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Highlights 

- Removal of neonicotinoids from aqueous solutions, including groundwater, down to 0.1 µg L–1. 
- Robust cellulose acetate-based hydrogels were prepared in Cyrene and MeTHF green solvents. 
- The synergistic effect of PIM-1 and GO in the nanocomposite was investigated by molecular dynamics. 
- Sustainable regeneration of hydrogels using ultrasound, recovering virtually 100% of the adsorption capacity. 
- Continuous adsorption process successfully treated groundwater from the Adyar river in Tamil Nadu, India. 
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Abstract  
 

 The ubiquitous presence of neonicotinoid insecticides in the environment poses potential health 

concerns across all biomes, aquatic systems, and food chains. This global environmental challenge requires 

robust, advanced materials to efficiently scavenge and remove these harmful neonicotinoids. In this work, 

we engineered nanocomposite hydrogels based on sustainable cellulose acetate for water treatment. The 

nanocomposite hydrogels were incorporated with small quantities of polymers of intrinsic microporosity 

(PIM-1) and graphene oxide (GO). We prepared the hydrogels using green solvents such as Cyrene and 

MeTHF via simple dropwise phase inversion. High adsorption capacity and fast kinetic behavior toward 

acetamiprid, clothianidin, dinotefuran, imidacloprid, and thiamethoxam were observed. We also developed 

a rapid and sustainable ultrasound-assisted regeneration method for the hydrogels. Molecular dynamics of 

the complex quaternary system revealed the synergistic effects of the components, and the presence of PIM-

1 was found to increase the GO surface area available for neonicotinoid scavenging. We demonstrated the 

robustness and practicality of the nanocomposites in continuous environmental remediation by using the 

hydrogels to treat contaminated groundwater from the Adyar river in India. The presented methodology is 

adaptable to other contaminants in both aqueous environments and organic media. 

 

1. Introduction  
 

The use of pesticides for agriculture and crop production is increasing globally, according to the Food 

and Agriculture Organization of the United Nations (FAO) [1]. Recently, environmental regulations across 

the agricultural sector have become more stringent to minimize greenhouse emissions and help to reach the 

Sustainable Development Goals as part of the Paris Agreement on Climate Change. Neonicotinoids are 

chemically related to nicotine, and they were developed in the 1990s as alternative pesticides to replace 

organochlorines, organophosphates, and carbamates [2]. They are utilized globally by approx. 120 countries 

and account for 25% of the agriculture insecticide market [2,3]. Studies have shown that up to 98% of 

neonicotinoids remain in the soil as residuals due to their water solubility and high persistence, usually 

ending up in groundwater or surface waters (Fig. 1) [4]. 

Neonicotinoids are systemically absorbed through plant tissue to reach the nectar and pollen of the treated 

crops, leading to the potential exposure of pollinators, especially wild bees and honeybees. In recent years, 

debates and uncertainty have arisen regarding the use and environmental effects of neonicotinoids. 

Abandoning neonicotinoids could cause more damage to the agriculture sector due to the lack of effective 

alternatives [5], even though neonicotinoids negatively impact vital pollinators such as bees [6-11]. In 2013, 

the European Union (EU) banned the use of three neonicotinoids, namely, clothianidin, imidacloprid, and 

thiamethoxam, on flowering crops, and these restrictions were extended to all outdoor use in late 2018 

[12,13]. In addition, dinotefuran was also classified as highly toxic to honeybees by the International Union 
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of Pure and Applied Chemistry (IUPAC) [14]. Nevertheless, the use of neonicotinoids in most countries has 

not yet been sufficiently curtailed. Thus, neonicotinoids are increasingly ubiquitous in the environment 

owing to their widespread use and high solubility in water. Apart from directly affecting pollinators, traces 

of neonicotinoids have been found in honey, fruit, vegetables, milk, drinking water, and shrimp, among 

others [15-18]. Recent studies have linked neonicotinoids to negative environmental impacts on soil and 

water resources, with concentrations of neonicotinoids found in the range of µg L-1 in vital surface and 

groundwater resources. Such issues have motivated research in recent years to find an engineering solution 

for public water systems [19].  

Adsorption is the most widely used technology for the removal of pesticides from the aqueous 

environment because it is economically efficient and environmentally friendly [20]. Powder-like adsorbents 

have practical limitations in their handling and require complex processes to achieve efficient recovery from 

water. Spherical-shape hydrogels made from polysaccharide-based materials such as cellulose, chitosan, 

and sodium alginate fabricated via a simple phase-separation technique have been proposed as a convenient 

and practical solution [21]. In this work, we have chosen cellulose acetate as the polymer matrix to develop 

practical core-shell hydrogel spheres using the phase-separation technique. 

Hydrogels are widely used in agriculture for retaining water, improving soil permeability, and reducing 

irrigation dependence, as well as reducing the need to use hormones, fertilizers, and pesticides [22,23]. 

Hydrogels have several unique and beneficial characteristics, including a high swelling degree and 

adsorption capacity. However, they need to be mechanically robust and reusable to make them a feasible 

technology [20,24,25]. This can be achieved by architecting nanocomposites that incorporate high-

performance polymers and advanced materials (Fig. 1) [26,27]. Polymers with intrinsic microporosity have 

been widely studied for numerous applications, including water treatment and adsorption, and in particular 

for the removal of antibiotics and dyes [28-30]. Such polymers have vacant spaces between the polymer 

chains because they are not packed due to the contortion of the fused rings, thus giving the polymers high 

free volumes. Graphene oxide (GO) has also been successfully employed in adsorptive water treatment and 

photocatalysis [31-35]. The objective of this work is to investigate the synergistic effect of GO and polymers 

of intrinsic microporosity (PIM-1), combined with cellulose acetate (CA) hydrogel for the removal of 

neonicotinoids from the aqueous environment. The novel materials were applied in continuous water 

purification facilitated by ultrasound-assisted regeneration of the hydrogels. 
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Fig. 1 Schematic representation of neonicotinoid contamination of waterways and their environmental clean-up using 

nanocomposites hydrogels composed of graphene oxide (GO), polymers of intrinsic microporosity (PIM-1), and 

cellulose acetate (CA). Sustainable regeneration of the hydrogels via ultrasonication. 

 

2. Material and methods  

 

2.1 Material  

 

5,5',6,6'-Tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-spirobisindane (TTSBI, 98%, Synthon Chemicals) was 

dissolved in methanol, re-precipitated from dichloromethane, and dried under vacuum at room temperature 

before use. Tetrafluoroterephthalonitrile (TFTPN, 98%, Chemos) was used as received. Anhydrous K2CO3 

(99%, Fisher Scientific) was ground to a fine powder and dried in a vacuum oven at 110 °C overnight before 

use. The cellulose acetate (CA) was purchased from BDH Chemical Ltd (Malaysia). 2-

methyltetrahydrofuran (MeTHF), and Cyrene® were purchased from Sigma-Aldrich and used as received. 

Tetrafluoroterephthalonitrile, 5,5′,6,6′-tetrahydroxy-3,3,3′,3′-tetramethyl-1,1′-spirobisindane, N,N-

dimethylacetamide (DMAc) and p-cymene were purchased from Alfa-Aesar. All aqueous solutions were 

prepared using Milli-Q Type II water with a resistivity of 18.2 MΩ cm at 25 °C. Groundwater samples were 

collected near the Adyar river in Tamil Nadu, India. Acetamiprid, clothianidin, imidacloprid, thiamethoxam, 

and dinotefuran standards were purchased from Fisher Scientific. 
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2.2 Methods   
 

General methods. An Alpha-P instrument (Bruker Instruments) was employed for the attenuated total 

reflectance Fourier transform infrared analysis (ATR-FTIR) of the dried hydrogels under air. An average of 

32 scans was used to generate the infrared spectra. Thermogravimetric analysis (TGA) was performed on a 

TGA-550 (TA Instruments) with a ramp rate of 20 °C min−1 from 25 °C to 800 °C under N2 constant flow. 

The NMR measurements were performed on a 400 MHz Bruker Avance III using CDCl3 as a solvent. 

Possible leaching of GO and polymers from the hydrogels into the water was determined by measuring the 

total organic carbon (TOC) content of the supernatant, with a high sensitivity Shimadzu TOC-L analyzer 

having a limit of detection (LOD) of 4 µg L–1. The neonicotinoid concentrations were determined using the 

method reported in [36] under the following conditions: an Agilent 6470B LC/MS/MS triple quadrupole 

system using a Kromasil C18 column with 5 μm particle size, 250 mm × 4.6 mm dimensions, and 

MeCN:H2O containing 0.5% formic acid as mobile phase at a flow rate of 0.5 mL min−1 (LOD 0.1 µg L–1). 

The molecular mass of PIM-1 was measured by gel permeation chromatography (GPC) set at 1 mL min–1 

in chloroform using Viscotek VE2001 and TDA302 modules. The nitrogen adsorption (N2) isotherms of the 

powder samples of the three polymers were performed using a surface area and porosimetry analyzer 

(Micrometrics ASAP 2050) at –196 C up to 1 bar after degassing the samples at 80 C for 12 h with pressure 

lower than 10 μmHg. Apparent Brunauer-Emmett-Teller (BET) surface areas were calculated from N2 

adsorption data by multi-point BET analysis. The swelling (%S) of the hydrogels was determined by 

measuring the water uptake capacity defined in Eq. 1: 

%𝑆 = 100
𝑚𝑤𝑒𝑡−𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦
          Eq. 1 

where mwet and mdry refer to the weights of wet hydrogels at equilibrium and dry hydrogels, respectively. 

 

Synthesis of polymers of intrinsic microporosity (PIM-1). PIM-1 was prepared using an established 

method [37] that we employed in our previous work [38]. The monomers, 0.01 mol 5,5',6,6'-tetrahydroxy-

3,3,3',3'-tetramethyl-1,1'-spirobisindane (TTSBI) and 0.02 mol tetrafluoroterephthalonitrile (TFTPN), 0.06 

mol anhydrous potassium carbonate, 40 mL N,N-dimethylacetamide (DMAc), and 20 mL p-cymene were 

added to a dry reaction flask equipped with a Dean-Stark trap and an IKA overhead stirrer. The reaction 

conditions were kept anhydrous by performing all steps under argon gas. Once the dissolution was complete, 

the reaction mixture was refluxed for 30 min. The obtained viscous solution was allowed to precipitate in 

methanol. The crude product was refluxed for 14 h in Type II water, followed by washing with 4 × 80 mL 

acetone. The polymer was dried in a vacuum oven at 100 C over 24 h. GPC: Mn = 48,500; Mw = 127,300; 

Mp = 87,400; Mw/Mn = 2.62. 1H NMR (400 MHz, CDCl3): δ 6.71 (br, s, 2H), 6.32 (br, s, 2H), 2.21 (br, s, 

2H), 2.02 (br, s, 2H), 1.24 (br, s, 6H), 1.26 (br, s, 6H). Surface area: 705 m2 g–1. Elemental analysis (wt%) 

calculated for C29H20N2O4 molecular formula: C, 75.65 H, 4.35 N, 6.09. Found: C, 74.92 H, 4.41 N, 5.87. 
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Hydrogel preparation. The composition of the hydrogels is summarized in Table 1. In a typical 

procedure to prepare CA/PIM-1/GO beads, 9 g of cellulose acetate and 0.1 g PIM-1 were dissolved in a 

mixture of 100 mL Cyrene:MeTHF (1:1), followed by the addition of 1 mL of 1 mg mL–1 GO suspension. 

The GO suspension was sonicated for 1 h prior to use. The mixture of CA/PIM-1/GO suspension was stirred 

at 300 rpm at 22 C for 1 h, followed by the dropwise addition into deionized water as a coagulation medium 

to yield hydrogels. The hydrogels were kept in water to retain their original morphology. 

Table 1. The designations and solid compositions of the hydrogels prepared in Cyrene and MeTHF green 

solvents. The superscripts and subscripts show the PIM-1 and GO concentrations, respectively. 

 

 

SEM analysis. The DI water phase of hydrogels was carefully exchanged to the ethanol phase to 

minimize the pore collapse. This process was performed at room temperature for 10 min using 30, 50, 70, 

90, and 95% ethanol/water solutions, step by step. Finally, this process was repeated three times, using 

100% ethanol with the same conditions to make the ethanol-based solution state. Ethanol in the hydrogel 

was gradually exchanged to carbon dioxide (CO2) using the automated critical point dryer (Leica EM 

CPD300, Leica Microsystems). The dried hydrogels were stored in the desiccator until characterization. 

Samples were cut using a blade for the cross-sectional imaging and sputter-coated with iridium (thickness 

of 5 nm) to avoid the charging effect. Surface and cross-sectional images of the hydrogels were collected 

using the scanning electron microscopy (SEM, Teneo, FEI Co., USA). In addition, SEM (Magellan 400 

FEG, FEI Co., USA) was used to obtain the high-resolution cross-sectional images of the hydrogels. 

XPS analysis. X-ray photoelectron spectroscopy (XPS) experiments were performed on a Kratos Axis 

Supra instrument equipped with a monochromatic Al Kα x-ray source (hν = 1486.6 eV) operated at a power 

of 150 W and under UHV conditions in the range of ~10-9 mbar. All spectra were recorded in the hybrid 

mode using electrostatic and magnetic lenses and an aperture slot of 300 μm × 700 μm. The survey and 

high-resolution spectra were acquired at fixed analyzer pass energies of 80 eV and 20 eV, respectively. The 

samples were mounted in the floating mode to avoid differential charging. Therefore, XPS spectra were 

acquired using charge neutralization. 

Adsorption isotherms and kinetics. In a typical procedure 1 L of 1 ppm neonicotinoid (Fig. 2) 

contaminated water was loaded on 12, 20, 30, 40, 50, 75 and 120 mg hydrogels, the container was sealed, 

Hydrogel GO (wt%) PIM (wt%) CA (wt%) 

𝐇 0 0 100 

HPIM 1 0 1 99 

𝐇𝐆𝐎 𝟎.𝟏
𝐏𝐈𝐌 𝟏  0.1 1 98.9 

𝐇𝐆𝐎 𝟏
𝐏𝐈𝐌 𝟏 1 1 98 

𝐇𝐆𝐎 𝟓
𝐏𝐈𝐌 𝟏 5 1 94 

𝐇𝐆𝐎 𝟏𝟎
𝐏𝐈𝐌 𝟏  10 1 89 

HPIM 5 0 5 95 

HPIM 10 0 10 90 

𝐇𝐆𝐎 𝟏𝟎 10 0 90 
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and placed in an incubator shaker (KS 4000 i control, IKA) at 23 °C and 250 rpm for 24 h. Samples from 

the supernatants were taken to quantify the neonicotinoids. Samples were taken at 0, 0.25, 0.5, 1, 2, 5, 12, 

and 24 h for analysis of the kinetic parameters. The experiments were carried out in duplicates, and the 

reported errors are standard deviations. 

 

Fig. 2 Chemical structures of neonicotinoids used in this work. 

 

Hydrogel regeneration. Three methods were evaluated for the regeneration of the hydrogels over ten 

adsorption-desorption cycles, including i) ethanol wash at room temperature, ii) water wash at 40 °C, and 

iii) water wash using ultrasound. During the adsorption steps, 50 mg hydrogel was stirred with 1 L of 1 ppm 

acetamiprid solution for 24 h. During the desorption steps, the hydrogels were filtered, placed in a vial, and 

stirred at 250 rpm with 3 × 5 mL ethanol at 23 °C or water at 40 °C in the incubator shaker over 8 h. 

Alternatively, 3 × 5 mL (0.5 min each) water in an Elma P 60 H ultrasonic unit set at 80 kHz frequency and 

20 W power (lowest setting) was used for the desorption over 1.5 min. 

Continuous environmental remediation. A process schematic for the continuous adsorption system is 

shown in Fig. 3. The system consists of two piston pumps, a feed tank containing the contaminated water 

sample, a regeneration tank containing pure water, two collection tanks for the purified water and the waste 

stream, and two stainless steel columns (I.D. × O.D. × L, 10 mm × 1/2″ × 25 cm) wet-packed with 10 g of 

the hydrogel. The hydrogel was soaked in pure water for 24 h prior to loading the columns. The columns 

were immersed in Cavitek ultrasonic tanks, which were thermostated at 25 °C. In a typical procedure, the 

contaminated water and pure water were passed upward through the adsorption and desorption columns at 

a speed of 10 and 1 mL min−1 in an alternating manner, respectively. During each adsorption-desorption 

cycle, 3.3 L purified water was collected through one of the columns, while the other column was subjected 

to ultrasound-assisted regenerated using pure water at a flow rate of 1 mL min-1 over 1.5 min. Five 

continuous cycles (16.5 L) were performed with river water spiked with 10 ppm of acetamiprid, clothianidin, 

imidacloprid, thiamethoxam, and dinotefuran. The continuous experiment was also performed with 3 L of 

locally sourced groundwater from the Adyar river containing 1.31, 0.28, 0.79, and 0.35 ppm of acetamiprid, 
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Final version: https://doi.org/10.1016/j.apmt.2020.100878  Applied Materials Today, 2020, 21, 100878 
 

8 
 

clothianidin, imidacloprid, and thiamethoxam, respectively. Note that dinotefuran was not found in the 

natural sample. A control experiment was performed on the Type I pure water. 

 

Fig. 3 Illustration of the continuous adsorption and regeneration process for wastewater treatment. Phase 1 

refers to adsorption on the top column and desorption on the bottom column, and vice versa for Phase 2. 

The 4-way valve in the middle allowed the separation of the purified water and the concentrated waste 

water into different vessels. 

 

Molecular dynamics. For the four-component model, the periodic 40 × 30 supercell of the orthogonal unit 

cell of graphene-oxide (5376 carbon atoms, 400 epoxy, and 800 hydroxyl groups) was placed into a cubic 

box with periodic boundary conditions, added two PIM-1 chains of 18 monomers and 500 CA monomers. 

CA was polymerized using Polymatic [39], and the system was subsequently hydrated. The force field 

described in references [39,40] was applied for PIM-1, while we used the compatible force field for GO and 

CA. The system was relaxed using simulated annealing by ten cycles of heating to 600 K and cooling to 300 

K in 2,000,000 steps each, and finally 10,000,000 steps at constant temperature and constant pressure 

molecular dynamics simulations at 300K. The simulations were carried out using the OpenMP parallel 

version of the LAMMPS simulation package [41]. A time step of 0.9 fs was applied in all cases. Refer to 

the Supplementary Material for the details of the modeling. 

https://doi.org/10.1016/j.apmt.2020.100878


Final version: https://doi.org/10.1016/j.apmt.2020.100878  Applied Materials Today, 2020, 21, 100878 
 

9 
 

We analyzed the interactions of the various neonicotinoids with GO using quantum chemical methods. 

Similarly to the literature [42], we cleaved a circular geometry with diameter of 1.5 nm from the GO plane 

and optimized (Fig. S14) together with its neonicotinoid complexes using the GFN2-XTB2 method, 

specifically developed for the accurate computation of the geometries and non-covalent interaction of large 

systems [43]. We subsequently computed the interaction energies using the more accurate PBEh-3c/def2-

mSVP Density Functional method, what is suitable for the accurate computation of the interaction energies 

[44]. Both the GFN2-XTB and the PBEh-3c methods resulted in similar interaction energies (Table S18). 

3. Results and discussion 

 

3.1 Chemical and morphological characterizations 

 

SEM images of the nanocomposite hydrogels (Fig. 4) show similar core-shell structure for H, HPIM 1, 

HGO 1
PIM 1, HPIM 10and HGO 10 (Fig. S1). The hydrogel's diameter is around 1.5 mm, which constitutes a thin 

shell layer with an average thickness of approx. 20 nm. Interestingly, nano-sized beads are formed at the 

center of the hydrogel core, connected by a fibrous network that hierarchically branches from the middle 

toward the thin outer layer. We observed similar structures for all nanocomposite hydrogels in this work 

because the structure formation depends on the phase inversion behavior of the main component, i.e., CA. 

Regarding thermodynamic and kinetic properties, the highly porous and fibrous network (sponge-like 

structure) formed beneath the outer shell layer is a result of the slow solvent/non-solvent exchange during 

the phase inversion [45]. We can reasonably postulate that the CA solution is thermodynamically stable in 

the presence of hydrogen bonding between the CA and the polar aprotic solvents (Cyrene:MeTHF 1:1), 

which results in the slow phase inversion rate. 

 

Fig. 4 Typical hydrogel morphology exemplified on HGO 1
PIM 1 through SEM images showing the (a) whole 

bead, (b) cross-section, (c) center position, (d) shell position, and (e) near-surface cross-section of the beads. 

Refer to the Supplementary Material for the morphology of all beads. 
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FTIR spectra of the nanocomposite hydrogels are presented in Fig. 5a. The distinctive peaks of GO 

conflict with those of CA and PIM-1. The stretching vibrations of O–H and C–H groups appear at approx. 

3400 cm-1 and 2900 cm-1, respectively. Strong bands at 1700 cm-1 and 1050 cm-1 correspond to C–O and 

C=O stretching vibrations that are present in both CA and GO. The overall spectra are dominated by the CA 

due to the small quantities of PIM-1 and GO in the hydrogels. However, PIM-1 at higher concentrations in 

the hydrogel can be distinguished within the spectra, as manifested by the slight increase in band intensity 

at 1410 cm-1, which is attributed to the stretching vibrations of C=N [46]. Overall, the similar FTIR spectra 

for all hydrogels are supported by the XPS analysis, which also confirms the similar structure. The chemical 

composition of the hydrogels (Fig. 5b, Table S1) demonstrates the dominance of CA as the oxygen and 

carbon content closely represent the composition of the pristine CA (H) comprising C–OH, C=O and C–O 

bonds [47]. There were no significant changes in the chemical composition of the hydrogel surface despite 

the increase in GO and PIM concentration to 10 wt% (Fig. S3 and Table S2). These results indicate that the 

GO and PIM are inside the hydrogel and not on the outer shell layer because XPS only provides the chemical 

composition of the surface with less than 10 nm depth. 

The TGA curves of the different types of nanocomposite hydrogels are shown in Fig. 5c. The initial 

weight loss at the temperature range of 50–100 °C can be attributed to the adsorbed water. Interestingly, the 

weight loss increased with higher GO loading and decreased with the presence of PIM-1 in the hydrogels. 

This observation is the result of the abundance of oxygen-containing groups in GO and CA, which resulted 

in having free water and bound water in the hydrogel network. We observed the characteristic decomposition 

step of pristine CA and GO-based hydrogels at 150–200 °C owing to the degradation of the hydroxyl groups, 

following with a slow decline in weight loss as the temperature increased [48]. Meanwhile, PIM-1 based 

hydrogels were more stable at temperatures lower than 300 °C due to the dipole-dipole interactions between 

polar nitrile groups [49]. The major weight loss for all hydrogels occurred at approx. 355 °C (Fig. S4, Table 

S3) due to the breaking of the glycosidic linkage, and subsequently, the degradation of the CA chains [50].  

The swelling of the material dictates its ability to capture contaminants efficiently. The difference in 

osmotic pressure between the solution wicking within the hydrogel and the bulk liquid causes the hydrogels 

to swell, ultimately leading to structure deterioration depending on the cohesiveness of the material [51]. 

Very low swelling ratio hydrogels can be more resilient but offer lower swelling capabilities and, therefore, 

reduced separation performance [52]. We found a linear correlation between the swelling ratio of the 

hydrogels and the filler content. We generally observed a decrease in swelling behavior as the loading of 

PIM-1 or GO increased in the hydrogels (Fig. 5d). The effect of GO is more pronounced than PIM-1 in 

terms of increasing the swelling resistance. The swelling of the CA-based hydrogels decreased from 

339±19% to 144±13% as the PIM-1 content gradually increased to 10 wt%. However, the swelling of 

hydrogels containing 1 wt% PIM-1 decreased from 306±18% to 86±13% as the GO content gradually 

increased to 5 wt%. This phenomenon is in agreement with the molecular dynamics study detailed in section 

3.3, as the GO and CA exhibited a strong interaction via their polar groups, resulting in a tighter network 

structure, which suggests a prolonged time needed for water to penetrate the material. Thus, a high swelling 
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ratio is necessary to ensure exposure of the inner surface of the nanocomposite hydrogels to water and allow 

the GO to scavenge the neonicotinoids. 

 

 

Fig. 5 ATR-FTIR spectra (a), XPS analysis (b), thermogravimetric curves (c), and swelling ratio (d) of the 

different hydrogels. 

 

3.2 Neonicotinoid scavenging 

 

We investigated the neonicotinoid scavenging capability to reveal the effect of PIM-1 and GO by 

comparing the maximum adsorption capacities and removal efficiencies (Fig. 6a). The adsorption capacity 

monotonously increased with PIM-1 loading showing a weak performance culminating at 1.8 mg g-1 for 

HPIM 10. However, the adsorption capacity significantly improved with the incorporation of GO in the 

hydrogel matrix, reaching as high as 20 mg g-1 for HGO 10
PIM 1. Interestingly, the high loading of GO was not 

sufficient to achieve the same performance, which highlights the importance of the presence of PIM-1. In 

particular, the adsorption capacity for HGO 10 without PIM-1 decreased by approx. 82%. We hypothesize 

that the abundance of the oxygen-containing groups in GO has a high affinity not only for the polar 

neonicotinoids but also for the CA matrix. However, the incorporation of PIM-1 resulted in a more porous 
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structure around the GO sheets, as also shown in the MD simulation in section 3.3, which increased the 

active surface area of the GO available for scavenging of the neonicotinoids. This assumption is also 

supported by the observation that the adsorbed neonicotinoid per GO mass decreased with an increase in 

the GO/PIM-1 ratio. Because the increase in GO content (1  5  10 wt%) did not significantly enhance 

the performance of the hydrogel, we selected HGO 1
PIM 1 for further investigation. 

 

 

Fig. 6 Hydrogel performance: a) removal efficiency expressed as the amount of neonicotinoid adsorbed per 

hydrogel or GO mass; b) adsorption isotherms; c) adsorption kinetics at fixed adsorbent mass/system 

volume ratio of 50; d) acetamiprid adsorption capacity and hydrogel components leaching of as a function 

of HGO 1
PIM 1 regeneration cycles. 

 

The adsorption data of the neonicotinoids on HGO 1
PIM 1 is best fitted using the Redlich-Peterson isotherm 

compared to other isotherms such as linear, Langmuir, Freundlich, extended Freundlich, reciprocal, Temkin, 

Sips, Toth, and Jovanovich (Fig. 6b and Table S6). At low concentrations, the adsorption isotherm 

approaches a Langmuir isotherm. The increase in adsorbent mass should provide more active sites for 

adsorption to take place. However, the increased mass of HGO 1
PIM 1 results in a reduction of the adsorption 

capacity, where Langmuir assumptions are not valid. Such complex adsorption behavior has been reported 

https://doi.org/10.1016/j.apmt.2020.100878


Final version: https://doi.org/10.1016/j.apmt.2020.100878  Applied Materials Today, 2020, 21, 100878 
 

13 
 

for other nanocomposites used for water treatment [53]. This phenomenon could be explained by the 

competitive effect between aggregation and adsorption on the hydrogel surface [53,54]. Consequently, the 

experimental equilibrium data can be fitted with the Redlich-Peterson model by increasing the exponent 

constant, which concaves the isotherm downward to predict the reduction in the adsorption capacity. This 

undesirable effect can be avoided by optimizing the ratio of hydrogel mass/system volume to be in the range 

of 20–50, which allows achieving the highest possible removal efficiency with the least amount of hydrogel 

(HGO 1
PIM 1). 

Furthermore, the fast kinetic isotherms of HGO 1
PIM 1 demonstrate its potential for practical applications (Fig. 

6c). The rapid adsorption within the first hour was followed by a gradual decrease until reaching the 

equilibrium plateau after 9 h. Table S14 compares the kinetic behavior with similar works in the literature, 

which demonstrates the fast kinetics of our hydrogels. The kinetic data were best fitted with Lagergren's 

pseudo-first-order model, with correlation coefficients higher than 0.99 for all the neonicotinoids. They also 

achieved the minimum value for the Akaike's Information Criterion (AIC) in comparison with other 

isotherms such as Ho's pseudo-second-order model, Elovich, and Weber-Morris (Table S7). However, 

imidacloprid and thiamethoxam fitted exceptionally well the Ho's pseudo-second-order model (e.g., 

R2=0.9986 for imidacloprid and R2=0.9988 for thiamethoxam). Ho's model best describes chemisorption 

via electron exchange [55]. Therefore, we hypothesize that the neonicotinoids form various interactions with 

the GO surface, such as through hydrogen bonding, and π-π and ionic interactions. The chemisorption 

mechanism of GO-based nanocomposites has been previously described for the adsorption of dyes and 

heavy metals in aqueous solutions [56]. All the adsorption and kinetic isotherms are almost identical and 

within the experimental error, which shows that the chemical class of neonicotinoids have similar adsorption 

behavior on the nanocomposite hydrogels. 

We studied the regeneration and reuse of HGO 1
PIM 1  using three different procedures: i) washing with ethanol 

for 8 h, ii) washing with pure water for 8 h at 40 °C, and iii) placing in an ultrasound bath with pure water 

for 15 min (Fig. 6d). Overall, we found that HGO 1
PIM 1can be easily regenerated using all the procedures, which 

preserved at least 96% of the adsorption capacity, following the reversible characteristics of physisorption. 

However, the ethanol and the elevated temperature showed a monotonous decrease in performance over the 

regeneration cycles, and therefore, their application is not recommended from a practical point of view. We 

found the ultrasound-assisted regeneration to be the most effective procedure in desorbing acetamiprid from 

HGO 1
PIM 1 with virtually no performance loss over ten cycles. Employing ultrasound also reduced the time 

required for regeneration by a factor of 32 compared to the other procedures. This superior performance can 

be attributed to the simultaneous rarefactions and compressions, or so-called surface cavitation [57], in the 

hydrogel that, in this case, can break the physical interactions with the acetamiprid. 

The morphology of the hydrogel was found to be unaffected by the optimized and repeated short 

sonication cycles, while long exposure to ultrasound changed the center of the hydrogel from bead-like to 

fiber-like (Fig. S2). Leaching from nanocomposites such as our hydrogels can jeopardize the purity of the 

produced water. Thus, we subjected HGO 1
PIM 1 to a continuous water purification step using Type 1 water to 

https://doi.org/10.1016/j.apmt.2020.100878


Final version: https://doi.org/10.1016/j.apmt.2020.100878  Applied Materials Today, 2020, 21, 100878 
 

14 
 

investigate potential leaching from the hydrogel. The TOC analysis revealed a constant level of carbon 

content in the water at 33.2±3.5 µg L-1 concentration (Fig. 6d), which corresponds to the quality of the Type 

1 water used. Our findings pave the way for the use of sustainable ultrasound technology for the regeneration 

of hydrogels, literature reports on which are still scarce (Table S15). 

Our nanocomposite hydrogels achieved high removal efficiencies despite operating at a high flow rate 

(10 mL min-1) compared to a 3 mL min-1 flow rate reported in the literature [21]. The breakthrough curves 

of the neonicotinoids during the spiked pure water treatment are shown in Fig. 7a, which are almost 

identical, as expected based on their adsorption and kinetic isotherms. The breakthrough of neonicotinoids 

occurred after processing 3.1 L of water. We verified the feasibility of environmental remediation through 

a continuous adsorption-desorption system for the treatment of contaminated groundwater (Fig. 3). Fig. 7b 

reveals the concentration profile over five continuous adsorption-regeneration cycles using two packed bed 

columns of HGO 1
PIM 1. One column was used for neonicotinoid scavenging, while the other column was 

simultaneously regenerated. During each cycle, 3.3 L of water was purified with a residual neonicotinoid 

concentration of 1.345±0.112 ppm. The processing of 2.7 L of water yielded neonicotinoid-free, ultra-pure 

water with residual neonicotinoid concentration of 0.058±0.017 ppm. Increasing the residual concentration 

threshold allows for more bed utilization and higher productivity; however, it compromises the purity of the 

processed water. The source of water affected the bed utilization [58], which was 84% for the pure water 

matrix (Fig. 7a) and 70% for the groundwater matrix (Fig. 7b). These bed utilizations removed 99.9% of 

the neonicotinoids. The locally sourced water from the Adyar river had concentrations as low as 1.31, 0.28, 

0.79, and 0.35 ppm of acetamiprid, clothianidin, imidacloprid, and thiamethoxam, respectively. Therefore, 

we did not observe the breakthrough during the continuous operation with 3 L of water. 

 

 

Fig. 7 Continuous packed bed performance: a) breakthrough curve of neonicotinoids on HGO 1
PIM 1; and b) the 

alteration between adsorption and regeneration cycles between columns A and B (see Fig. 3) during the 

continuous environmental remediation. 

 

We assessed the sustainability of the continuous adsorption process treating contaminated groundwater 

through the complete (cEF, Eq. 2) and simple (sEF, Eq. 3) E factors, as well as the carbon footprint (Eq. 4), 

which we found to be 0.10, 1.49×10-4, and 1.99 kg kg-1, respectively. This conservative assessment was 
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based on the experimentally proven ten regeneration cycles (Fig. 6d). However, regeneration of the 

hydrogels over 50 cycles improved the sEF by approx. 20%. Nonetheless, this improvement in cEF is 

negligible because the concentrated wastewater (desorption cycle) is three orders of magnitude higher than 

the hydrogel waste. Controlling the temperature of the adsorption process at 25 °C contributed the most 

(92.9%) to the overall carbon footprint. Note that in a field application, a thermostat would not be used, and 

therefore the carbon footprint would decrease to 0.31 kg kg-1. Refer to the Supplementary Material for the 

green metrics calculations. In general, owing to the ten-fold lower flow rate during the regeneration process 

(desorption), the yield of the purified water was as high as 90%. Note that the hydrogel regeneration did not 

require any acid, base, or solvent, and sustainable ultrasound technology was used, with pure water as the 

eluent. The eluent consumption for the regeneration of the hydrogel was 33 L kg–1 cycle–1, which is at the 

lower end for eluent consumption by similar processes (Table S16). 

Complete E factor (cEF) =
Mass of waste generated including water (kg)

Mass of desired product (kg)
     Eq. 2 

Simple E factor (sEF) =
Mass of waste generated excluding water (kg)

Mass of desired product (kg)
     Eq. 3 

Carbon footprint=
Mass of equivalent 𝐶𝑂2 (kg)

Mass of desired product (kg)
       Eq. 4 

 

3.3 Revealing the nanoscale interactions 

 

We computed the maximum pore diameters (corresponding to the largest cross-section of the pore 

channels), the limiting pore diameters (corresponding to the necks of the pore channels), and the surface 

areas using the algorithms implemented in the Poreblazer program, as displayed in Table 2. In line with 

previous studies [40,46], the incorporation of PIM-1 into nanocomposites gives rise to well-defined porous 

structures. On the contrary, owing to the flexible polymer backbone, the CA without PIM-1 exhibited a non-

porous structure with limiting pore diameters smaller than 1.5 Å. Water causes the polymers to swell and 

enlarges the pores; thus, both the limiting and the maximum pore sizes are sensitive to the hydrating 

conditions. Consequently, the appearance of the pores in the CA/H2O binary system is the consequence of 

the solvation. 

 

Table 2. Porosity data for binary and ternary mixtures of PIM-1, GO, CA, and H2O. 

Mixture Limiting pore diameter (Å) Max. pore diameter (Å) Surface area (m2 g-1) 

PIM-1/GO 3.7 11.7 687 

PIM-1/H2O 8.2 14.4 1542 

PIM-1/GO/H2O 5.0 12.4 864 

CA/GO 1.5 4.8 0 

CA/H2O 9.6 15.9 0.67 

CA/GO/H2O 4.5 14.0 486 
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In agreement with the literature [59], the pore structure of the PIM-1/GO system is similar to that of the 

pure PIM-1 and CA. However, within the PIM-1/GO nanocomposite, pores also exist at the surface of the 

GO sheet, which is the result of the rigid structure of PIM-1. However, within the CA/GO nanocomposite, 

there are no pores near the GO sheet, which can be attributed to two factors: i) CA consists of flexible 

polymer chains, and ii) owing to the large number of epoxy and hydroxyl groups, the GO strongly interacts 

with the polar groups of CA. These findings support the experimental observations in Fig. 6a, and explain 

the role of PIM-1 in increasing the neonicotinoid adsorption on GO. 

The geometries and the pore networks for the binary, ternary, and quaternary systems are shown in Fig. 

8. The PIM-1/GO/H2O system exhibits several smaller pores, while the pores of CA/GO/H2O are cumulated 

into larger pores, in line with the polymer swelling. Therefore, despite the similar pore sizes of CA/GO/H2O 

and PIM-1/GO/H2O, the surface areas are notably different, as shown in Table 3. In the nanocomposite, the 

interface between the different materials exhibited several pores, leading to weaker interactions between 

PIM-1 and GO (-167 mJ m–2) than between CA and GO (-408 mJ m–2). Due to the numerous hydroxyl and 

epoxy groups on the GO, such nanosheets offer a partially hydrophilic structure [60]. Consequently, the CA 

and water compete for adsorption, and the GO sheet is not completely covered by the polymer. These results 

demonstrate that the pore sizes can be fine-tuned by varying the constituents of the system, which ultimately 

allows the molecular engineering of nanocomposite hydrogels systems for environmental remediation. 

Our investigation of the PIM-1/GO/CA/H2O quaternary system (Fig. 8h-k) revealed that the CA/GO 

interaction is more favored than that of the PIM-1/GO; in particular, the shorter CA chains prefer the 

interaction with the GO plane and flattening on the surface. Therefore, larger molecular weight CA is 

recommended for adsorptive hydrogels. Because of the swelling, filaments consisting of CA chains can be 

found between the replicas of the GO plane, i.e., the CA holds the nanocomposite together. We observed 

that a few PIM-1 attach directly to the GO sheet, which are surrounded by water and flexible CA chains. 

Hence, PIM-1 provides porosity to the nanocomposite locally at the GO surface and therefore makes the 

GO available for scavenging neonicotinoids. 

The results in Fig. 8l shows that all the investigated neonicotinoids interact favorably with GO, with 

relatively small variation in the interaction energies (-75 to -91 kJ mol-1), except for acetamiprid (-143 kJ 

mol-1). In agreement with the literature [42], the hydrogen bond interactions between the hydroxyl and epoxy 

groups of the GO and the polar groups of the neonicotinoids are the most important for their interactions. 

The favorable hydrogen-bonding explains the increased stability of the GO-acetamiprid complex. 
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Fig. 8. Geometrical structures and pore networks. PIM-1/GO binary system in the dry state showing the 

geometries (a) and pore network (b) for the same orientation. PIM-1/CA binary system in the dry state 

showing the geometries (c). PIM-1/GO/H2O (d,f) and CA/GO/H2O (e,g) ternary systems in the solvated 

state showing the geometries (d,e) and pore networks (f,g) for the same orientation. Geometric structures of 

the PIM-1/GO/CA/H2O quaternary system from the side (h,i) and top (j) views. Pore network (k) of a 

representative part of the quaternary system: the CA strongly attached to the top of the GO sheet, while both 

PIM-1 and CA are present below the GO sheet, providing a ticker but more porous structure. The pores are 

filled with water in the simulation. The GO is depicted in gray, the polymers are colored according to the 

different chains, and the pores are shown in purple. Interaction energy (l) of the GO with the neonicotinoids, 

where the hydrogen bonds are highlighted with green ellipses on the molecular geometries. 

 

4. Conclusions  

 

We successfully produced nanocomposite hydrogels prepared from green solvents such as Cyrene and 

MeTHF and composed of sustainable cellulose acetate, and 0.1–10 wt% polymers of intrinsic microporosity 

(PIM-1), and graphene oxide (GO). The structure and pore networks were simulated using empirical force 

field-based molecular dynamics simulations that revealed the synergistic effects of PIM-1 and GO through 

the increase in surface area available for neonicotinoid scavenging. We observed high adsorption capacity 

culminating at 20 mg g–1 and fast kinetic behavior towards acetamiprid, clothianidin, dinotefuran, 

imidacloprid, and thiamethoxam. Continuous environmental remediation of contaminated groundwater 

from the Adyar river resulted in concentrations of neonicotinoid pollution of less than 0.1 µg L–1. The yield 
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of purified water was as high as 90%. We demonstrated the sustainable ultrasound-assisted regeneration of 

the scavengers over ten cycles with virtually 100% recovery of the adsorption capacity. The presented 

methodology is expandable to other contaminants in both aqueous environments and organic media. 
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