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Abstract  

The capacity of an adsorbent to bind and remove dye from solution greatly depends on the type of 

functionalization present on the nanoparticles surface, and its interaction with the dye molecules. 

Within this study, nitrogenous silane nanoparticles were hydrothermally synthesized resulting in the 

formation of rapid and highly efficient adsorbents for concentrated mixed dyes. The amorphous 

silane nanoparticles exhibited a monolayer based mechanism of mixed dye adsorption with removal 

capacities between 416.67 – 714.29 mg/ g of adsorbent. Dye removal was predominantly due to the 

electrostatic attraction between the positively charged silane nanoparticles (13.22- 8.20 mV) and the 

negatively charged dye molecules (-54.23 mV). Addition of H. annuus extract during synthesis 

resulted in three times the surface area and 10 times increased pore volume compared to the 

positive control. XPS analysis showed that silane treatments had various nitrogen containing 
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functionalities at their surface responsible for binding dye. The weak colloidal stability of silane 

particles (13.22 - 8.20 mV) was disrupted following dye binding, resulting in their rapid coagulation 

and flocculation which facilitated the separation of bound dye molecules from solution. The 

suitability for environmental applications using these treatments was supported by a bacterial 

viability assay showing > 90% cell viability in treated dye supernatants.  

Key Words: Porous; APTES; Nanoparticles; Adsorption; Interfacial, Colloidal stability 

1. Introduction 

Dyes are a valuable commodity, with global production of dyestuffs currently exceeding 7 X 105 t 

annually [1, 2]. This figure is only set to rise with global population growth and increased consumer 

demand for textile goods. However, the environmental persistence and inherent toxicity of dyestuffs 

is of increasing concern. For example, hydrolysed remazol brilliant blue, a commonly used dye has 

been shown to possess high aqueous solubility, high toxicity and contains an electrophilic vinyl-

sulfone group capable of causing mutagenic effects. This dye has a half-life of 46 years at 25°C [3-5].  

Among all dyes used within the textile industry, 10-15% are found in post-dye wastewater, many of 

which have the potential to cause serious environmental and socio-economic damage [1]. China, the 

world’s leading exporter of dyestuff passed legislation in 2003 requiring cleaner production and less 

environmentally damaging approaches to the manufacture of dyes (Law of the People's Republic of 

China on Promotion of Cleaner Production)[6]. Similar legislation exists around the world prompting 

the need for the development of innovative methods for the minimization of dye-pollution and 

subsequent remediation strategies.  

Currently, adsorption is the most widely used treatment option for dye remediation from 

wastewater as it is economically practical, fast, effective and removes dye molecules without 

breaking their structure into smaller toxic daughter products [7]. Functionalization of adsorbents is 

often required for elevated dye removal capacities and identifying environmentally friendly, low cost 
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and effective treatments is seen as environmentally and economically necessary. Most dye removal 

studies in the literature assess a treatments capacity to remove single dye-types. However, 

environmental dye contamination events are rarely in the form of single pure dyes and are often 

composed of mixtures of various dye types (i.e. azo, anthraquinone, reactive and acidic dyes). 

Silicon dioxide (SiO2) nanoparticles have gained increasing interest for several varying applications 

including catalysis, drug delivery, separation and bio-adsorption. As they possess a negative net 

charge due to Si-OH groups, surface functionalization is often required to enhance their ability to 

bind a range of differently charged entities e.g. anionic dyes [8]. Alkylsilane functionalization  of 

oxide surfaces has recently been employed for binding nanoparticles to oxide surfaces and the 

attachment of organic ligands [9]. As alkysilanes can self-assemble onto oxides, functional groups 

from these complexes are free to interact with biomolecules for bio-sensing [10], drug delivery [11], 

DNA separation [12] and oil/water separation applications [13]. 3-Aminopropyl-triethoxysilane 

(APTES) is one such alkylsilane which has shown both biocompatibility and readily undergoes 

hydrolysis in aqueous media. This indicates that its potential for environmental harm is minimal 

whilst the functionality of its hydrolysed form, in regards to its binding to organic ligands, seems 

promising [14, 15].  

Helianthus annuus husk (commonly known as sunflower seed husk) is an unutilised material that 

remains following commercial sunflower seed extraction. It is therefore a cheap resource which may 

contain phytochemicals capable of providing nanoparticles with beneficial morphologies. It contains 

oleic acid and many other phytochemicals (i.e. reducing sugars), which have been shown to interact 

with silicon based materials to induce porosity and increase surface area  [16-18].  

Herein we synthesize positively charged APTES derived silane nanoparticles in the presence of H. 

annuus husk phytochemicals (P-silane-NP). The resulting porous silane nanoparticles were employed 

as adsorbents to remove concentrated mixtures of azo, anthraquinone, acid and basic dyes from 

solution.  
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Scheme 1. Illustration of the concentrated dye removal process with positively charged silane 

nanoparticles. Negatively charged mixed dye solution (1) is mixed with positively charged soluble 

silane nanoparticles (2). The positive charge of the silane nanoparticles attracts the negatively 

charged dye and forms a complex which separates it from solution (3). The insoluble silane 

nanoparticle/dye complex settles and can later be removed (4).  

 

2. Methods  

2.1. Preparation of H. annuus Extract 

Dried H. annuus husks (10 g) were added to 60 mL of ultrapure water (18 MΩ) and placed in a water 

bath at 90°C for 2 h and then allowed to cool at room temperature. The remaining solution was 

filtered through a 0.2 μm filter and stored at -20°C. 

2.2. Synthesis of Silane Nanoparticles  

Silane nanoparticles were prepared via hydrothermal method using APTES (Sigma-Aldrich, 99% 

purity). Briefly, 1 mL of APTES was added to 14 mL of ultrapure water (18 MΩ) or H. annuus husk 

extract prior to being subjected to hydrothermal treatment at 200°C for 2 h using a ramp up speed 

of 6.6°C per minute. The resulting water-soluble silane nanoparticles were filtered through a 0.2 μm 

syringe filter and subjected to dialysis for 48 h (MWCO 2000 Da).  The dialysed solution was then 
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snap frozen using liquid nitrogen and lyophilised until desiccated. Un-functionalised silicon dioxide 

nanopowder (Sigma-Aldrich, 99.5% purity) with a particle size of 10-20 nm was used as a negative 

control. 

2.3. Characterisation 

2.3.1. Transmission Electron Microscopy (TEM)  

Silane nanoparticles and SiO2 nanoparticles were prepared by drop coating the samples on a holey-

carbon grid. Morphological characteristics of the particles were visualised using a JEOL 1010 TEM 

operated at an accelerating voltage of 100 kV and JEOL 2010 at an accelerating voltage of 200 kV. 

2.3.2. Scanning Electron Microscope Energy Dispersive X-ray Spectroscopy (SEM-EDS) 

Elemental surface analysis of silane nanoparticles and SiO2 nanoparticles was determined by 

subjecting them to EDS analysis using Oxford X-MaxN 20 EDXS Detector (2014) and AztecEnergy 

analysis software in conjunction with a Phillips XL30 SEM. Nanoparticles were lyophilised prior to use 

and were analysed as prepared.  

2.3.3. X-ray photoelectron spectroscopy (XPS) 

Chemical analysis of silane nanoparticles was performed using XPS (Thermo Scientific K-Alpha) with 

monochromated Al K-alpha source (1487.6 eV). Charge compensation using a flood gun was 

required. Peak fitting was performed using the Thermo Scientific Avantage XPS software package. 

The background signal subtraction of each core peak region of each sample was removed using a 

Shirley background model. 

2.3.4. Fourier Transform Infrared Spectroscopy (FTIR) 
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FTIR spectra of lyophilised dye, silane nanoparticles and SiO2 nanoparticles before and after 

remediation were determined by FTIR (Perkin Elmer Frontier). An average of 32 scans was collected 

for each measurement with a resolution of 4 cm-1 in the range of 4000–400 cm-1 using a percentage 

transmission spectrum. 

2.3.5. X-ray Diffraction (XRD) 

The crystallinity of silane nanoparticles and SiO2 nanoparticles was determined by XRD using a 

Bruker AXS D8 Discover diffraction instrument equipped with a Cu-K alpha radiation source 

(wavelength 0.1542 nm) operating at 40 kV and 35 mA. All X-ray data was obtained in the θ –2u 

locked-couple mode over a 2θ interval of 10–90˚. 

2.3.6. Zeta Potential 

Particles charge dynamics were measured using a Malvern 2000 Zetasizer following appropriate 

dilution and sonication within a DTS 1060C, Malvern cuvette.  

2.3.7. Brunauer‒Emmett‒Teller (BET) surface area measurements 

Nitrogen adsorption-desorption isotherms were performed on a Micromeritics (ASAP 2400) analyser 

at -196 ⁰C using liquid nitrogen (N2). BET analysis was employed to determine the surface area of the 

samples by N2 multilayer adsorption, measured as a function of relative pressure using a fully 

automated analyser. The pore characteristics of the synthesized samples were measured using the 

Barrett-Joyner-Halenda (BJH) formulae from N2 isotherms. Prior to BET analysis, samples were 

degassed at 160 ⁰C in a vacuum overnight. 

2.4. Dye removal  

Methyl Blue (dye content 82 %), Acid red 88 (dye content 75 %), Remazol brilliant blue R (dye 

content 50 %) and Acid green 25 dyes (dye content 75 %) (Sigma-Aldrich) were mixed together in an 
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equal concentration and a 1:1:1:1 (v/v) ratio (adjusted for percentage dye concentrations) to make a 

concentrated dye mixture of 1500 mg L-1. These four dyes were chosen as they represent four 

different classes of dyes which are widely used in real-world textile processes. 

Silane nanoparticle and SiO2 nanoparticles were resuspended in phosphate buffered saline (PBS) (pH 

7), warmed to 30˚C to solubilise particles and added to the dye at a final concentration of 5, 2.5, 1.25 

and 0.63 g L-1.  After 5 min and 30 min, λmax (OD610) measurements were taken using a BMG 

CLARIOstar® spectrophotometer using Costar flat bottom 96 well plates.  

Although the four individual dyes have different lambda max, when combined they form a complex 

that has one predominant peak at 610 nm. During mixed dye adsorption studies with silane 

treatments, all peaks and peak shoulders showed a decreased optical density relative to each other 

(S. Figure 1). It is recommended that when using this treatment for different dye types or different 

concentrations of the same dyes, absorbance spectral scans are used to identify dye removal 

efficiencies.  

Mixed dye removal efficiency (%) was calculated as follows: 

 

Where is the OD610 of the mixed dye solution at time 0 and is the OD610 of mixed dye solution 

at time t. 

The amount of dye adsorbed at equilibrium was determined from the following equation: 
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Where  is the adsorbents adsorption capacity (mg g-1) at equilibrium, and are the initial and 

final dye concentrations (mg L-1),  is the volume of dye solution (L) and  is mass of adsorbent 

added (g).  

2.5. LIVE/DEAD Baclight Bacterial Viability Assay 

To visualize the viability of E. coli cells that were subjected to remediated supernatants from silane 

treatments, concentrated mixed dye solution (1500 mg L-1) and APTES precursor, a LIVE/DEAD 

Baclight bacterial viability kit (L-7007, Invitrogen) was used as per manufacturer’s instructions. 

Propidium iodide (red fluorescent dye) was used to label dead bacterial cells and SYTO 9 (green 

fluorescent dye) was used to label both live and dead microbial cells. The stained bacteria were 

transferred to a glass slide with cover-slip and were then observed using oil immersed 100x 

objective lens using a Leica DM2500 fluorescence microscope. Overlay images of red and green 

fluorescence were generated and cells showing red fluorescence were classified as dead and ones 

only showing green fluorescence corresponded to live cells.  

2.6. Statistics 

Univariate ANOVA pairwise comparison coupled with Tukey and Duncan post hoc tests were used to 

identify correlations at a 0.05 confidence interval. 

3. Results: 

3.1. TEM 

APTES was utilised as a silicon source for the generation of silane nanoparticles (Figure 1 and S. 

Figures 2A & 2B) via hydrothermal treatment.  APTES was added to either aqueous H. annuus husk 

plant extract or water and subjected to hydrothermal treatment for 2 h at 200°C to create porous 

silane nanoparticles (P-silane-NP) and silane nanoparticles (silane-NP) respectively. Both treatments 

were comprised of nanoparticles with some agglomeration characteristics when dried and imaged 
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via TEM (Figure 1A & B) with the silane-NP treatment showing an increased tendency to 

agglomerate. The P-silane-NP treatment possessed nanoparticle with sizes between 10-80 nm and 

the silane-NP treatment mostly possessed particles between 30-110 nm in size.  

High resolution TEM images showed < 0.5 nm sized speckles present on the P-silane-NP 

nanoparticles which were absent in the silane treatment (S. Figures 2A & 2B respectively). These are 

likely to be disordered mesopores as suggested by Wei et al. 1998, or the formation of carbon 

quantum dots from the carbonaceous phytochemicals of the H. annuus extract during hydrothermal 

synthesis conditions [19].  This is reinforced by the increase in particles fluorescence seen in the P-

silane-NP treatment (S. Figure 4 & 5).  

 

 

 

 

 

 Figure 1: Representitive TEM images of (A) P-silane-NP and (B) silane-NP treatments. Scale bar 

represents 100 nm 

3.2. XRD 

P-silane-NP nanoparticles and SiO2-NP’s exhibited an amorphous nature with 27.3 and 30.1% 

crystallinity respectively (S. Figure 6). A comparison of the XRD fingerprint between samples shows 

only a slight increase in crystallinity with silane-NP nanoparticles over the P-silane-NP treatment. 

Conversion of amorphous silicon to crystalline silicon at 200°C is dependent on exposure time, with 

exposures less than 3 h producing minimal crystallinity [20, 21]. The lack of crystalline phases in the 

B A 
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P-silane-NP sample is likely due to carbon from the plant extract interfering with the silicon 

crystallisation process, essentially at temperatures lower than 230°C) [22-24].  

3.3. EDS and XPS 

Energy-dispersive X-ray spectroscopy spectra of both silane treatments showed that carbon, 

nitrogen, oxygen and silicon were present; however, nitrogen was absent in the SiO2 treatment (S. 

figure 7). Energy-dispersive X-ray spectroscopy is often used as a surface analysis tool as its sample 

penetration depth is only 1-2 μm. However, quantitative measurements of light elements (i.e. 

carbon, oxygen and nitrogen) are inaccurate without comparison with standardised reference 

samples. X-ray photoelectron spectroscopy was therefore used to determine the atomic elemental 

percentage of the silane derived treatments.  

X-ray photoelectron spectroscopy (XPS) analysis revealed a composition of 52.6% carbon, 30.4% 

oxygen, 4.1% nitrogen and 8.8% silicon in the P-silane-NP sample compared to 76.3% carbon, 18.3% 

oxygen, 1.6% nitrogen and 3.9% silicon in the silane-NP treatment (Table 1). It is interesting to note 

that even in the presence of carbonaceous phytochemicals from the H. annuus extract, the surface 

carbon of P-silane-NP is lower than that of the silane-NP treatment. Carbon within this sample is 

likely to act as a template for the silanes and be present under the functionalised layer. Templating 

of silanes, especially in the presence of elevated temperatures has been linked with more ordered 

Si-O-Si bonds bound to the template and increased -NH groups present at the interface of 

nanoparticles and solution phases [25]. This may explain the increased nitrogen content found at the 

surface of P-silane-NP (4.1%) compared to the silane-NP treatment (1.6%).  

Table 1: XPS atomic elemental composition of the P-silane and silane nanoparticles surfaces 

Sample Atomic Percentage (at. %) 

 Carbon Oxygen Nitrogen Silicon Other 

P-silane-NP 52.61 30.43 4.14 8.78 4.04 
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Silane-NP 76.32 18.26 1.56 3.86 N/A 

 

XPS Interpretation of the nitrogen (1s) spectrum for P-silane-NP and silane-NP treatments was 

conducted to determine the nitrogen species present on the particles surface (Figure 2). P-silane-NP 

showed peaks at 398.8, 399.9 and 401.3 eV corresponding to pyridinic/amino nitrogen, 

NSi2O/pyrrolic/amide nitrogen and graphitic/quaternary protonated nitrogen respectively [26-30]. 

silane-NP treatment possessed peaks at 398.9 eV corresponding to pyridinic/amino nitrogens and 

peaks 400.3 and 400.8 eV corresponding to NSi2O/pyrrolic/amide nitrogen or nitrogen in pyridone 

functionalities [28, 30, 31]. Graphitic/quaternary protonated nitrogen was only present on the P-

silane-NP treatment and is more positively charged than the pyridinic nitrogen found on the silane-

NP treatment. This may account for the increased binding capacity of the P-silane-NP treatment to 

anionic dye species [30]. 

XPS analysis of carbon (1s) spectra showed little resolvable deviations between both silane 

treatments with C1s peaks located at 283.9 ± 0.1, 284.6 ± 0.1, 285.7 ± 0.2 and 288.2 ± 0.1 eV 

corresponding to sp2 carbon, C-C, C-O-C and to O-C=O functionalities respectively (Figure 2 and S. 

Table 3). Oxygen bonds present were also similar between samples (although in different relative 

abundances) showing O-Si-O species at ~532.9 eV, Si-O features at 530.7± 0.1 eV [32] and organic C-

O between 531.4± 0.3 eV (Figure 2 and S. Table 3). Resolvable silicon peaks for P-silane-NP were 

found at 101.0, 101.7 and 102.2 eV corresponding to Si-O-C, Si in the form of Si3N4 and Si–O bonds 

[33, 34]. For the silane-NP treatment, the resolvable silicon peaks were found at 101.31, 102.02 and 

102.73 eV corresponding to Si-C, Si–C and Si-Si bonds (Figure 2 and S. Table 3) [19, 35].  
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Figure 2: XPS spectra of P-silane-NP (red) and silane-NP (blue); high resolution core level spectra of 
carbon (C1s), oxygen (O1s), nitrogen (N1s) and silicon (Si2p) respectively 
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3.4. FTIR 

Silicon dioxide has been shown to possess three distinct FTIR frequency regions, 1000-1100 cm-1 

corresponding to Si-O-Si vibrations, 700-800 cm-1 corresponding to O-Si-O vibrations and 440-460 cm-

1 corresponding to Si-O entities [9, 36, 37]. Considering the sample composition, the greater number 

of oxygen atoms bound to silicon atoms results in a shift in the peaks to a higher wavenumber. In 

this study, P-silane-NP showed peaks within this region at 1033, 748 and 442 cm-1 whilst silane-NP 

had peaks located at 1043, 776 and 442 cm-1 (Figure 3). SiO2-NP without functionalization possessed 

peaks at 1076, 796 and 455 cm-1
 (Figure 3). This indicates that all samples contained silicon dioxide 

moieties. 

Although the source of silicon and nitrogen was derived from APTES, this precursor rapid hydrolyses 

in water. The absence of bands near 2975, 1104 and 1089 cm-1 indicate that the Si-OC2H5 group from 

APTES is absent and that it has been hydrolysed into silanetriols ((OH)3Si(CH2)3NH2) [38, 39]. 

Nitrogen groups responsible for providing a positive charge within the silicon-oxygen rich matrices of 

both silane treatments are located at 1558 and 1634 cm-1 confirming the presence of asymmetric -

NH3
+ (ammonium) deformations and -NH2 bending groups respectively [9, 40] (Figure 3). These 

groups are responsible for adding a positive charge to the particles. This is supported by differences 

in zeta potentials between SiO2 and silane particles (Table 4) and XPS analysis (Figure 2). 

Bonds showing the attachment of carbon to silicon were visualised at 691 cm-1 confirming the 

presence of Si-CH2 stretch/ Si-O-C moieties. Additional carbon bonds were visualised within both 

silane samples. The P-silane-NP treatments –CH2 stretching modes were identified at 3046, 2933 and 

2880 cm-1 frequencies (Figure 3). The presence of –CH stretching modes were also identified on 

silane-NP nanoparticles at 2973 2989, and 2903 cm-1 representing -CH3 and –CH attachments 

respectively [41-43].  
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Specific carbonaceous bonds derived from the H. annuus husk extract were not obviously 

identifiable on the P-silane-NP treatment through FTIR analysis. The comparable XPS spectra for 

carbon (C1s) on the P-silane-NP and silane-NP treatments (Figure 2) indicates that phytochemicals 

from the H. annuus husk extract are likely not to coat the surface of the P-silane-NP treatment.  

 

 

Figure 3: FTIR transmission profiles for P-silane-NP (red), silane-NP (blue) and SiO2-NP’s (grey) 

between (A) 4000 – 2000 cm-1 and (B) 1800- 400 cm-1) 

3.5. BET Surface Area Analysis  

Silane nanoparticle porosity and surface area was determined by subjecting the silane nanoparticles 

to BET analysis (Figure 4). In this analysis, the physical adsorption of N2 gas molecules onto the 

surface of the silane particles was used to determine the materials specific surface area and pore 

size distribution. The N2 absorption capacity of P-silane-NP show a typical type IV isotherm according 

to the IUPAC classification [44] indicating a mesoporous nature. A reduced N2 adsorption profile with 

differing desorption characteristics (as seen by the absence of the hysteresis loop) was observed 

within the silane-NP treatment. This is representative of a type II isotherm indicating a non-porous 

or macroporous nature. A significant increase in surface area, indicated by an increased nitrogen 

absorption capacity was observed with the P-silane-NP (15.26 m2 g-1) compared to the nitrogen 
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absorption capacity of the silane-NP (4.88 m2 g-1) (S. Table 2). This is due to an increase in the 

number of pores and subsequent pore volume (0.0753 cm3 g-1 and 0.0062 cm3 g-1 respectively) of the 

P-silane-NP treatment compared to that of the silane-NP treatment. The measurement of pore 

diameters below 2 nm is inaccurate using nitrogen absorption BET analysis [45];  this may be why 

pore sizes of below 0.3 nm (as seen in the HR-TEM images in S. Figure 2A) may not have been 

identified in the Barrett–Joyner–Halenda (BJH) pore-size distribution curve (S. Figure 8).  Findings 

from this analysis show that the influence of H. annuus husk extract during the synthesis of silane 

nanoparticles resulted in an increased porosity and surface area of the treatment when compared to 

those synthesized in water alone.  

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

Relative Pressure (P/P0)

N
2

Ad
so

rb
ed

(c
m

3
g-1

)

P-silane-NP
Silane-NP

 

Figure 4: Nitrogen adsorption/desorption isotherms of P-silane-NP and silane-NP treatments 

3.6. Mechanism of Increased Porosity 

Helianthus annuus husk extract has been reported to contain approximately 4% protein, 5% lipid, 

85% carbohydrate and 6% water [18, 46]. Antioxidant, phenolic, protein and lipid concentrations 

were low (S. Table 4 & 5) within the aqueous H. annuus husk extract and are therefore unlikely to 
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have significant interactions with the silanes. However, reducing sugars are reported to be a major 

water soluble component of H. annuus husk with an approximate total biomass concentration of 

26% [47]. 

Reducing sugar concentrations of our extract were determined via the DNS assay and found to be at 

1.49 mg mL-1 glucose equivalents (S. Table 5). When considering the total volume of H. annuus husk 

extract and silicon precursor (APTES) in the reaction vessel for the P-silane-NP treatment, the 

concentration of reducing sugars was 2% (mg L-1) of the silane concentration present. This is 

supported by FTIR analysis of the H. annuus extract which shows the presence of bonds at 1143 and 

970 cm-1 which are representative of stretching vibrations of the C-O-C within the glycosidic bridge 

(β-glycosidic bonds) and an α-glycosidic bond at 837 cm-1 which are all characteristic of sugars [48, 

49] (S. figure 9).  

Wei et al., (1998) showed that the use of reducing sugars (D-glucose and D-maltose) were able to act 

as templates for generating mesoporous silica with large surface area, large pore volumes and 

narrow pore size distributions [16]. The morphology of these silica particles and their disordered 

mesopores are comparable to findings from this study (S. Figure 2A).   

The mechanism underlying increased silane porosity in the presence of H. annuus husk extract can 

be explained by the interaction and binding of the carbohydrate derived phytochemicals (i.e. 

reducing sugars) with the silane which create cavities in its surface. Following hydrothermal 

treatment, interactions between these compounds and the silane nanoparticles become weak and 

dislodge from the silane. However, the cavities they have created in the surface remain, increasing 

porosity [50-54]. This phenomenon has been demonstrated with surfactants i.e. (polystyrene-b-

poly(acrylic acid) (PS-b-PAA) and CTAB as co-templates [55] and organic non-fatty compounds i.e. 

reducing sugars [16, 17].  

3.7. Concentrated Dye Removal 
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Adsorption is currently the most utilised dye remediation strategy as it is rapid and environmentally 

friendly. Adsorption approaches for dye removal treatment do not degrade the original dye 

molecule, preventing release of toxic break-down intermediates [7]. Activated carbon is a 

commercial dye adsorbent with removal rates of between 14.7 - 603.3 mg g-1. Its efficiency as an 

adsorbent depends on the biological source of the carbon, surface area of the particles and the type 

of dye it is employed to remove [56-58]. Silicon nanoparticles have been hailed for their potential 

use as adsorbents due to their biocompatibility and tuneable surface areas, however, un-

functionalised silicon nanoparticles possess a negative charge which prevents the adsorption of 

anionic pollutants. Functionalization of these nanoparticles with positively charged functional groups 

is therefore required for sufficient binding of anionic dyes. 

To determine if our positively charged silane nanoparticles were able to adsorb dye via a monolayer 

or stacking phenomenon, Langmuir and Freundlich isotherms were applied to our data. 

Langmuir isotherms were generated by plotting  where  and

. The Langmuir equation can be expressed linearly as; 

 

Where is the equilibrium dye concentration (mg L-1), is the amount of dye adsorbed at 

equilibrium (mg g-1),  is the maximum adsorption capacity (mg g-1) and  is the Langmuir 

constant.  

The feasibility of absorption was determined by the separation factor ( ) which is dimensionless 

and can be expressed as: 
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Where  is dimensionless,  is the initial dye concentration (mg L-1) and  is the Langmuir 

constants.  

Freundlich adsorption capacities were determined by plotting  and applying this 

data to the following equation: 

 

Where  is the amount of dye adsorbed at equilibrium (mg g-1), is the equilibrium dye 

concentration (mg L-1)  is the slope of the line and  is the Freundlich constant.  

The results from this study show a calculated dye removal capacity of 731.04 and 454.96 mg g-1 for 

P-silane-NP and silane-NP treatments respectively, based on the average dye removal capacity of the 

unsaturated treatments (area of the graph which had not plateaued) at 1.25 g L-1 dosage (Table 3 & 

Figure 5). This is in good agreement with their corresponding Langmuir isotherm adsorption capacity 

extrapolations of 714.29 and 416.67 mg g-1 respectively. The  values for the Langmuir isotherms 

for both treatments were between 0.96-0.99 which supersede that of the Freundlich model with 

values between 0.73-0.77 (Table 3).  It is therefore anticipated that the adsorption process 

proceeds via a monolayer adsorption route where dye molecules bind to vacant sites on the 

adsorbent and do not stack on top of each other in multiple layers [59-61].  

The feasibility of adsorption was determined by the separation factor ( ) where; > 1 indicates 

desorption, = 0 shows a very strong binding affinity, > 0 but < 1 indicates a favourable 

adsorption and = 1 relates to a linear adsorption [40, 62]. P-silane-NP and silane-NP possessed 

parameters of  representing a very strong binding affinity.  

To date, in vitro studies of dye removal with functionalised silica nanoparticles have predominantly 

focused on single dye types and if mixtures have been used, their concentrations are often low 

(Table 2) [63-66]. This is not representative of real-world textile waste contamination events where 
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concentrated dye mixtures i.e. blends of azo, anthraquinone, acid, basic and reactive dyes, are 

blended together and released into the environment [67-69]. In fact, to the best of our knowledge, 

our P-silane-NP treatment shows the highest reported concentrated mixed dye removal efficiency 

when compared to other silicon derived treatment approaches. Comparison of our treatment with 

other recently published adsorbents is demonstrated in table 2.  

Table 2: Comparison of the adsorption capacities of different dyes on various adsorbents from 
recently published works 

Adsorbent Dye type pH of 
dye 

Volume of 
dye 
(mL) 

Initial dye 
concentrati

on 
(mg L−1) 

Adsorben
t dosage  
(mg L−1) 

Adsorption 
efficiency 
(mg g-1) 

Reference 

Silane 
Nanoparticles 
synthesized 
with H. annuus 
extract 
(P-silane-NP) 

Cocktail of Methyl 
Blue, Acid red 88, 
Remazol brilliant 
blue R and Acid 
Green 25 

5.8 5 1500  1250  714.29 This work 

Silane 
Nanoparticles 
(silane-NP) 

Cocktail of Methyl 
Blue, Acid red 88, 
Remazol brilliant 
blue R and Acid 
Green 25 

5.8 5  1500  1250  416.67 This work 

Metal organic 
framework 
(UiO-66) 

Methyl Orange 5.9 50  20  200  84.8 [70] 

Nano-silica 
fabricated with 
silver 
nanoparticles 

Cocktail of Congo 
Red, Eosin Yellow, 
Bromophenol 
Blue, Brilliant 
Blue (BB) 

4.2, 
6.8, & 

9.1 
25  50  2000  547.5 [71] 

Graphene 
oxide–chitosan 
nanocomposite 

Cocktail of Acid 
Yellow & Acid 
Blue 74 

2-10 NA 22  600  85.7 [72] 

ZnS-activated 
carbon 
composite 

Brilliant Green 5 50  7  30  258.70 [73] 

Cubic 
mesoporous 
silica SBA-16 
with carboxylic 
acid 

Methylene Blue 9 NA 500  <250  561 [74] 

Mixed silica–
alumina oxide Direct Blue 71 5.3-

6.4 20  30  1000  49.2 [75] 

Methylimidazol
ium ionic-
liquid-
functionalized 
graphene oxide 

Direct Red 80 2 100  50  400  501.3 [76] 
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(mimGO) 
sponge 
Highly porous, 
ultralight 
graphene oxide 
foam 

Rhodamine B 3 30  50  300  446 [77] 

magnetic 
amine/Fe3O4 
functionalized 
biopolymer 
resin 

Methyl Orange 5.5 100  200  1000  222.2 [78] 

Mesoporous 
SiO2 
nanoparticles 
(MSN) 
decorated with 
SnO2 quantum 
dots (QDs) 

Methylene Blue 6.1 80  10  625  73.15 [79] 

 

Dye removal curves for P-silane-NP (Figure 5) show saturated removal efficiency at 2.5 and 5 g L-1 

with no statistical difference (one-way ANOVA coupled with Tukey and Duncan post-hoc tests). It 

was therefore important to extrapolate the dye removal efficiency at the lower concentration of 

1.25 g L-1. After 30 min 91.37% of the 1500 mg L-1 dye solution had been removed from solution with 

the treatment dosage of 1.25 g L-1. The value for the silane-NP and SiO2-NP treatments was 56.87% 

and 15.06% removal respectively for the same adsorbent dosage. Non-functionalised SiO2 

nanoparticles showed a maximum dye adsorption capacity of 41.25% with 5 g L-1 adsorbent. This 

supports the principle that negatively charged SiO2 particles require functionalization with positive 

functional groups for sufficient anionic dye removal efficiencies. Visual representation of dye being 

drawn out of solution using the P-silane-NP treatment can be seen in S. Figure 10 and is represented 

graphically in Scheme 1.  
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Figure 5: Removal of concentrated mixed dye solutions with different adsorbent dosages following 5 

min and 30 min of exposure to (A) P-silane-NP (B) silane-NP and (C) SiO2-NP  

3.8. Langmuir and Freundlich isotherms 

Table 3: Langmuir and Freundlich Parameters for the adsorption of concentrated mixed dyes using P-

silane-NP and silane-NP 

P-silane-NP Silane-NP 

Isotherm Parameter Concentrated dye (1500 mg L-1) Isotherm Parameter Concentrated dye (1500 mg L-1) 

Langmuir 

 (mg g−1) 714.29 

Langmuir 

 (mg g−1) 416.67 

 (mg L −1) 11.31  (mg L −1) 15.31 

 1.40E-06  2.40E-06 

 0.96  0.99 

 
 

(mg g−1) 
731.04  

 

(mg g−1) 
454.96 

Freundlich   Freundlich   

A B 

C 



23 
 

 (mg g−1) 60.46  (mg g−1) 137.45 

 0.41  0.25 

 0.73  0.77 

 

3.9. Zeta Potential 

The zeta potential of un-functionalised SiO2 nanoparticles has been shown to be moderately 

negative [80-82] which is consistent with our findings (-17.57 mV). Both P-silane-NP and silane-NP 

treatments contain SiO2 bonds as can be seen in the FTIR spectra; however, they possess positive 

charges with zeta potentials between 13.22-8.20 mV respectively (Table 4). The reverse in charged 

state can be explained by the presence of electronegative pyridinic/amino, pyrrolic/amide, graphitic/ 

quaternary nitrogen groups within the silica matrix [83-87]. The strong binding affinity between the 

silane treatments and the dye is due to electrostatic attraction between the negatively charged dye 

molecules and the positively charged electronegative nitrogen groups on the silane treatments [86-

88].  

Aggregation of particles is dependent on the number of collisions between particles and the 

attachment of colliding particles. Systems possessing high colloidal stability possess a low collision 

frequency due to repulsive charges between particles [89]. In this system, the addition of the silane 

nanoparticles to the dye has resulted in both particle collisions and complex formation between 

silanes and dye molecules resulting in aggregation and flocculation. The increased nitrogen content 

found on the P-silane-NP compared to silane-NP sample has been shown in the XPS analysis (4.14 

and 1.56 at. % respectively). This was reinforced by zeta potential measurements (Table 4) where 

the P-silane-NP treatment possessed an increased positive charge over the silane-NP treatment 

(13.22 and 8.20 mV respectively). The increase in positive charge of the P-silane-NP compared to 

that of the silane-NP treatment and the treatments larger surface area are associated with its 

increased capacity for dye adsorption.   
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Table 4: Zeta potential measurements of adsorbent treatments and dye at pH 7 

Treatment Zeta Potential (mV) 

P-silane-NP 13.22 (SE 0.14) 

Silane -NP 8.20 (SE 0.30) 

SiO2-NP -17.57 (SE 0.37) 

Dye -54.23 (SE 1.06) 

 

3.10. Mechanism of Concentrated Dye Removal 

Silane nanoparticles synthesized in the presence of phytochemicals from H. annuus showed 

significantly higher surface area than those synthesized in water alone with nitrogen absorption 

capacities of 15.26 and 4.88 m2 g-1 respectively (Figure 4). Increased surface area allows for more 

reactions and interactions with dye molecules at the particles surface. This coupled with increased 

dye binding functionalities of the P-silane-NP surface compared to that of silane-NP, which was 

supported by the treatments increased nitrogen content determined from XPS (Table 1), further 

increases dye binding capacity.  

P-silane-NP’s were shown to contain more nitrogen containing groups on their surface when 

compared to the silane-NP treatment (4.14 and 1.56 AT% respectively) via XPS analysis (Table 1). The 

presence of carbonaceous materials from the H. annuus extract is likely to provide an anchor for the 

APTES to bind and condense following heat treatment leading to more ordered structures with 

nitrogen groups facing out from the particles surface when compared to silanes without a template 

[25, 90, 91].  

Silane nanoparticle treatments that were added to concentrated dye mixtures in powdered form 

showed significantly reduced dye removal capacity (~50%) when compared silanes which have been 

solubilised in water prior to dye adsorption (S. Figure 12). Soluble silane particles bind to the 

negatively charged dye molecules with their electronegative nitrogen groups which results in 
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interfacial separation of the dye-silane complex from solution. Colloidal stability of the aqueous 

silanes is interrupted once the dye is bound due to the formation of a dye-silane complex. This 

phenomenon causes aggregation and results in altered charge characteristics of the treatment. The 

result is a collapse of the electric double layer preventing the particles possessing the required 

activation energy required to remain in solution [92].  

Although the silane nanoparticles both showed positive charges, their charged state was quite low 

indicating incipient instability in solution (Table 4). Particles with zeta potentials between 0 – ±5 mV 

rapidly coagulate and flocculate out of solution, particles showing moderate aqueous stability 

possess potentials between ±30- ±40 mV and good colloidal stability is achieved over 40 mV. Within 

the described system, negatively charged dye binds to the weakly stable positively charged silane 

particles (13.22-8.20 mV) upsetting their colloidal stability resulting in their rapid coagulation and 

flocculation along with their bound dye molecules. 

3.11. Bacterial viability 

A key factor for any environmental remediation is whether the treatment itself poses any 

environmental harm. A number of metal nanoparticles and carbon nanotubes have been shown to 

induce microbial and mammalian toxicity [93]. Any chemical treatment may be hazardous and pose 

an environmental threat themselves [94].  

Within this study treated concentrated dye solutions were assessed for their ecotoxicity against E. 

coli via a live/dead fluorescence staining assay. E. coli was used as an environmental toxicity 

indicator within this study as its presence in the environment is well documented and it can survive 

for prolonged periods in environmental conditions [95].  
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Within this study the E. coli was added to the supernatants from treatments which were spiked with 

silane nanoparticles for 4 hours. The bacteria were then subjected to a live/dead fluorescent stain to 

determine the toxicity of the treatment. Cell membranes that are intact and healthy uptake the 

green stain and damaged/dead cells result in the uptake of the red dye.  

Supernatants from P-silane-NP and silane-NP treatments showed little toxicity towards E. coli with 

90.1 and 83.1% bacterial viability respectively following a 4-hr exposure (Figure 6, images 1 and 2). 

Hydrothermal treatment of APTES and the removal of impurities via dialysis is likely to decrease the 

particles toxicity as microbial cultures subjected to APTES alone showed significant bacterial toxicity 

(15.1 % bacterial viability). 

E. coli that was subjected to the concentrated dye mixture without any treatment was heavily 

damaged with its population only possessing 19.5 % viable cells. As expected, no significant toxicity 

was noticed in the sterile water control (Figure 6, images 3 and 5 respectively).  

 

 

Figure 6: Environmental suitability of treatments using a fluorescence staining assay to determine 

live (green) and dead (red) E. coli 0157.H+ cells following a 4 hr incubation with; (1) P-silane-NP 
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treated supernatant (2) silane-NP treated supernatant (3) Concentrated dye mixture (1500 mg L-1) 

(4) APTES (5mg L-1) (5) sterile water Control. The percentage of live cells is represented in (6).  

 

4.0. Conclusions 

Functionalization of SiO2 nanoparticles with alkylsilanes has been suggested as the basis for several 

technologies due to their inherent affinity for binding biomolecules and heavy metal ions. This study 

utilised APTES as a silicon and amine precursor for the generation of positively charged silane 

nanoparticles for concentrated dye removal from aqueous solutions.  The addition of H. annuus husk 

extract to the synthesis solution resulted in an increased porous silane nanoparticulate assembly 

which led to amplified dye removal capacity when compared to silane nanoparticles alone. In 

addition, dye adsorption treatments synthesized in the presence of the extract possessed increased 

positive charges and elevated nitrogen concentrations on their surface (aiding dye adsorption). H. 

annuus husk extract itself did not contribute to the dye degradation, but its influence on the silanes 

resulted in nanoparticles with enhanced dye adsorption capacities.  

Both bare silane nanoparticles and H. annuus husk infused silane nanoparticles showed 4-6 times 

increased dye removal capacity respectively when compared to that of SiO2 nanoparticles at a 

concentration of 1.25 g L-1 and in the presence of 1500 mg L-1 mixed dye solution. The findings were 

substantiated by TEM, FTIR, SEM-EDS, XPS and zeta potential analyses. The silane dye removal 

strategy is one of monolayer adsorption affinity with Langmuir isotherms closely resembling the 

calculated adsorption capacity for 1.25 g/ L adsorbent dosage. The strong binding affinity was 

supported by  values of between  . The high binding affinity of the dye to 

adsorbent can be explained by the electrostatic attraction between positively charged 

electronegative nitrogen groups from the silane nanoparticles and the negatively charged 

concentrated dye mixture. Enhanced dye removal from P-silane-NP’s has been attributed to increase 
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dye-particle interactions due to increased particle porosity and surface area, increased number of 

positively charged functional groups on the surface of P-silane-NP’s compared to other treatments 

and interfacial separation of unstable colloidal silanes from solution following binding dye. The 

environmental suitability of these particles is supported as the bacterial toxicity of remediated dye 

solutions using these particles was shown to be minor whilst the dye itself was damaging to E. coli 

cells. The use of waste plant material utilises an otherwise discarded material and in turn, lowers the 

cost of nanoparticle production which would traditionally require chemical modifications. The 

results from this study show a promising textile dye treatment technology with significant dye 

adsorption capacity and minimal potential for environmental harm. Future research should be 

directed towards treatment reusability following the desorption of dyes and the use of different 

waste materials to enhance silane nanoparticle properties for the removal of various anionic 

pollutants.  
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