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Highlights 

 Efficient molecularly imprinted polymer for selective adsorption of Brilliant Green 

 Surface coating of Posidonia by thin MIP film allows fast adsorption 

 Polyaniline allows strong interactions with Brilliant Green 

 Adsorption isotherms on MIPs are modelled by the Langmuir–Volmer model 

 

Abstract. Owing to the demand for chemical analysis of low concentrations of the Brilliant Green (BG) 

dye released into the environment, molecularly imprinted polymer (MIP) materials have been 

investigated for their use in SPME preconcentration devices. Thin coatings of MIP on solid supports 

allow fast adsorption of the analyte and higher selectivity of adsorption. Biosourced fibers of Posidonia 

oceanica (Pos) were taken as solid support to which a thin film of MIP was chemically attached. The 

material synthesis involved two steps: chemical grafting of methacrylate groups onto Pos by a silane 

coupling, and copolymerization with the free functional monomer and cross-linker in the presence of 

BG. Polymerization of the functional monomers methacrylic acid and acrylamide yielded the materials 

PosMAA@MIP and PosAA@MIP respectively. The strength of their interaction with BG and the 

stoichiometry of the pre-polymerization complex were assessed by 1H NMR experiments in DMSO-d6 

solution. Characterization by IR spectroscopy and thermogravimetric analysis validated the successful 

syntheses. The points of zero charge were at pH 3.31 and 4.50 for PosMAA@MIP and PosAA@MIP, 

respectively, influencing the optimal adsorption of BG at pH 4. Kinetic studies revealed the rapid 

adsorption of more than 90% of the BG within 20 minutes. All MIPs exhibited higher adsorption 

capacity for BG compared to non-imprinted materials (NIPs). PosAA@MIP showed the highest 

adsorption efficiency and selectivity, with an imprinting factor of 1.9. The thermodynamics of 

adsorption was studied by fitting the Langmuir–Volmer and Volmer models to the experimental data, 

from which the selective adsorption capacities of BG on PosMAA@MIP and PosAA@MIP were 289 

and 313 µmol∙g–1, respectively. Additionally, PosAA@MIP exhibited higher extraction efficiency for 

BG than for its metabolites eosin and methylene blue, underscoring its superior ability to selectively 

capture target molecules. 
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1. Introduction 

Brilliant Green (BG) is a synthetic dye used in various industrial fields with high risk of disposal 

into the environment. In aquaculture as example, BG has been used as an antifungal and 

antibacterial agent to control various diseases of fishes and shrimps through selective inhibition 

of the growth of Gram-positive bacteria [1,2]. However, the use of BG in aquaculture is a matter 

of concern due to its potential toxicity to aquatic organisms and the risk of accumulation in the 

food chain [3]. BG has been banned in some countries, including the European Union and the 

United States, but it is still used in other parts of the world. Consuming fish contaminated with 

BG residues is a major concern for human health. Exposure to high levels of BG can lead to 

various adverse health effects including mutagenicity, carcinogenicity and teratogenicity [4]. 

These risks make monitoring BG residual levels in fish and other seafood products of definite 

importance to ensure the safety for human consumption. Several methods have been developed 

for the analysis of BG, including high-performance liquid chromatography (HPLC) coupled 

with UV absorbance or mass spectrometry detection, gas chromatography-mass spectrometry 

(GC-MS), and thin-layer chromatography coupled with densitometry [5–9]. These analytical 

methods typically require a purification step prior to analysis, which is commonly achieved 

through solid phase extraction (SPE). Purification by SPE aims at increasing their 

concentration, improving sensitivity, and separating them from interfering compounds that 

could affect the accuracy of the analysis [10,11]. The target molecules are collected by 

adsorption onto a solid material; the adsorption should be quantitative to ensure the final 

concentration is related to the concentration in the collected sample. Selective adsorption is also 

necessary for accurate analysis at low detection and quantification limits [10]. Despite its 

effectiveness, the SPE technique suffers from low adsorption capacity and non-selective 

retention of the analytes. Commonly used SPE cartridges for the determination of toxic 

substances in fishery products are based on C18 modified silica or polystyrene solid materials 

that retain analytes by non-specific hydrophobic interactions, leading to co-extraction of many 

interfering compounds [11]. Molecular Imprinting Technology is a cutting-edge technique 

extensively used to create highly specific polymeric materials with particular cavities designed 

to selectively capture a given target molecule [12]. The approach to molecularly imprinted 

polymers (MIPs) involves the copolymerization of a functional monomer and a cross-linking 

agent, in which the template molecules are bound to the functional monomer groups via non-

covalent interactions. Upon removal of the template molecules from the polymeric matrix, 

cavities are generated, which are complementary to the template in terms of their size, 
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functional groups, and shape [13]. These "template-shaped cavities" act as selective recognition 

sites for the adsorption of template molecules on the surface of MIPs. The most commonly used 

methods for producing molecularly imprinted polymers (MIPs) are bulk and precipitation 

polymerization [14]. However, these methods result in MIPs with recognition sites deeply 

embedded within the polymer matrix, which makes it challenging to extract and rebind the 

template. To address this issue, surface imprinted MIPs have been proposed to enhance 

accessibility to the recognition sites formed on the surface of the material during 

polymerization, leading to improved binding kinetics. Therefore, surface grafting onto solid 

support surfaces has emerged as a promising surface imprinting technique for producing MIPs 

with better accessibility to specific binding sites. In this context, the use of natural materials as 

supports for MIPs has gained interest as a sustainable and cost-effective alternative to 

traditional synthetic supports. Posidonia fibrous material is a promising alternative as 

biomaterial support due to its low cost and high availability. Posidonia is a type of marine plant 

that is composed of cellulose, lignin, and hemicellulose. Its surface is rich in hydroxyl groups, 

which can be exploited for surface modification. Posidonia grafted with organosilanes 

containing polymerizable functions has been first prepared. Two different types of monomers, 

methacrylic acid (MAA) and acrylamide (AA), were selected for investigating the uptake of 

Brilliant Green by MIPs grafted on Posidonia. Indeed, choosing the appropriate functional 

monomer with favorable interactions with the template molecule is of utmost importance in 

molecular imprinting technology. It is recommended to use a functional monomer that has basic 

functional groups for an acidic template and vice versa. The interaction of BG with the 

monomers depends on the BG speciation at different pH values (Fig. 1). At acidic pH, BG exists 

in a protonated form and can interact with the amino group of acrylamide in its neutral form. 

At basic pH, BG exists as an anion and can interact with an acidic monomer such as methacrylic 

acid. In both cases, this interaction between BG and monomers through hydrogen bonds and/or 

electrostatic interactions plays a crucial role in the synthesis of molecularly imprinted polymers. 

For this study, two different types of MIPs were synthesized using acrylic functional monomers, 

differing by their acid-base properties. The radical polymerization is initiated with 

azobisisobutyronitrile (AIBN) initiator in acetonitrile (ACN) as a solvent. The non-imprinted 

polymers (NIPs) were synthesized under the same conditions as the imprinted polymers but 

without the template molecule (BG). The adsorption characteristics of the MIPs for BG were 

examined and compared to their corresponding NIPs to assess their selectivity. Furthermore, 
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the specificity of the MIPs was evaluated by studying their competitive adsorption behavior 

with other potentially interfering substances. 

 

 

Figure 1. Structure and pH-dependent speciation of Brilliant Green. The graph is plotted using 

the pKa values of BG, where BGH2+, BG+ and BGOH are the different species of BG. 

 

2. Experimental section 

2.1. Reagents 

-Methacryloxypropyltrimethoxysilane (-MPTS, 95 %), methacrylic acid (MAA, 99 %), 

acrylamide (AA, 95 %), azobisisobutyronitrile (AIBN), ethylene glycol dimethacrylate 

(EGDMA, 98 %) and N-ethyldiisopropylamine (≥ 98 %) were purchased from Sigma–Aldrich. 

HPLC grade acetonitrile (ACN), methanol (MeOH) and tetrahydrofuran (THF) were purchased 

from Fisher Scientific. Toluene (Fisher Scientific) was distilled before use. Brilliant Green (≥ 

98 %), Eosin (≥ 98 %) and Methylene Blue (≥ 98 %) standards were from Sigma–Aldrich. 

Deuterated dimethylsulfoxide (DMSO-d6) was obtained from Eurisotop (Saint-Aubin, France) 

for the NMR experiments. Deionized water with a resistivity of 18 MΩ∙cm was utilized for the 

entire study. 

2.2. Methods 

IR spectra were recorded with a Bruker IFS 55 Equinox Fourier Transform Infrared 

spectrometer in ATR mode. Thermogravimetric analyses (TGA) were performed with a TG 

209 F1 Netzsch instrument in the temperature range of 25 °C to 800 °C at a heating rate of 
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10 °C∙min−1 under a nitrogen flow. Zeta potentials were measured by electrophoresis on 

0.05 wt% aqueous suspensions at different pH with a Malvern Zetasizer Nano ZS instrument. 

The  potential was calculated from the electrophoretic mobility under the Smoluchowski 

approximation. A UV–vis spectrophotometer Varian Cary 50 was used for the absorbance 

measurements of BG solutions in 1 cm optical path quartz cells. X-ray diffraction (XRD) 

measurements were performed using a PANalytical X'Pert PRO Multi-Purpose diffractometer 

working in Bragg–Brentano geometry with Cu Kα radiation at a generator voltage of 45 kV and 

current of 40 mA. 

2.3. Preparation of Posidonia biomaterials 

Posidonia oceanica balls were collected from Cheba-Mahdia beach in the east coast of Tunisia. 

The fibers of biomass balls have been manually separated, extensively washed with large 

volumes of deionized water for removal of sand and salt coming from sea water and dried in 

the open air. The obtained Posidonia fibers were washed with ethanol during 24 h in a Soxhlet 

extractor and dried at 50 °C for 48 h, until the mass of the fibers became constant. The dry 

biomasses were crushed and sieved so as to recover particles of homogeneous size (50 μm). 

They were repeatedly washed with deionized water, and dried for 24 h at 50–60 °C. The final 

Posidonia powders were stored in a desiccator for later use. 

2.4. Preparation of the imprinted and non-imprinted materials 

The preparation of the imprinted polymers involved a two-step procedure. First, Posidonia (Pos) 

was modified by grafting γ-MPTS containing anhydrous toluene as solvent and 

N-ethyldiisopropylamine as a catalyst. The mixture was heated at reflux under nitrogen 

atmosphere for 24 h. The modified Posidonia (Pos@MPTS) was rinsed with 20 mL of THF 

dried at 60 °C overnight and stored under vacuum for subsequent uses. In the second step 

(Fig. 2), 1 mmol of BG, 6 mmol MAA or AA monomers and 500 mg of Pos@MPTS in 5 mL 

of ACN was deoxygenated with a nitrogen gas flow and heated to 70 °C. 6 mmol of EGDMA 

and 0.2 mmol of AIBN were then added and left for 3 h of polymerization reaction. The 

resulting material was filtered and washed with methanol. The BG template was then removed 

using a Soxhlet extractor until no more BG was detected in the washing liquid by UV-visible 

absorption spectroscopy. The imprinted polymer (MIP) was then dried under vacuum at 60 °C 

for 24 h. A non-imprinted polymer (NIP) was also prepared using the same procedure as the 

MIP, but without the addition of Brilliant Green. Table 1 summarizes the various materials 

synthesized by varying the type of monomer. 
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Figure 2. Schematic illustration depicting the synthetic pathway of the second step of the 

synthesis of molecularly imprinted polymers. 

 

Table 1. List of abbreviations used for the monomers and the synthesized polymer materials. 

Monomers Materials 

Methacrylic acid (MAA) 
PosMAA@MIP 

PosMAA@NIP 

Acrylamide (AA) 
PosAA@MIP 

PosAA@NIP 

 

2.5. Binding experiments 

To investigate the kinetics of Brilliant Green adsorption and determine the equilibrium time, 

the adsorption process was followed by analyses at various time intervals. A fixed initial 

concentration of BG aqueous solution at 48.2 mg∙L−1 was used, and 5 mg of each material was 

mixed with 10 mL of the prepared solution. The mixture was stirred at 500 rpm during several 

contact times at room temperature. After each interval, the aliquot was centrifuged at 10000 rpm 

for 10 min, and the supernatant was filtered through a 0.45 μm RC syringe filter for UV–vis 

absorption spectroscopy analysis. The absorbance at 624 nm was recorded and used to calculate 

the concentration of BG in the solution. The adsorbed amount at time t (Q(t), mg∙g−1) was 

calculated using Eq. 1: 

𝑄(𝑡) =
𝑉

𝑚
[𝐶(0) − 𝐶(𝑡)] (1) 
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where C(t) (mg∙L−1) is the residual BG concentration at time t, C(0) is the initial BG 

concentration (mg∙L−1), V (L) is the volume of BG solution and m (g) is the mass of the material. 

For adsorption isotherm, the static method was employed by mixing each prepared or non-

modified materials (5 mg) with 10 mL of Brilliant Green solution at different initial 

concentrations varying from 9.64 to 48.2 mg∙L−1 at room temperature and under continuous 

stirring for 20 min equilibration time. After equilibration, the mixture was centrifuged and 

filtered to measure the residual Brilliant Green in the supernatant. The amount of adsorbed BG 

at equilibrium, Qe (mol∙g−1), was calculated using Eq. 2: 

𝑄e =
𝑉

𝑚
[𝐶(0) − 𝐶()] (2) 

where C(0) and C() are the initial and equilibrium concentrations of Brilliant Green solutions, 

respectively, V is the volume of Brilliant Green solutions and m is the mass of the used material. 

The imprinting efficiency of the MIP was determined using the following Eq. 3: 

𝐼𝐹 =
𝑄e(MIP)  

𝑄e(NIP) 
 (3) 

where Qe(MIP) (mol∙g−1) and Qe(NIP) (mol∙g−1) are the adsorbed quantities of BG at 

equilibrium for the MIP and NIP respectively [15]. 

2.6. Adsorption isotherm modeling 

To investigate the adsorption mechanism and affinity of Brilliant Green towards the adsorbents, 

adsorption isotherm models were employed. The Langmuir–Volmer model [12] was utilized 

due to its ability to model the simultaneous adsorption on and off the molecular imprints present 

in the MIPs. This model combines the localized selective adsorption process to molecular 

imprints described by the Langmuir model (subscript s), and the non-selective adsorption as a 

mobile adsorbed layer described by the Volmer model (subscript ns). The Volmer model was 

used to describe Brilliant Green adsorption onto non-imprinted polymers. 

The subsequent equations outline the Langmuir and Volmer models, accordingly (Eq. 4)). 

𝐶 =
1

𝐾ns

𝜃

1−𝜃
𝑒

θ

1−θ (4) 

where  is the surface coverage, 𝜃 =  
𝑄ns

𝑄max,ns
 and 𝐾ns is the binding constant for adsorption 

equilibrium. 

𝑄s = 𝑄max,s
𝐾s𝐶

1+𝐾s𝐶
 (5) 

where C is the equilibrium concentration of Brilliant Green. Qmax,s is the maximum adsorption 

capacity. 𝐾s is the Langmuir binding constant. 
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2.7. NMR study 

1H NMR spectra were obtained using a Bruker AV500 spectrometer working at 500 MHz 

Larmor frequency. Firstly, 1H NMR spectra were recorded in DMSO-d6 for mixtures of a 

constant concentration (12 mM) of the template molecule (T) and varying ratios (ranging from 

1/4 to 1/12) of the monomer molecule (M) to assess their interactions. The two compounds 

were mixed together in solution and stirred for 1 h to allow for the formation of the pre-

polymerization complex. The chemical shifts of the protons (Ha, Hb, Hc, Hd, He, Hf and Hg) 

of the template molecule were measured as a function of the increasing concentration of the 

monomer molecule (Table S1). Secondly, The stoichiometry of the template-monomer 

complex (T:M) is determined by measuring the chemical shift differences (∆𝛿) in 1H NMR 

between mixed template-monomer solutions and solutions of pure compounds (either template 

or monomer) [16,17]. Two series of equimolar samples containing template molecule (T) and 

the monomer molecule (M) were prepared in DMSO-d6. The total concentration of the two 

species, (T) and (M), was kept constant for each solution, and the mole ratio (r) was varied from 

0 to 1. The mole fraction of (T) is defined as 𝑟 = [T]/([T] + [M]), and for the monomer (M), 𝑟 

= [M]/([T] + [M]). Thus, the total concentration ([T]t + [M]t) is equal to 26.16 mM. The samples 

were stirred during 1 h for the formation of the complex in pre-polymerization medium. 

The association of T and M is a reversible process that can be described by the following Eq. 6: 

m T  + n M    Tm:Mn (6) 

The overall association constant is written in its general form as follows: 


𝑚𝑛

=
[Tm:Mn]

[T]m[M]n =  
[Tm:Mn]

([T]t−m[Tm:Mn])m([M]t−n [Tm:Mn])n (7) 

The mole ratio r of BG is expressed by: 

 𝑟 =  
𝑚

𝑚+𝑛
           ( 0 < 𝑟 < 1 ) (8) 

To determine the association constants between template molecule (T) and functional 

monomers (M), non-linear regressions of 1:1 (K1) or 1:2 (K2) association models were used to 

determine the association constants from experimental chemical shifts. The 1:1 association 

model represents a simple equilibrium in which Brilliant Green (T) and a monomer (M) 

associate to form a new species (T:M). 

T  + M    T:M 𝐾1 =
[T:M]

[T][M]
 (9) 

with [T]tot = [T] + [T: M] and [M]tot = [M] + [T: M]. 
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When the exchange between the free and associated Brilliant Green molecules is fast, the 

chemical shift () of each NMR resonance is a weighted average of the chemical shifts of the 

free (T) and associated (T:M) molecules as shown in Eq. 10. 

𝛿 =
[T]

[T]tot
𝛿T +

[T:M]

[T]tot
𝛿T:M (10) 

Solving the above equations gives Eq. 11: 

[T: M] =
1

2
[[T]tot + [M]tot +

1

𝐾1
− √([T]tot + [M]tot +

1

𝐾1
)

2

− 4[T]tot[M]tot] (11) 

The formation of a complex (T:M2) between the template (T) and the monomer (M) is described 

by the following equilibria (Eqs. 12 and 13) [17,18]: 

T  + M    T:M 𝐾1 =
[T:M]

[T][M]
 (12) 

T:M  + M    T:M2 𝐾2 =
[T:M2]

[T:M][M]
 (13) 

The overall (cumulated) complexation constant 2 is defined as a combination of the 

complexation constants K1 and K2 as depicted in Eq. 14: 

2 = 𝐾1𝐾2 = 
[T:M2 ] 

[T][M]2 (14) 

The calculation of [T], [M], [T:M] and [T:M2] is done by solving the third-degree Eq. 15: 

𝐾1𝐾2[M]3 + [M]2[𝐾1+𝐾1𝐾2(2[T]tot−[M]tot)] + [M][1+𝐾1([T]𝑡𝑜𝑡−[M]tot)] − [M]tot = 0 (15) 

which fills up the form as expressed in the form of Eq. 16: 

𝛼𝑥3 + 𝛽𝑥2 + 𝛾𝑥 + 𝛿 = 0 (16) 

with 𝑥 = [M] such as: 𝛼 = 1 (16a) 

𝛽 = 
𝐾1+𝐾1𝐾2(2[T]tot−[M]tot)

𝐾1𝐾2 
 = 

1

𝐾2
 + 2[T]tot − [M]tot (16b) 

𝛾 = 
1+𝐾1 ([T]tot−[M]tot)

𝐾1𝐾2
 (16c) 

𝛿 = 
[M]tot 

𝐾1𝐾2
 (16d) 

2.8. Competitive binding experiments 

Eosin and Methylene blue were selected as interfering species to assess the selectivity of the 

MIP materials. These molecules were chosen because of their similar structure to Brilliant 

Green and their high frequency of occurrence together in the water of aquaculture ponds. 5 mg 

of the adsorbent was immersed in 10 mL of aqueous solutions containing 10 mg∙L−1 of Brilliant 

Green, Eosin and Methylene blue. After stirring for 20 min at 500 rpm and at room temperature, 

the residual concentration in the supernatant was analyzed by UV–vis at the wavelength of 

maximum absorbance of each molecule (Brilliant Green (BG): λmax = 624 nm), (Eosin (Eos): 
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λmax = 520 nm) and (Methylene blue (MB) = 664 nm). The determination of the extraction 

efficiencies (ee) of BG and its analogs consisted of measuring the equilibrium concentration 

(Ce) in the supernatant and the initial concentration of the analyte C(0) according to the 

following equation: 

Extraction Efficiency (%): 𝑒𝑒 =
100

𝐶(0)
(𝐶(0) − 𝐶e) (17) 

The selectivity of the adsorbent was evaluated by determining the distribution coefficient (D, 

L∙g−1) and the selectivity coefficient (α) using the parameters described in Eqs. 18 and 19. The 

distribution coefficient was the ratio of the adsorbed quantity at equilibrium to the adsorbate 

concentration remaining in solution at equilibrium for each substance. 

𝐷 =
𝑄e

𝐶e
 (18) 

The selectivity coefficient α was calculated by Eq. 19: 

𝛼 =
𝐷analyte,MIP

𝐷competitor,MIP
                   (19) 

where 𝐷analyte,MIP and 𝐷competitor,MIP are respectively the distribution coefficients for the 

matrix template and for the competing molecules. 

 

3. Results and discussion 

3.1. Synthesis and characterization of imprinted materials 

Posidonia biomaterial possesses several surface functional groups, which are easily employed 

as grafting sites. The preparation of MIPs was achieved in two synthetic steps: -MPTS 

containing acrylic group was firstly grafted onto the Posidonia surface to provide Pos@MPTS 

with anchored acrylic monomers available for subsequent copolymerization. The silane 

coupling agent was covalently attached to the Posidonia surface by the reaction of functional 

groups present at the surface of Posidonia with the methoxy groups of -MPTS [19,20]. The 

acrylic groups in -MPTS modifier have strong reactivity and can effectively induce and 

participate to the radical polymerization of free monomers. The resulting Pos@MPTS material 

was characterized by IR spectroscopy and thermogravimetric analysis. The results are given in 

Figs. S1 and S2 of the SI file. The selection of the polymerization method is crucial for the 

preparation of a highly selective imprinted polymer. Surface imprinting polymerization was 

preferred over the traditional bulk polymerization method due to several advantages it offers. 

This technique can enhance the molecular recognition capability between the polymer and 

target molecule during the adsorption process by creating imprinting sites on the outer layer of 
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the polymer based on the substrate. It can also improve the mass transfer kinetics and eliminate 

the problem of incomplete template removal. The surface imprinting technique of grafting 

polymerization synchronized with cross-linking imprinting has been chosen as the 

polymerization strategy due to its benefits over traditional methods. This method involves two 

processes: (1) the formation of a pre-polymerization complex between Brilliant Green and the 

monomer, and (2) the use of the methacrylic group on the surface of Pos@MPTS and an added 

initiator to induce monomer-Brilliant Green pre-polymerization medium and cross-linking 

EGDMA to create a layer of copolymer on the surface of modified Posidonia, trapping Brilliant 

Green molecules in the cross-linked networks. In addition, a self-assembly approach utilizing 

non-covalent interactions between the template and monomer, such as hydrogen bonds, 

hydrophobic, and van der Waals forces, was employed for molecular imprinting. This approach 

is common for the production of imprinted polymers due to its ease in preparing the template-

monomer complex, simplicity in removing the template, and ability to generate imprinted 

polymers with strong binding affinity [21]. Selecting the right functional monomer is crucial 

for the formation of a stable template-monomer complex in the pre-polymerization medium, 

and to create template-specific sites during the polymer imprinting process. Thus, the Brilliant 

Green molecule, which contains a nitrogen atom and an aromatic ring, can easily participate in 

hydrogen bonds and π-electron interactions. MAA is a functional monomer that is commonly 

used due the hydrogen bond acceptor and donor properties of its carboxylic acid group. 

Similarly, AA was chosen for its ability to exhibit strong hydrogen bonding interactions with a 

variety of template molecules [17,22,23]. Acetonitrile was a favorable solvent for non-covalent 

interactions while not compromising the radical polymerization process [24]. The imprinted 

and non-imprinted materials were both characterized by IR spectroscopy, TGA and DRX 

measurements. The IR spectra of the imprinted and non-imprinted polymers exhibited 

comparable characteristic bands (Fig. 3), indicating similar chemical compositions as expected 

given their similar polymerization components. According to the IR spectra, the extraction 

process removed BG from the MIP materials to completion since there was no discernible 

difference between the IR spectra of NIP and MIP. The IR spectra of NIP and MIP materials 

revealed a band at 1670 cm−1 for materials synthesized with the AA monomer and at 1720 cm−1 

for materials synthesized with the MAA monomer, which corresponded to the stretching 

vibrations of their C=O bonds. A band at 2900 cm−1 assigned to the stretching vibrations of C–

H of –CH3 and –CH2 in EGDMA, AA and MAA showed that EGDMA effectively cross-linked 

MAA and AA at the surface of Pos@MPTS. 
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Figure 3. IR spectra of (a) PosAA@MIP and PosAA@NIP, (b) PosMAA@MIP and 

PosMAA@NIP. 

 

Thermogravimetric analysis was employed to determine the grafting density of the materials. 

The TGA patterns of the imprinted and non-imprinted polymers exhibited similar trends 

(Fig. 4). The initial stage of the TGA curves, between 100–200 °C, revealed a mass loss of 

approximately 10 %, corresponding to the desorption of adsorbed water. The subsequent stage, 

spanning over 250–450 °C, showed a significant mass loss attributed to the thermal 

decomposition of the polymer coatings. Notably, the decomposition of the polymer material 

occurred in multiple steps for PosMAA@MIP and PosAA@MIP. 

 
Figure 4. Thermogravimetric analysis of Pos@MPTS, (a) PosAA@MIP and PosAA@NIP, (b) 

PosMAA@MIP and PosMAA@NIP. 

 

The determination of the grafting densities was carried out using Eq. 20: 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑔𝑟𝑎𝑓𝑡𝑖𝑛𝑔 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑀(Pos@copolymer)−𝑀( Pos@MPTS)

100×𝑀mol(grafted copolymer)
 (20) 
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where M(Pos@copolymer) is the mass loss of Pos@copolymer, M(Pos@MPTS) is the mass 

loss of Pos@MPTS, and Mmol(grafted copolymer) is the molar mass of the average repeat unit 

of grafted monomer/cross-linker 50/50 copolymer. 

The grafting densities of all materials were similar (Table 2), which was expected for MIP and 

NIP prepared with the same reagents. MAA and AA-based materials also had the same grafting 

densities of comparable magnitude with reports in the literature [20]. 

The differences in final mass among Pos@MPTS, PosAA@MIP, PosAA@NIP, 

PosMAA@MIP and PosMAA@NIP can be attributed to variations in the degrees of mass loss 

during the decomposition of the materials. Pos@MPTS, serving as a reference, exhibited a 

lower mass loss compared to the imprinted and non-imprinted polymers. The higher mass loss 

in PosMAA@MIP, PosMAA@NIP, PosAA@MIP and PosAA@NIP indicated the 

decomposition of the polymer matrix and the grafted components. The grafting densities were 

similar for both MIP and NIP materials, as expected since they were prepared with the same 

type and amount of reagents. The determined grafting densities, derived from the mass loss 

data, confirmed the successful grafting of polymers onto the biomaterial Posidonia. 

 

Table 2. Mass losses from TGA and corresponding grafting densities, and pH at the point of 

zero charge (PZC). 

Materials Mass loss (%) 
Grafting density 

(mmol∙g−1) 
pHPZC 

Pos@MPTS 54.7 5.6 2.15 

PosMAA@MIP 74.2 54.4 3.31 

PosMAA@NIP 74.8 54.6 – 

PosAA@MIP 72.2 54.4 4.50 

PosAA@NIP 72.1 54.6 – 

 

The pH plays a crucial role in the adsorption process as it greatly influences the surface charge 

of the adsorbent and the molecular structures of the adsorbates, thereby affecting the adsorption 

capacity. To understand the impact of the surface charge on the adsorption of BG molecules, 

the zero charge or pH at the point of zero charge (pHPZC) was determined for each material. The 

pHPZC represents the pH value at which the resultant positive and negative charges on the 

surface of the material cancel out. This parameter is particularly important in adsorption 

phenomena involving electrostatic forces, as is the case with acrylic polymers. The pHPZC 

values were determined by measuring the zeta potential using suspensions of the materials in 

ultra-pure water and adjusting the pH (ranging from 2 to 10) by adding 0.1 M NaOH or HCl 
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solution. The suspensions were kept under constant agitation at room temperature for 4 hours 

to reach the final pH. Both MIP and NIP materials showed identical behavior. The isoelectric 

point was iep = 6.7, departing a lot from the isoelectric point of bare silica (iep  2).Based on 

the zeta potential measurements of the PosAA@MIP and PosMAA@MIP materials as a 

function of pH (Fig. 5), the isoelectric points were determined to be pH 3.31 and pH 4.50, 

respectively. These values are significantly different from the isoelectric point of Posidonia at 

pH 2.15. Furthermore, the overall surface charge of the adsorbent is negative for pH values 

above the respective isoelectric points. The prepared materials contain polar functional groups, 

and the electrical charge of the adsorbent is pH-dependent due to the ionization of these surface 

functional groups. 

 
Figure 5. Zeta potential measurements of Pos, PosAA@MIP, PosAA@NIP, PosMAA@MIP 

and PosMAA@NIP as a function of pH. 

 

The crystalline structure of Pos, PosAA@NIP and PosAA@NIP samples are investigated by 

using XRD (Fig. 6). The same four characteristic Bragg peaks were detected for all samples at 

around 15 °, 16 °, 22 ° and 34.5 ° assigned to planes of 1̅10, 110, 200 and 004, respectively of 

the monoclinic lattice of type I cellulose [25]. The peak observed in the Pos pattern at 2θ = 29° 

is attributed to mineral impurities that are largely present in sea biomass [26]. All XRD patterns 

showed a strong background decaying at high scattering angles. Such large scattering is not 

observed with pure cellulose, so that it was predominantly ascribed to the amorphous lignin 

part of Posidonia fibers, and to a lower extend to the amorphous part of semi-crystalline 

cellulose. The determination of the crystalized fraction of cellulose (crystallinity index) is tricky 
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with pure cellulose [27,28]. It is even more difficult and hazardous in the presence of a strong 

background coming from a supplementary phase. Subtraction of this background would require 

its experimental measurement on a reference sample that is not available. The determination of 

the crystallinity indices were not attempted because of such an uncertainty regarding the 

background level. It was nevertheless obvious at qualitatively looking at the XRD patterns that 

the pristine Posidonia was not crystalline than the PosAA and PosMAA. The synthesis of the 

MIP materials at the surface of Posidonia fibers was a chemical treatment that decreased the 

crystallinity of cellulose. This treatment kept (did not extract) the amorphous phase of lignin 

because the background signal was the same for Pos, PosAA and PosMAA. The loss of 

cellulose crystallinity was higher in PosMAA than PosAA. The acidic nature of methacrylic 

acid probably broke the hydrogen bonds responsible for the stability of the cellulose crystalline 

phase. 

 
Figure 6. XRD patterns of Pos, PosAA@NIP and PosMAA@NIP. 

 

3.2. Evaluation of the recognition properties the imprinted materials 

The adsorption behavior is the primary criterion for evaluating the performance of MIPs. 

Adsorption isotherms have been measured by the depletion method. The difference in adsorbed 

amounts between the MIP and NIP materials is an evidence for the presence of molecular 

imprints. Equilibrium adsorption isotherms provide a thermodynamic perspective on 

interactions occurring both at and away from the molecular imprints and allow quantitative 

assessment of the role of different functional monomers on adsorption performance. 
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3.2.1. Effect of pH 

The adsorption behavior depends on the pH for acidic or basic molecules (including Brilliant 

Green) experiencing several ionization states according to the pH. A strong pH dependence of 

the surface properties of polyacrylamide is not expected since the neutral primary amide units 

in its cross-linked structure do not possess notable acidic or basic characteristics in water. 

Conversely, poly(methacrylic acid) exhibits pronounced pH-dependent behavior due to the 

presence of ionizable acidic protons in its structure. Therefore, the adsorption of 

poly(methacrylic acid) onto various surfaces will be notably affected by the pH of the 

surrounding environment. Moreover, the high polarity and solubility of Brilliant Green make it 

highly mobile. The adsorption of Brilliant Green on adsorbents is significantly influenced by 

its ionization behavior. Brilliant Green contains multiple amino ionizable functional groups and 

exhibits ionization behavior depending on the pH conditions [29]. Under acidic, neutral, and 

alkaline conditions, Brilliant Green can exist as cationic, zwitterionic, or anionic species, 

respectively. Therefore, the adsorption of Brilliant Green onto Pos, PosMAA@MIP, 

PosAA@MIP, and other materials is expected to be greatly influenced by its ionization 

behavior. The adsorption behavior of Brilliant Green was examined under four distinct pH 

conditions: 2, 4, 6 and 8 (Fig. S3). Interestingly, the adsorption of Brilliant Green showed its 

highest favorability at pH 4. 

3.2.1. Adsorption kinetics 

The materials were designed with a thin polymer coating grafted onto the surface of the 

Posidonia biomaterial support. This surface molecularly imprinted polymer (MIP) technology 

ensured excellent accessibility to the molecular imprints, resulting in fast adsorption kinetics. 

The adsorption process exhibited two distinct phases: an initial rapid adsorption phase lasting 

less than 5 min, followed by a slower adsorption phase. Equilibrium adsorption was reached 

within 20 min, as indicated by the plateau observed in the adsorption kinetics (Fig. 7). As 

expected, the imprinted materials MIP showed higher adsorption capacities than the non-

modified Pos and non-imprinted materials NIP. The initial fast adsorption phase accounted for 

approximately 90 % (PosMAA@MIP) to 95 % (PosAA@MIP) of the total adsorption. The fast 

kinetics can be attributed to the presence of the imprinted coating layer and the high specific 

surface area of the Posidonia support, which facilitates efficient mass transfer and reduces 

diffusion time [12]. These findings are consistent with a comparative study that demonstrated 

the rapid adsorption kinetics of a surface-imprinted polymer for gossypol compared to a 

traditionally prepared bulk-imprinted polymer [12,30]. Thus, early molecularly imprinted 
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polymers were created using polymer beads produced through radical polymerization in the 

presence of a porogen. The intention behind the porous structure was to offer a large and 

accessible specific surface area, ensuring a substantial binding capacity [31]. However, a 

drawback for certain applications was the relatively slow binding kinetics due to the small pore 

sizes. According to limited experimental data, the typical timeframe ranged from 1 hour to 

several days. These characteristics were similar to materials prepared through sol-gel processes, 

mesoporous materials [32], and by aggregation of colloidal nanoparticles [33,34] in which pores 

are interstices between primary particles. Instances of rapid adsorption were observed when the 

pores were of larger sizes [35]. Hence, the present fast adsorption kinetics came from the 

favorable porosity of the solid support and the thin thickness of the active MIP layer, in 

accordance with literature data. 

The rapid mass transfer rate observed in the MIPs is advantageous for sample pre-concentration 

applications, such as solid-phase extraction, as it reduces the analysis duration. Furthermore, it 

was observed that the adsorption kinetics on the imprinted materials were comparable to those 

on the non-imprinted materials, indicating that the kinetics are mainly controlled by acrylic 

polymers grafted onto Posidonia support. In all cases, the Brilliant Green adsorption capacities 

of the imprinted polymers were higher than those of their corresponding non-imprinted 

counterparts. 

 
Figure 7. Impact of contact time on the adsorption capacity of Brilliant Green at a concentration 

of 10−5 mol∙L−1 onto Pos, PosMAA@MIP, PosMAA@NIP, PosAA@MIP, and PosAA@NIP 

at 298 K and pH 4. 

 

3.2.2. Adsorption isotherms 

Equilibrium adsorption isotherms were measured for Pos, MIPs and NIPs over a wide range of 

concentrations, and models were fitted to the experimental data. Fig. 8 depicts the adsorption 
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isotherms of Brilliant Green on Pos, MIP and NIP materials, which exhibit a typical shape. The 

adsorbed amount of Brilliant Green increases with the initial concentration and reaches a 

plateau at higher concentrations, indicating that all the adsorption sites are occupied and the 

surface is fully covered by adsorbed Brilliant Green molecules. Non-selective interactions were 

assessed by conducting adsorption measurements on NIPs. A clear distinction in adsorption 

behavior between MIPs and NIPs can be observed in MIP-related studies. The "Imprinting 

Factor" (IF) is defined as the ratio of adsorption between MIP and NIP, which indicates the 

degree of selective adsorption to molecular imprints. Notably, the MIPs exhibit higher 

adsorption capacity than the NIPs, indicating the presence of specific imprinted sites in addition 

to the available surface for non-specific adsorption. To describe the adsorption equilibrium, 

thermodynamic models were employed, involving binding constants and maximum adsorbed 

amounts. Visual examination of the experimental adsorption isotherms alone is not sufficient 

to determine the adsorption capacity and affinity of the materials. Models are necessary for a 

quantitative comparison of material properties. The Langmuir isotherm model is used to 

describe adsorption on localized molecular imprints, while the Volmer isotherm model is used 

for non-selective mobile adsorption [12]. The Langmuir model is favored for its compatibility 

with low temperatures and ease of use in environmental adsorption studies. It assumes 

monolayer adsorption without intermolecular interactions and provides a clear interpretation. 

However, limitations arise from the reliance on assumptions and the neglect of intermolecular 

interactions. The applicability of the model is limited at non-constant temperatures. In the case 

of non-localized binding with lateral diffusion on the surface, the Volmer model accurately 

describes this physicochemical mechanism. The Langmuir–Volmer adsorption isotherm was 

used to model adsorption on the MIP, while the Volmer adsorption model was used for the NIP. 

The theoretical adsorption isotherms were fitted to the experimental data using the average 

relative error function (ARE) as a criterion for minimizing the error. 

𝐴𝑅𝐸 =
1

(𝑁−𝑝)
∑ |𝑄exp,𝑖 − 𝑄calc,𝑖 |

𝑁
𝑖=1  (21) 

with N and p being respectively the number of data points and fitted parameters, Qexp and Qcalc 

are the experimental and theoretical adsorbed quantities at equilibrium. 
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Figure 8. Experimental adsorption isotherms and best fits of the adsorption models for 

adsorption of Brilliant Green onto Pos, PosMAA@MIP, PosMAA@NIP, PosAA@MIP and 

PosAA@NIP at 298 K and pH 4. 

 

Selective adsorption on molecular imprints is described by the parameters Qmax,s and Ks of the 

Langmuir model and the parameters Qmax,ns and Kns of the Volmer isotherm correspond to non-

selective adsorption. The good fit of the adsorption models to the experimental data (Fig. 8) 

with low values of ARE provided the parameters of the Langmuir and Volmer isotherms shown 

in Table 3. Notably, the two different functional monomers were able to produce selective 

molecular imprints. Among the tested materials, PosAA@MIP demonstrated the highest 

affinity for BG. It exhibited both the highest selective and total adsorption capacity 

(respectively Qmax,s and Qmax,s + Qmax,ns). This enhanced binding ability was attributed to the 

presence of hydrogen bonding interactions between BG and AA. At pH 4, BG exists in its 

zwitterionic form, with both positive and negative charges. The amino groups of BG can form 

hydrogen bonds with the carbonyl groups of AA, resulting in strong attractive interactions 

between the two molecules. Additionally, hydrophobic interactions may also contribute, as the 

aromatic ring of BG can interact with the hydrophobic regions of AA. These combined 

interactions enhance the binding affinity and selectivity of PosAA@MIP for BG at pH 4. In the 

case of MAA, hydrogen bonding can occur between MAA and Brilliant Green. MAA is a weak 
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acidic monomer that can undergo ionization and exhibit hydrogen bonding properties. MAA 

can also form hydrogen bonds with BG through interactions between the carboxyl groups of 

MAA and the amino groups of BG. The equilibrium constants Ks (for molecular imprints in 

MIPs) are higher than the Kns (for NIPs) for both materials, demonstrating a higher affinity of 

the molecular imprints for BG compared to non-selective adsorption. In all cases, a difference 

is observed between Qmax,ns(MIP) and Qmax,ns(NIP) (Table 3), which could be attributed to the 

presence of selective sites that may have been damaged during the template extraction or 

grinding process, converting specific adsorption sites into non-specific areas. In conclusion, a 

wide range of functional monomers can be used to prepare MIPs for BG at different pH, the 

MIP technology enables the creation of selective molecular imprints. Therefore, the 

PosAA@MIP material exhibited the highest efficiency among the prepared materials, as 

indicated by its highest adsorption capacity and the largest difference in adsorption capacities 

between the MIP and NIP materials, quantified by the imprinting factor (IF) of 1.9, compared 

to an IF of 1.5 for PosMAA@MIP. The high adsorbed fraction (98 %) demonstrated the 

efficacy of using the monomer AA for the synthesis of the polyacrylamide MIP materials. 

 

Table 3. Parameters of the Volmer and Langmuir–Volmer models fitting to experimental 

adsorption isotherms of Brilliant Green onto non-modified, NIP and MIP materials at 298 K 

and pH 4. 

Materials 

Non-selective adsorption Selective adsorption 

ARE Qmax,ns 

(µmol∙g−1) 
log(Kns) 

Qmax,s 

(µmol∙g−1) 
log(Ks) 

Pos (Volmer) 250.21 4.72 – – 0.18 

PosMAA@NIP (Volmer) 268.45 4.68 – – 0.23 

PosMAA@MIP 

(Langmuir–Volmer) 
288.81 4.26 140.28 6.14 0.14 

PosAA@NIP (Volmer) 240.13 4.85 – – 0.09 

PosAA@MIP 

(Langmuir–Volmer) 
312.86 4.32 118.11 6.62 0.07 

 

3.3. NMR study of Template-Monomer interactions in the pre-polymerization medium 

The initial stage in the successful creation of molecular imprints involves the formation of a 

"pre-polymerization complex" between the template molecule and the functional monomer. 

Therefore, the choice of the functional monomer can be determined by evaluating these 

interactions in solution within the polymerization medium. The assessment of template-

monomer interactions using 1H NMR spectroscopy provided valuable insights into the optimal 
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M/BG ratio for the preparation of molecularly imprinted polymers [12,36,37]. To investigate 

the interactions between the template molecule (BG) and the functional monomer (M), 1H NMR 

spectra of BG with varying concentrations of M in DMSO-d6 solution were recorded to evaluate 

the pre-polymerization mixtures and determine the optimal BG/M ratio for MIP preparation. 

Spectra were compared at different BG/M molar ratios ranging from 4 to 12, and the 

corresponding pure BG, MAA and AA spectra were used as references (Figs. S5, S6 and S7 in 

the SI file). Significant chemical shift variations were observed in all BG protons Ha, Hb, Hc, 

Hd, He, Hf and Hg (Fig. S4) in the presence of AA (Fig. 9 and Table S1) or MAA (Fig. S8 and 

Table S2). These shifts were towards the high-field region of the spectrum, indicating an 

interaction between BG and AA or MAA. The largest shift was observed for Hf AA protons 

adjacent to the amino group, suggesting the formation of hydrogen bonds between the BG 

amino groups and the amino group of AA or the carboxylic acid groups of MAA. The 

magnitude of the shifts increased with increasing BG/AA or BG/MAA mole ratio from 4 to 8, 

indicating a higher degree of complex formation with higher amounts of monomer. However, 

for the BG/AA or BG/MAA mole ratios of 10 and 12, there was a decrease in the magnitude of 

the chemical shift variations, suggesting a decrease in the formation of complex species with 

higher amounts of monomer. Furthermore, it is crucial to strike a balance between the quantity 

of functional monomer and cross-linker used. An excessive amount of monomer can result in 

non-specific interactions, whereas a low amount of monomer can lead to a lower density of 

specific recognition sites. A compromise was reached at an M/BG ratio of 8/1. This ratio falls 

within the commonly employed range of 4/1 to 16/1 for non-covalent interactions and has been 

demonstrated to enhance selectivity in previous investigations [5]. 
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Figure 9. 1H NMR spectra of BG at a constant concentration of 1.2 10−2 mol∙L−1 in the presence 

of different concentrations of AA: (a) pure BG, and BG/AA molar ratio of 1/4, 1/6, 1/8, 1/10 

and 1/12 in DMSO-d6. 

 

3.3.1. Detection of interactions with NOESY 2D NMR 

Furthermore, the confirmation of the BG/AA interaction was obtained through the NOESY 2D 

NMR technique. The 2D NOESY contour plot showed correlation peaks for all protons of BG 

and AA, specifically for a BG/AA molar ratio of 1/8 (Fig. 10). The most intense correlation 

peaks were observed between the He protons of BG and the Hk, Hl and Hm protons of AA, 

indicating their close proximity. These strong correlation peaks suggest the presence of π-π 

interactions between the vinyl part of AA and the phenyl group of BG, as well as hydrogen 

bonding between the amino group of AA and the amino group of BG. This proposed structure 

of the complex aligns with the idea of an additional interaction between the phenyl group of 

BG and the vinyl group of AA through π-stacking. 
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Figure 10. 2D NOESY spectrum of BG/AA mixed solution at a 1/8 mole ratio in DMSO-d6. 

 

3.3.2. Determination of the stoichiometry of complex species 

In order to determine the stoichiometry and stability constant of the complexes formed in the 

pre-polymerization medium between the functional monomer (M) and the template molecule 

(T), the continuous variation or Job's method [17] was employed. In this method, the total 

concentration of (M) and (T) is kept constant. The maximum rΔδ for the protons of BG, as well 

as (1−r)Δδ for MAA at r = 0.5, indicates a 1:1 stoichiometry (Fig. S9). The quantitative 

determination of the association constant was performed by an exact calculation of Job's plot 

using the definition of the association constant and the material balance of BG and MAA. The 

1:1 model was fitted to the experimental data, resulting in an association constant K1 equal to 

963 for the BG:MAA complex. In the case of the BG:AA complex, fitting to a 1:1 or 1:2 model 

alone was not satisfactory. However, Job plot analysis showed a clear preference for the 1:2 

complexation model with a slight contribution from a 1:1 complex. The maximum rΔδ is 

observed for the BG protons at r = 0.33 (Fig. 11) and for the AA protons, the maximum (1−r)Δδ 

is obtained at r = 0.66 (Fig. S10). The first association constant K1 = 40 is much smaller than 

the second constant K2 = 9000. 
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Figure 11. Job plots for the chemical shifts of Ha, Hb, Hc, Hd, He, Hf, and Hg protons in the 

BG:AA2 complex. 

 

Table 4. Stoichiometry and association constants of the complexes between Brilliant Green and 

the monomers in DMSO-d6. 

Complex system Stoichiometry K1 K2 

ΒG:ΜΑΑ 1:1 963 ± 0.04 – 

ΒG:ΑΑ2 1:1 40 ± 0.01 9000 ± 0.01 

 

3.3.3. General Discussion 

Methacrylic acid is the most commonly used functional monomer for the fabrication of MIPs. 

It is an acid that can strongly interact with bases and acts as a hydrogen bond donor. In the case 

of a basic molecule such as Brilliant Green, the interactions with the acid groups of MAA and 

its (co)polymers are expected strong. However, in the case of too strong acidic and basic groups, 

a H+ ion is transferred from the carboxylic acid to the amino group of BG because an acid-base 

chemical reaction occurs. The actual chemical species that interact are the products of such 

acid-base reaction, which are a weak base (carboxylate anion) and a weak acid (ammonium 

cation). Hydrogen bond interactions are still possible, but they are much weaker than expected 
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[17]. The acid-base reaction produces oppositely charged ionic species that can bind through 

electrostatic interactions that cannot achieve selective binding because they are neither 

directional nor specific. The ammonium cation, potentially bound to the carboxylate anion of 

the MIP through electrostatic interactions, can be ion-exchanged with any cation (e.g., Na+) 

present in the liquid medium. A functional monomer with weakly acidic groups may be 

preferred to MAA. This study selected acrylamide (AA) as a weakly acidic functional 

monomer. Acrylamide monomers have been found to be effective in providing selectivity to 

MIP materials for carboxylic anionic targets [17,38]. Brilliant Green possesses two amino 

groups with pKa values of 2.62 and 4.93. In acidic medium, the nitrogen of the amino group 

with a pKa ≈ 2.62 converts into an ammonium cation, while the nitrogen of the amino group 

adjacent to the imine function with a pKa ≈ 4.93 converts into an iminium cation. The most 

acidic group of acrylamide is the NH2 of the primary amide group (with a pKa of 7.9 [39]). 

These functional groups interact with each other during the formation of molecular imprints. 

Based on this, the hydrogen bonding between BG and AA occurs between the protonated forms 

of BG at its amine group. Hydrogen bond interactions are currently considered because they 

are the strongest in the classification of intermolecular interactions. Illustrative scheme of the 

hydrogen bonding interactions of BG with AA and MAA are given in Fig. 12. 

 
Figure 12. Illustrative scheme of intermolecular interactions of BG with AA and MAA. 

 

3.5. Selectivity 

The ability of an adsorbent to effectively differentiate and quantify the target analyte, even 

when other interfering molecules or metabolites are present in the sample is influenced by the 

arrangement of binding sites and the orientation of functional groups within the binding sites. 

Brilliant Green metabolites Eosine and Methylene Blue (Fig. S11) were chosen as potential 
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competitors for adsorption in a selectivity assessment. The characteristic parameters D and α, 

which represent the competitive adsorption, were calculated using Eqs 18 and 19, respectively, 

and are presented in Table 5. The distribution coefficient of Brilliant Green in all the prepared 

MIPs was significantly higher than that of its competitors, especially for PosAA@MIP 

(Fig. S12). The specific binding sites created on the imprinted polymer surface allow the 

discrimination of template molecules based on their shape, size, distribution and orientation of 

functional groups. PosAA@MIP showed higher extraction efficiency for Brilliant Green 

compared to PosMAA@MIP. The competing molecules closely resemble Brilliant Green in 

terms of structural similarity, particularly due to the presence of aromatic rings. However, they 

can be differentiated by the presence of sulfide (BM) or carboxylic and phenolic groups (Eos). 

In the case of MIPs, the values of selectivity coefficient α with respect to Brilliant Green were 

high. This showed that the molecular imprints created by the BG template were not suitable for 

accommodating Eosin and Methylene Blue. 

 

Table 5. Extraction efficiencies (ee), distribution coefficients (D) and selectivity coefficients 

(α) of imprinted materials. 

Molecules 

PosMAA@MIP PosMAA@NIP PosAA@MIP PosAA@NIP 

ee 

(%) 

D 

(L∙g−1) 
α 

ee 

(%) 

D 

(L∙g−1) 
α 

ee 

(%) 

D 

(L∙g−1) 
α 

ee 

(%) 

D 

(L∙g−1) 
α 

Brilliant 

Green (BG) 
89.6 4.34 – 57.0 0.66 – 95.7 11.1 – 51.0 0.52 – 

Eosin (Eos) 60.4 0.76 6 53.3 0.67 1 65.4 0.94 11 54.3 0.59 0.9 

Methylene 

Blue (MB) 
63.6 0.87 5 54.7 0.60 1 67.6 1.04 10 55.7 0.62 0.8 

 

4. Conclusion 

Molecularly imprinted materials have been successfully synthesized using the biomaterial 

Posidonia as a robust support. The actual presence of selective molecular imprints is shown by 

the higher amounts of BG adsorbed on MIP than on NIP over the whole concentration range of 

the adsorption isotherm (Fig. 8) and the selective adsorption of BG compared to its metabolites 

(Table 5). Coating the MIP as a thin film on the surface of a solid support met the expectations 

of fast adsorption and higher selectivity. The acrylamide functional monomer showed better 

performance for selective adsorption than the methacrylic acid, in agreement with its stronger 

hydrogen bonding association with BG in solution. In fact, as shown by Boukadida et al. [17], 

although hydrogen bonds is based on acid-base interactions, a strong acid undergoes a proton 

transfer to the base rather than sharing the proton in an acid-base hydrogen bond. Acrylamide 
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as a functional monomer is an alternative to the widely used methacrylic acid seen as a 

'universal' functional monomer in various applications such as analytical chemistry and 

environmental remediation. The clear advantages of using acrylamide-based MIPs in selective 

adsorption applications have been illustrated in several cases for the extraction of toxins 

(histamine) [17,40] and proteins (haemoglobin) [41]. A robust thermodynamic analysis using 

the Volmer adsorption isotherm outperformed the conventional Langmuir isotherm, providing 

a more realistic account of the mobility of non-specifically adsorbed molecules. The Langmuir-

Volmer model, which fitted well to the experimental data, highlighted specific imprinted sites 

on the MIPs, which exhibited higher adsorption capacities compared to non-imprinted polymers 

(NIPs). Posidonia fibers are suitable solid supports for MIPs. Posidonia is a biosourced 

sustainable material that can be easily modified by chemical grafting. Its use is a valorization 

of a waste collected each spring to clean the beaches before the summer tourist season. This 

innovative approach demonstrates the potential of MIPs coated on solid supports from biomass 

to selectively extract BG from complex environmental media and provide enriched extracted 

media for quantitative analysis of trace amounts collected in the environment. 
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SUPPORTING INFORMATION 

Posidonia based Molecularly Imprinted Polymers for the efficient 

recognition of Brilliant Green 

 

S1. Characterization of the modified Posidonia 

The grafting process performed in anhydrous toluene yields a dense monomolecular layer of 

organosilane attached to the Posidonia surface. The resulting Pos@MPTS material were 

characterized by IR spectroscopy, and thermogravimetric analysis. 

The ATR-FTIR spectroscopy was used to analyze the modified Posidonia. The IR spectrum for 

the modified Pos@MPTS is shown in Fig. S1, which indicates the existence of a strong 

absorption band of the Posidonia and the distinctive bands caused by chemical grafting, 

including those of the coupling agent (γ-methacryloxypropyltrimethoxysilane). Hydroxy 

surface groups of Pos@MPTS have a characteristic low-intensity band corresponding to the 

νC–OH vibrator around 3300 cm−1 because a part of them participated in the grafting reaction. 

Evidence of binding of γ-MPTS was given by the characteristic band of carbonyl vibration 

νC=O around 1720 cm−1. The vibrations of CH2 and CH3 elongations ranging from 2960 to 

2850 cm−1 confirmed the presence of organic compounds [1]. 

 
Figure S1. IR spectra of Pos and Pos@MPTS. 
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The grafting density of Pos@MPTS was assessed by thermogravimetric analysis (Fig. 2S). The 

mass loss of this biomaterial occurs in 3 stages. The condensation of unreacted Si–OMe groups 

and their hydrolyzed form (Si–OH), together with the amount of water adsorbed on the 

Posidonia surface are responsible for the first mass loss at 200 °C. A second mass loss between 

250 °C and 600 °C corresponded to the decomposition of the organic materials grafted to the 

Posidonia surface and the organic phase, hemicellulose, cellulose, and lignin of Posidonia [2]. 

The last mass loss appearing in the range of 400–1000 °C corresponds to the combustion of 

carbon residues [3]. 

 
Figure S2. Thermogravimetric analysis of Pos and Pos@MPTS. 

 

The grafting density was estimated from the recorded mass loss corresponding to the thermal 

decomposition of the organic graft occurring between 250 °C and 500 °C using Eq. S1: 

d(µmol∙g−1) =  

𝑚(Pos@MPTS)

100−𝑚(Pos@MPTS)
−

𝑚(Pos)

100

𝑀mol(MPTS)
× 10⁶   (Eq. 1S) 

where m(Pos@MPTS) = 54.75% and m(Pos) = 49.09% are the mass losses of Pos@MPTS and 

Pos, Mmol(MPTS) = 128 g∙mol−1 is the molar mass of the propylmethacryl moiety (C7H12O2) 

lost upon thermal degradation [4]. The grafting density of γ-

methacryloxypropyltrimethoxysilane on Posidonia surface was 5617 μmol∙g−1, which was 

close to the maximum grafting density of a dense close-packed monolayer of organosilane. If 

the coverage value is increased, it could result in a multilayer coating composed of organic 

species of γ-MPTS attached to the surface of Posidonia. 
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The X-ray diffraction (XRD) patterns of Pos, as shown in Fig. S3, exhibit characteristic 

diffraction peaks indicating the presence of amorphous cellulose. The peaks observed at 15.44 ° 

and 16.24 ° correspond to the primary equatorial planes (1ī0) and (110) of the monoclinic 

lattice. Additionally, the peak at 22.17 ° corresponds to the indexed primary equatorial plane 

(002), while the peak at 34.8 ° corresponds to the indexed primary equatorial plane (004). These 

findings provide confirmation of the presence of amorphous cellulose in the analyzed Posidonia 

sample. Amorphous cellulose is characterized by its lack of a well-defined crystalline structure, 

which aligns with the properties of Posidonia. The occurrence of amorphous cellulose in 

Posidonia can be attributed to the plant specific chemical composition and fibrous structure. 

These distinctive peaks are indicative of type I cellulose (monoclinic indexing) [3,5]. Based on 

these observations, it can be inferred that the crystallinity of Posidonia is influenced by the 

presence of amorphous cellulose. 

 
Figure S3. XRD pattern of Pos biomaterial. 

 

S2. Adsorption as a function of pH 

The adsorption behavior of molecules, including Brilliant Green, is influenced by the pH of the 

solution, as they can undergo ionization at different pH values [6]. In this study, the adsorption 

of Brilliant Green was investigated at four different pH values, 2, 4, 6 and 8. Due to its two pKa 

values of 2.0 and 4.9, Brilliant Green can exist in different ionization states within the pH range 

studied. The adsorption of Brilliant Green was found to be most favorable at pH 4 (Fig. S4). 

The adsorption percentage (%A) of Brilliant Green was calculated using the following equation 

(Eq. S2): 
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%𝐴 = (𝐶0 − 𝐶𝑒)
100

𝐶0
 (Eq. S2) 

where C0 and Ce represent the initial and equilibrium concentrations of Brilliant Green, 

respectively. 

 
Figure S4. Adsorption percentage of BG at a concentration of 5 10−5 mol∙L−1 onto Pos, 

PosMAA@MIP and PosAA@MIP at pH 2, 4, 6, 8 and 298 K. 

 

S3. NMR study 

The protons of Brilliant Green observed in NMR are illustrated in Fig. S5. 

 
Figure S5. Structure of Brilliant Green. 
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The 1H NMR spectra (Figs S6, S7 and S8) show the chemical shift values of the protons of BG, 

MAA and AA in DMSO-d6. 

 

Figure S6. 1H NMR spectrum of Brilliant Green in DMSO-d6. 

 
Figure S7. 1H NMR spectrum of MAA in DMSO-d6. 
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Figure S8. 1H NMR spectrum of AA in DMSO-d6. 

 

The 1H NMR spectrum (Fig. S9) shows the chemical shift variation of the protons of BG in the 

presence of different concentrations of MAA in DMSO-d6. 

 
Figure S9. 1H NMR spectra of BG at a constant concentration of 1.2 10−2 mol∙L−1 in the 

presence of different concentrations of MAA: (a) pure BG, and BG/MAA molar ratio of 1/4, 

1/6, 1/8, 1/10 and 1/12 in DMSO-d6. 
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Table S1. 1H NMR chemical shifts (ppm) of Ha, Hb, Hc, Hd, He, Hf and Hg protons of BG, 

either pure or in presence of the MAA functional monomer in DMSO-d6. 

MAA/BG mole ratio Hg Hf He Hd Hc Hb Ha 

0 1.2244 3.6615 7.0886 7.3325 7.3643 7.6221 7.7553 

4 1.2246 3.6614 7.0879 7.3322 7.3645 7.6219 7.7550 

6 1.2252 3.6611 7.0875 7.3323 7.3639 7.6214 7.7548 

8 1.2268 3.6604 7.0871 7.3322 7.3621 7.6209 7.7547 

10 1.2217 3.6605 7.0875 7.3351 7.3622 7.6209 7.7550 

12 1.2214 3.6606 7.0879 7.3331 7.3625 7.6201 7.7549 

 

Table S2. 1H NMR chemical shifts (ppm) of Ha, Hb, Hc, Hd, He, Hf and Hg protons of BG, 

either pure or in presence of the AA functional monomer in DMSO-d6. 

AA/BG mole ratio Hg Hf He Hd Hc Hb Ha 

0 1.2244 3.6615 7.0886 7.3325 7.3643 7.6221 7.7553 

4 1.2255 3.6626 7.0886 7.3334 7.3648 7.6230 7.7560 

6 1.2256 3.6629 7.0899 7.3335 7.3650 7.6230 7.7563 

8 1.2256 3.6629 7.0899 7.3355 7.3650 7.6231 7.7563 

10 1.2256 3.6627 7.0896 7.3335 7.3649 7.6229 7.7560 

12 1.2254 3.6625 7.0894 7.3333 7.3648 7.6228 7.7559 

 

Table S3. 1H NMR chemical shifts (ppm) of Ha, Hb, Hc, Hd, He, Hf and Hg protons of BG, as 

function as r = [BG] / ([BG] + [AA]) in DMSO-d6. 

[AA] 

(mM) 

[BG] 

(mM) 
r Ha Hb Hc Hd Hg Hf He 

26.16 0 0 7.7562 7.6226 7.3647 7.3317 1.2232 3.6614 7.0898 

23.54 2.61 0.1 7.7538 7.6207 7.3610 7.3302 1.2219 3.6590 7.0880 

20.93 5.23 0.2 7.7520 7.6180 7.3580 7.3280 1.2199 3.6565 7.0850 

18.31 7.85 0.3 7.7500 7.6155 7.3553 7.3260 1.2184 3.6548 7.0826 

15.7 10.46 0.4 7.7498 7.6147 7.3540 7.3255 1.2183 3.6537 7.0810 

13.08 13.08 0.5 7.7500 7.6155 7.3546 7.3266 1.2180 3.6528 7.0801 

10.46 15.7 0.6 7.7500 7.6150 7.3558 7.3270 1.2188 3.6535 7.0800 

7.85 18.31 0.7 7.7500 7.6160 7.3567 7.3280 1.2180 3.6520 7.0790 

5.23 20.93 0.8 7.7499 7.6170 7.3586 7.3291 1.2191 3.6507 7.0777 

2.61 23.54 0.9 7.7516 7.6187 7.3615 7.3305 1.2207 3.6537 7.0791 

0 26.16 1 – – – – – – – 
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Figure S10. Job plots for the chemical shifts of AA protons in the complex BG:AA2. 

 

Table S4. 1H NMR chemical shifts (ppm) of Ho, Hm, Hl, and Hk protons of AA as a function 

of 1 − r = [AA] / ([BG] + [AA]) in DMSO-d6. 

[AA] (mM) [BG] (mM) 1 − r Hm Hl Hk 

26.16 0 0 – – – 

23.54 2.61 0.1 6.2000 6.0610 5.6400 

20.93 5.23 0.2 6.1980 6.0620 5.5740 

18.31 7.85 0.3 6.1958 6.0630 5.5773 

15.7 10.46 0.4 6.1911 6.0644 5.5830 

13.08 13.08 0.5 6.1877 6.0654 5.5900 

10.46 15.7 0.6 6.1848 6.0663 5.5950 

7.85 18.31 0.7 6.1822 6.0668 5.5980 

5.23 20.93 0.8 6.1794 6.0673 5.6010 

2.61 23.54 0.9 6.1770 6.0677 5.6030 

0 26.16 1 6.1749 6.0679 5.6047 
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Figure S11. Job plots for the chemical shifts of BG protons in the complex BG:MAA. 

 

Table S5. 1H NMR chemical shifts (ppm) of Ha, Hb, Hc, Hd, He, Hf and Hg protons of BG, as 

function as r = [BG] / ([BG] + [MAA]) in DMSO-d6. 

[MAA] 

(mM) 

[BG] 

(mM) 
r Hg Hf He Hd Hc Hb Ha 

26.16 0 0 1.2232 3.6614 7.0898 7.3317 7.3648 7.6226 7.7562 

23.54 2.61 0.1 1.2221 3.6600 7.0882 7.3310 7.3636 7.6217 7.7552 

20.93 5.23 0.2 1.2213 3.6583 7.0864 7.3305 7.3622 7.6206 7.7538 

18.31 7.85 0.3 1.2200 3.6565 7.0846 7.3295 7.3608 7.6194 7.7527 

15.70 10.46 0.4 1.2188 3.6549 7.0824 7.3284 7.3593 7.6184 7.7510 

13.08 13.08 0.5 1.2172 3.6528 7.0801 7.3273 7.3573 7.6170 7.7501 

10.46 15.7 0.6 1.2170 3.6514 7.0790 7.3272 7.3560 7.6160 7.7490 

7.85 18.31 0.7 1.2167 3.6510 7.0790 7.3271 7.3558 7.6160 7.7490 

5.23 20.93 0.8 1.2158 3.6507 7.0777 7.3266 7.3564 7.6161 7.7480 

2.61 23.54 0.9 1.2189 3.6537 7.0791 7.3288 7.3582 7.6171 7.7490 

0 26.16 1 – – – – – – – 



 

40 

 

 
Figure S12. Job plots for the chemical shifts of MAA protons in the complex BG:MAA. 

 

Table S6. 1H NMR chemical shifts (ppm) of Hs, Hr, Hp, and Ho protons of MAA, as function 

as 1 − r = [MAA] / ([BG] + [MAA]) in DMSO-d6. 

[MAA] (mM) [BG] (mM) 1 − r Hs Hr Hp 

26.16 0 0    

23.54 2.61 0.1 1.8345 5.6064 5.97124 

20.93 5.23 0.2 1.8377 5.60461 5.969815 

18.31 7.85 0.3 1.8325 5.60516 5.97025 

15.7 10.46 0.4 1.8330 5.60428 5.97093 

13.08 13.08 0.5 1.8315 5.6000 5.9680 

10.46 15.7 0.6 1.8200 5.5800 5.9600 

7.85 18.31 0.7 1.8100 5.5600 5.9550 

5.23 20.93 0.8 1.8020 5.5400 5.9500 

2.61 23.54 0.9 1.7967 5.525 5.945 

0 26.16 1 1.79044 5.51463 5.94253 
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S4. Selectivity study 

 
Figure S13. Chemical structures of metabolites of Brilliant Green. 

 
Figure S14. Binding capacities of PosAA@MIP and PANI@NIP for BP4, BP3 and BP. 
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