VII) and Cr(VI) were prepared by dissolving appropriate amount of
KMnOs and K2Cr207 (Merck, Germany), respectively, in high-purity water. The concentrations of
these solutions were further confirmed by flame AAS. CRM: SLRS-6: River Water Certified Reference
Material for Trace Metals and other Constituents

Tetraethylorthosilicate (TEOS, 99%, Fluka, Germany), hydrochloric acid (37%, Merck,
Germany), absolute ethanol (EtOH, 99.8%, Sigma-Aldrich, USA), poly(vinyl alcohol) (PVA, 72000)
and poly(ethylene oxide) (PEO, 400) (Merck, Germany), doubly distilled water were used to prepare
the hybrid organic-inorganic matrix solution.

Tetrachloroauric (III) acid (HAuCls.3H20, 99%, Panreac Quimica S.A., Poland), soluble starch
(Merck, Germany), pharmaceutical grade D-(+) glucose and sodium hydroxide (NaOH, 99%, Merck,
Germany) were used to prepare the aqueous dispersions of starch-coated gold and silver
nanoparticles.

Electrothermal AAS measurements of the Cr and Mn were performed with a Perkin Elmer
AAnalyst 400 atomic absorption spectrometer (Perkin Elmer, USA) on a HGA 900 graphite furnace
using an AS 900 autosampler. The sample aliquots of 50 uL were injected into pyrolytic graphite
tubes with integrated platforms. Temperature program used consists of: drying step at 120°C;
pretreatment step at 1000 °C (Mn) and 1300 °C (Cr), and atomization step at 2300 °C (Mn) and 2600
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°C (Cr). Integrated absorbance signals (three replicates) were used for Cr and Mn quantification
against external calibration.

UV-Vis absorption spectra of aqueous dispersions of nanoparticles were recorded on an
Evolution 300 spectrometer (Thermo Scientific, USA) in the range 190-1100 nm, using quartz cuvettes
with a 1 cm optical path length. Double distilled water was used as a reference sample for background
absorption. The morphology and particle sizes were examined using a transmission electron
microscope (TEM, JEOL JEM-2100 operating at 200 kV) and scanning electron microscope (SEM,
JEOL JSM-5510 operating at 10 kV). X-ray diffraction (XRD) measurement was carried out on an X-
ray powder diffractometer Siemens D500 equipped with the CuKa radiation (A = 1.54 A) in 20
ranging from 15° to 90°. Zeta (C) potentials were measured with a Zetasizer Nano ZS (Malvern)
instrument.

Digital ultrasonic bath (100 W, 38 kHz, Model DU-32) was used for ultrasound-assisted
preparation of noble metal nanoparticles. Multi speed vortex MSV-3500 (Biosan) was used for
ensuring vigorous shaking during the sorption of Cr(Ill) and Mn(II) onto hybrid nanocomposite
membranes. Hettich EBA 20 centrifuge was used for isolation of membrane sorbents from sample
volumes. A microprocessor pH-meter (Hanna Instruments, Portugal) was used for pH
measurements.

4.2. Synthesis of Starch-Coated AuNPs

The aqueous dispersions of gold nanoparticles was prepared by completely green synthesis
method based on the reduction of AuCls using D-(+) glucose as an environmentally benign soft
reductant and soluble starch as a non-toxic capping agent.

The reduction of HAuCls was carried out in an ultrasonic bath under basic reaction conditions.
The synthesis procedure for AuNPs, schematically presented in Figure 1S, is quite similar to that for
AgNPs, described in details in our previous studies [61,62]. The resulting aqueous dispersions of gold
nanoparticles were stored in the dark at room temperature for subsequent experiments. The wine red
dispersion of AuNPs was stable for several months under storage conditions.

4.3. Preparation of PVA/PEO/TEOS/AuNPs Hydrogel Hybrid Nanocomposite Membrane

In order to prepare the polymer organic-inorganic matrix solution (PVA/PEO/TEOS), two initial
solutions were prepared:

Solution 1: 35.0 g 4% PV A aqueous solution and 0.2 g PEO were mixed in a 100 mL beaker. The
resulting solution is homogenized for 5 minutes.

Solution 2: 4.2 g 96% C,Hs;OH and 1.4 g TEOS were mixed in a 100 mL beaker. The resulting
solution is homogenized for 1 minute, after which 1 mol/L HCl is added dropwise until the pH
reaches 2-3. The resulting prehydrolyzed TEOS solution is then homogenized for 30 minutes.

Solution 2 was slowly added dropwise to solution 1 under electromagnetic stirring and polymer
organic-inorganic (hybrid) matrix solution (PVA/PEO/TEOS) was obtained.

To modify the polymer hybrid matrix solution with AuNPs and obtain the
PVA/PEO/TEOS/AuNPs hydrogel nanocomposite membrane, 5.0 mL aqueous dispersion of starch-
coated AuNPs were added to 2.5 mL of the prepared polymer hybrid matrix solution placed in a 3
cm diameter cup. The resulting hybrid matrix dispersion was homogenized via electromagnetic
stirring for 15 minutes, and the solvent is slowly evaporated at a constant temperature of 50 °C for 15
hours until a dry hybrid nanocomposite hydrogel membrane is obtained, which can easily be
removed from the bottom of the cup. For comparison, PVA/PEO/TEOS hydrogel membrane was also
prepared using similar procedure. Figure 25 schematically represents the procedure for obtaining
PVA/PEO/TEOS/AuNPs hydrogel hybrid nanocomposite membrane.
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4.4. Static Adsorption/Desorption Experiments

The model solutions of 10 mL high-purity water containing 1 pg Cr(Illl), Cr(VI), Mn(Il) or
Mn(VII) were prepared and adjusted to pH values between 3-9 with 1 mol/L HCl or conc. NHs
solution. The PVA/PEO/TEOS/AuNPs or PVA/PEO/TEOS hybrid hydrogel membranes were
immersed in this solutions and shaken gently with an electric shaker for 12 h at temperature of 25 +
1°C. After sorption the membrane was carefully removed and remaining solution (effluate) was
analyzed for Cr and Mn content by ETAAS.

The degree of sorption (DS, %) of Cr(IlI) or Mn(Il) was calculated by the following equation:

Aj = Aegr
= a

Ds x 100 (12)
where Ai (ug) is the initial amount of Cr(III) or Mn(Il) in contact with the membrane; Aes (ug) is the
amount of Cr(Ill) or Mn(Il) in the effluate solution after membraine removal.

The membrane was washed twice with high-purity water, and eluted with different eluent
solutions or completely dissolved with 1 mL aqua regia under gentle heating (~40°C) for 20 min. The
content of Cr and Mn in the eluate was measured by ETAAS.

Ael

A Aot

Dg x 100 (13)

Aet (ug) is the amount of Cr(Il) or Mn(II) in the eluate.

4.5. Isotherm and Kinetic Studies

The following procedure was used for determination of the adsorption capacities of the
PVA/PEO/TEOS/AuNPs hybrid hydrogel membrane: 5 mL solutions (pH 9) with various
concentrations of Cr(III) ions (from 0.5 to 10 mg/L) were added to one tested membrane and shaken
for 12 h at temperature 25°C. The Cr or Mn concentrations were measured in the effluate solutions
by ETAAS under optimized instrumental parameters. All the experiments were performed in
triplicate, and the average value was used to calculate the maximum adsorption capacity of
PVA/PEO/TEOS/AuNPs hydrogel membrane (Qemax) using the following equation:
_ (CO_ Ce)xV

Qe,max -

(14)
m

where Qemax (mg/g) is the mass of Cr(Ill) ions adsorbed per unit mass of the membrane; V (L)—
solution volume; m (g)—mass of the membrane; Co and Ce (mg/L)—initial and equilibrium
concentrations of Cr(III) or Mn(II) ions in the solution, respectively.

The sorption kinetics of Cr(IlI) or Mn(II) was investigated using one PVA/PEO/TEOS/AuNPs
hybrid hydrogel membrane in contact with 5 mL 1 mg/L Cr(Il) or Mn(II) standard solution at pH 9,
placed in 15 mL centrifuge tubes on an electrical shaker at 150 rpm at temperature of 25+1°C. The
sorption time was varied in the range of 1-16 h, and the residual Cr or Mn content in the effluate
solutions was determined by ETAAS. Each experiment was repeated in triplicate. The amount of
Cr(II) or Mn(Il) adsorbed at time ¢ (h), g: (mg/g), was calculated from Equation (15) by the difference
between the initial chromium concentration in the solution (Ci, mg/L) at f = 0 and the residual
chromium concentration at t adsorption time (C, mg/L):

g = 0 (15)
m

4.6. Analytical Procedure

Water sample of about 20 mL (filtered through 0.45 um filter according to the sampling
standard) is transferred in a glass beaker, pH is adjusted to 9 and PVA/PEO/TEOS/AuNPs hybrid
hydrogel membrane (diameter 2 cm) is immersed in the solution. The solution is gently shaken for
12 h, the membrane is carefully removed by a plastic tweezers and transferred in a centrifuge tube.
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The toxic species Cr(VI) and Mn(VII) are measured in the efluate solution after membrane removal.
The membrane sorbent is washed twice with distilled water and dissolved with 1 mL aqua regia
under mild heating (~ 40°C) for 15 minutes. The solution obtained is made up to 5 mL with distilled
water. Electrothermal AAS is used for Cr and Mn quantification in efluate and eluate solutions if only
speciation of Cr and Mn has to be performed. The developed procedure might be incorporated in the
monitoring studies for the quality control of tap and wastewaters and in such case ICP-MS is used
for the measurement of total content of chemical elements of interest (Cd, Pb, Ni, Fe, Zn, Cr, Mn etc.)
and only toxic Cr(VI) and Mn(VII) were determined in a parallel sample in the efluate solution. The
amount of Cr(III) and Mn(II) is determined by simple subtraction. The proposed procedure for Cr(VI)
and Mn(VII) determination might be performed during sampling —parallel filtered sample is added
to polypropylene vessel with inserted membrane. Efluate after sorption is analyzed for Cr or Mn later
in the laboratory together with total element content.

Supplementary Materials: The following supporting information can be downloaded at: Preprints.org, Figure
S1: Scheme of the synthesis procedure for obtaining starch-coated gold nanoparticles; Figure S2: A schematic
representation of the procedure for preparing hybrid composite hydrogel membranes; Figure S3: X-ray
diffraction patterns of starch-coated AuNPs sample; Figure S4: Comparison of degree of sorption (Ds, %) of (a)
Cr(III) ions and (b) Mn(II) ions using PVA/PEO/TEOS or PVA/PEO/TEOS/AuNPs membranes as sorbents at pH
3 and pH 9; temperature 25°C; adsorbent dose is one membrane with diameter 2.5 cm — 0.1293 g; Figure S5:
Various isotherm models (Langmuir, Freundlich, DKR (Dubinin-Kagaber-Radushkevich) and Temkin) for
adsorption of Cr(Ill) onto PVA/PEO/TEOS/AuNPs nanocomposite membrane at optimum pH 9, temperature
25°C and adsorbent dose (one membrane with diameter 2.5 cm) — 0.1293 g; Figure S6: Various isotherm models
(Langmuir, Freundlich, DKR (Dubinin-Kagaber-Radushkevich) and Temkin) for adsorption of Mn(Il) onto
PVA/PEO/TEOS/AuNPs nanocomposite membrane at optimum pH 9, temperature 25°C and adsorbent dose
(one membrane with diameter 2.5 cm) — 0.1293 g; Figure S7: Sigmoidal kinetic adsorption model (slogisticl) for
adsorption of (a) Cr(III) and (b) Mn(Il) onto PVA/PEO/TEOS/AuNPs nanocomposite membrane (co(Cr(IIl)) = 1
mg/L (19.23 umol/L), coMn(II)) = 1 mg/L (18.20 umol/L)); pH 9; temperature 25°C); Figure S8: Sigmoidal kinetic
adsorption model (dose response) for adsorption of (a) Cr(IIl) and (b) Mn(II) onto PVA/PEO/TEOS/AuNPs
nanocomposite membrane (co(Cr(Ill)) = 1 mg/L (19.23 umol/L), coMn(Il)) = 1 mg/L (18.20 umol/L)); pH 9;
temperature 25°C).
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