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Abstract: In this study, a bacterial protein-coated nanoparticle system is modified as a new 

biosorbent. Escherichia coli (E. coli), and Staphylococcus aureus (S. aureus) bacterial proteins 

are collected, and successfully coated onto zinc oxide nanoparticles (ZnONPs). The new 

biosorbents are combined between the attractive surface properties of the nanoparticles and the 

adsorbed protein corona. ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus were characterized 

using X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET), Scanning Electron 

Microscopy (SEM), and Infrared spectroscopy (FT-IR) studies analysis. The Bradford method 

was used to ensure the presence of protein corona on the modified surface. The addition of 

bacterial proteins to the surface of the ZnONPs alters its activity through modifications of its 

size, shape, surface charge, and other characteristics. The improvement of the functional groups 

and surface charge of the modified biosorbents makes it more efficient for the removal of dyes. 

ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus were used for the removal of trypan blue 

(TB) dye from contaminated wastewater. The TB dye was completely removed (98%–100%) 

using ZnONPs/E. coli, and ZnONPs/S. aureus within 25–30 min, whether in the dark or light 

conditions, over a wide pH range (5–9). The negative values of ∆G showed the spontaneous 

nature of the removal process. The ∆H values confirmed an endothermic removal in the dark 

and an exothermic removal in the light. ZnONPs/E. coli, and ZnONPs/S. aureus were applied 

for the removal of TB dye from real wastewater samples, and their efficiencies were proven. 

The average removal rate of TB dye using ZnONPs E. coli, and ZnONPs/S. aureus was 92 % 

which is more efficient than that of ZnONPs (87 %), and the average value of RSD% was 1.7 % 

(n = 5).  
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1. Introduction 

Water is vital for the survival of all living organisms, and every person needs 

access to clean water. The textile industries consume a lot of water, and release 

significant pollutants into the environment [1,2]. The introduction of dyes, from the 

textile industry, into water alters water transparency due to their toxicity, 

carcinogenicity, and stability properties [3]. The dye residue disrupts the nutrient 

balance in marine ecosystems, affecting the human food chain, especially fish [4]. 

Around 15% of the dyestuffs were lost in industrial effluents during manufacturing 

processing [5]. Erkurt and Olaifa documented that billions of liters are released as 

waste yearly in the dyeing process [6]. Dyes undergo chemical changes, and their 

transformation products may be more toxic and carcinogenic than the dye [7]. 

Releasing dyes and their breakdown products into the water effluents directly without 

treatment can cause damage [8].  
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Synthetic dyes are widely used in many industries, such as textiles, printing, 

paper, rubber, cosmetics, plastics, and the dying industry [9]. Azo dyes represent the 

largest and most common synthetic dyes widely used in the textile industry [10]. Azo 

dyes are characterized by the presence of the azo group (-N=N-) related to aromatic 

and other function groups such as hydroxyl (-OH), chloro (-Cl), methyl (-CH3), nitro 

(-NO2), amino (-NH3), carboxyl (-COOH), and sulfonic groups (-SO3H) [11]. Owing 

to their complex chemical structure, it is hard to decolorize these dyes [12]. TB dye is 

a diazo anionic dye, in which long exposure; and a high concentration could cause 

considerable damage to the retina with carcinogenic effects [13]. 

Different separation techniques have been investigated for dye removal from 

wastewater. Removal techniques are physical, chemical, and biological, including 

adsorption, biosorption, coagulation, and oxidation. Biological methods are gaining 

attention due to their eco-friendly and cost-effective nature, which are the main 

advantages of the dye removal process [14]. Biosorption processes are concerned with 

the removal of pollution by using microorganisms and nanotechnology [15]. 

Biosorbents could be stored for long periods without any opposite effect on their 

performance, and no metabolic toxin would be released that would affect the public [16].  

Various microorganisms can decolorize azo dyes through biosorption or 

biodegradation, which involves an enzymatic mechanism where bacterial enzymes can 

cleave the azo bond (-N=N) in azo dyes to form aromatic amine [12]. Using non-viable 

biomasses has many advantages, such as the fact that there is no need for maintenance 

or nutrition, and it does not require any activation [16]. Also, non-living or non-

growing bacterial biomasses are inexpensive, easy to handle, and have a shorter 

production time, making them a good alternative to traditional adsorbents. More than 

60% of bacterial proteins come from bacterial biomass. Bacterial proteins contain 

multi-functional groups, including amino acids, which catalyze many chemical 

reactions [14]. The immobilization of microorganisms onto nano-carriers provides a 

new technique to obtain biocatalysts for environmental pollution control [17]. 

Nanoparticles (NPs) have gained significant attention due to their efficiency in 

the adsorption of water pollutants. Nanoparticles have unique physical and chemical 

properties, such as surface area, small size, availability, and chemical stability, for 

being effective sorbents [18]. There is a need to use metal oxide semiconductor 

nanoparticles for possible biological applications as biomolecules are very sensitive to pH, 

and temperature [19]. ZnONPs provide a better option for various biological applications 

due to their easy production, eco-friendly nature, and non-toxic synthesis, [20]. Also, 

ZnONPs showed significant antibacterial and antifungal activity against many 

microorganisms [21]. 

The field of waste treatment has shown considerable interest in immobilizing 

microbial cells, with reports of their environmental applications [22].  When a 

nanoparticle enters a biological system, proteins are readily adsorbed on its surface, 

forming a biological coating called a protein coating, or corona (PC) [23]. The protein 

corona interacts with the surroundings, instead of the nanoparticles, which determines 

the nanoparticle’s biological impact [24]. Many factors control protein adsorption, 

such as temperature, pH, ionic strength, and buffer composition, which can be fixed if 

true physiological conditions are used [25]. Final solid surface coverage is varied and 
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highly dependent on the individual nature of the protein and the surface. Several 

examples of protein surface interactions can result in useful functions [26].  

This study aims to develop a new biosorbent by surface modification of ZnONPs 

using bacterial proteins and its applicable use for TB dye removal. The new modified 

biosorbent combines the biological function of protein corona with the unique 

properties of ZnONPs. Firstly, ZnONPs were prepared using a well-known 

precipitation method, and then the bacterial biomasses were collected and coated onto 

the ZnONPs surface. The physicochemical conditions for removing Trypan Blue (TB) 

dye, such as pH, initial concentrations, time, and temperature, were investigated under 

dark and light conditions. Kinetics, isotherm models, and thermodynamic studies were 

studied. 

2. Materials and methods 

2.1. Materials 

ZnONPs were synthesized by the direct precipitation method, which involves the 

reduction of zinc sulfate heptahydrate solution using ammonium bicarbonate in the 

presence of ammonia solution and forming a precursor that undergoes thermal 

treatment [27]. 15 mL of NH4OH (7 mol/L, 245 g/L) and 15 mL of NaHCO3 (3 mol/L, 

252 g/L) were added to 150 ml of ZnSO4·7H2O (0.5 mol/L, 144 g/L) dropwise with 

continuous stirring at room temperature. The product was heated at 60 ℃ for 30 min 

until a homogeneous and stable colloid solution of zinc carbonate hydroxide was 

formed. The precipitate was washed with distilled water and ethyl alcohol, filtered 

triply, and dried at 100 ℃ aerobically for 12 h. ZnONPs were formed by the 

calcination of the precursor powders at 400 ℃ for 2 h, then ground into fine particles. 

E. coli (ATCC25922 NCTC12241), and S. aureus (ATCC25923 NCTC129813) 

were used in this study. Each strain was grown up from a frozen stock by incubation 

overnight at 37 ℃ on nutrient agar (NA: Oxoid). The bacteria were then inoculated 

onto nutrient broth (NB: Oxoid) and incubated at 37 °C for 24 h. Then the bacterial 

biomasses were harvested by centrifugation (4 °C, 15 min, 4000 rpm) and washed 

twice with sterile Millipore-Q water. Bacterial pellets containing extracellular protein 

were then suspended in sterile phosphate buffer saline (PBS, pH = 7.2, 10 mM) and 

diluted to prepare the working culture. Finally, ZnONPs were sonicated with the 

bacterial proteins at room temperature, filtered, and dried overnight to yield ZnO 

modified with surface protein.  

Bradford reagent was made by dissolving 0.1 g Coomassie Brilliant Blue G-250 

in 50 mL of 95% ethanol, then 100 mL of 85% phosphoric acid was added, and the 

resulting solution was completed to a final volume of 1 liter. A stock solution of trypan 

blue dye (C34H24N6Na4O14S4, 874.88 g/moL, λmax = 598 nm) was prepared by 

dissolving 0.1 g of dye in 100 mL of distilled water. 

2.2. Apparatus 

Absorbance measurements were measured on a JASCO (UV-VIS 

Spectrophotometer, model V-630, Japan). FT-IR spectra were recorded with a JASCO 

(FT/IR 410 spectrometer, Japan). SEM images were performed with a JEOL (Model 
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JSM-6510LV, USA). XRD patterns were carried out using an X-ray diffractometer 

(Brucker, D8 model) using Cu Kα radiation (λ = 1.5418 Å) having a voltage of 40 kV 

and a current of 40 mA. The samples were scanned in the angular range 2Ɵ from 10° 

to 80° with a scanning rate of 0.03° S−1. BET surface area analysis was characterized 

by nitrogen adsorption-desorption isotherms at 77 ℃ using a NOVA (3200 model, 

USA). The pH measurements were recorded with a Jenway (3510 model, UK) pH 

meter. Electrical conductivity was determined using a Keithley Electrical 

Conductivity with a 6517B electrometer (for resistivity  measurements). A magnetic 

stirrer (Jenway 1000, UK)  was used for stirring dye solutions.  

2.3. Recommended procedures 

The batch experiments were performed to investigate the optimum physico-

chemical conditions for the removal of TB dye using ZnONPs, ZnONPs/E. coli, and 

ZnONPs/S. aureus under dark and light conditions. The effects of such parameters, 

including initial dye concentration, contact time, solution pH, and temperature, were 

studied. 0.1 g of ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus was added to 25 

mL of TB dye solutions (known concentration) in 100 mL conical flasks. Then the 

samples were shaken for the required time, and the remaining dye concentration in the 

solution after filtration was determined spectrophotometrically. The effect of the 

presence or absence of light on the dye removal was studied by performing these 

experiments in the dark and under light.  

The percentage of dye removal (%E), and adsorption capacity Q (mmol/g) of 

ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus calculated by the following 

equations: 

%E = ((C0 − Ce) C0⁄ ) × 100  (1) 

Q = Co E V m⁄   (2) 

where Co and Ce are the initial and remaining dye concentrations in solution, V is the 

volume of dye solutions, and m is the mass of the biosorbent. 

The surface charge at different pH and pH at zero charge point (pHPZC) of 

ZnONPs, ZnONPs /E. coli, and ZnONPs/S. aureus was evaluated over an initial pH 

(pHi) range of 2–14. A 0.5 gm of ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus 

was added to 10 mL of each buffer solution and after 24 h, the final pH (pHf) was also 

measured. The differences between the initial and final pH values (∆pH = pH
f 

− pH
i
 ) 

were plotted against the initial pH.  

The band gap energy (Eg) of ZnONPs ZnONPs/E. coli, and ZnONPs/S. aureus 

was determined from UV-Vis measurements using the Tauc equation. For a direct 

bandgap semiconductor like ZnO [28], the formula used is (αhʋ)2 = C (Eg − hʋ). 

Where C is a constant. α is the absorption coefficient (α = 2.303 A t⁄ ), where A is the 

absorbance and t is the thickness. The energy hʋ (in eV) was calculated (hʋ =

1240 λ ⁄ ), where λ is the wavelength in nm. The (αhʋ)2 were plotted against hʋ and the 

energy gap can be approximated from the straight portion of the hʋ axis at hʋ = 0. 

The total protein concentration adsorbed on ZnO was determined using the 

Bradford method using bovine serum albumin (BSA) as the protein standard. 0.1 g of 
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ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus were incubated with the Bradford 

reagent for 5 min at room temperature, and the absorbance at 595 nm was measured. 

The batch experiments were applied on Four different samples from Damietta, 

Egypt. A 25 mL of samples were spiked with different TB dye concentrations. The 

samples were shaken with 0.1 g of ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus 

for 30 min, and the removal rates of TB were examined.  

3. Results and discussions 

3.1. Characterization of ZnONPs, ZnONPs/E. coli, and ZnONPs/S. 

aureus 

FT-IR spectra of ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus is shown in 

Figure 1. The absorption peaks of ZnONPs are observed at 3730-2660, 1635, 1508, 

1393, 1112, 829, 604, and 446 cm−1. Broadband from 3730 to 2660 cm–1, and peaks at 

1639, and 1393 cm−1 assigned to the stretching and bending of the hydroxyl group. 

The characteristic peaks (Zn-O bond) were observed at 829, 604 and 446 cm−1. This 

result is in good agreement with other works [29–33]. In the spectrum of ZnONPs/E. 

coli, and ZnONPs/S. aureus, the broad bands of the hydroxyl group were shifted to 

3770-2490 and 3790-2410. Also, the characteristic peaks (Zn-O bond) were shifted to 

794, 612 and 438 cm–1 and new peaks were observed at 3507, 1671, 990 and 676 cm–

1. The peaks at 3507 and 1671 cm–1 are assigned to the stretching of N-H and C=O of 

microbial protein, while the peaks at 990 and 676 cm–1 represent the bonding between 

the microbial protein function group and Zn2+ of ZnO. The microbial proteins were 

successfully immobilized on the surface of ZnONPs. 

 

Figure 1. Infrared spectra of ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus. 

The UV-Vis absorption spectra of ZnONPs, ZnONPs/E. coli, and ZnONPs/S. 

aureus was carried out in the solid state using the Nujol mulls method (Figure 2). The 

absorption spectrum of ZnONPs depends on several parameters, such as route of 

preparation, temperature, size, and shape [34,35]. The specific absorption peaks of 

ZnONPs were observed at 201, 203, 208–211, 216, 222–226, 236, 238–271, 273–275 

and 278–381 nm. The band position at 278-381 nm confirmed the formation of 

nanoparticles. In the spectra of ZnONPs/E. coli, and ZnONPs/S. aureus, the 

characteristic band of nanoparticles was shifted to 278–374 and 278–340 nm, 

respectively.  
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Figure 2. UV spectra of ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus. 

Eg of ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus was estimated by 

plotting the graph of (αhʋ)2 and hʋ as exhibited in Figure 3. The approximated values 

were achieved by extrapolating the straight portion to the hʋ axis at (αhʋ) = 0. The 

energy gap of ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus was estimated to be 

3.24, 3.2, and 3.16 eV, respectively. 

 

Figure 3. Band gap energies: (A) ZnONPs; (B) ZnONPs/E. coli; (C) ZnONPs/S. 

aureus. 

Electrical conductivity (σ) values of ZnONPs, ZnONPs/E. coli, and ZnONPs/S. 

aureus were found 6.1 × 10−7, 10.2 ×10−7, and 28.4 × 10−7 Ω−1 m−1 in the solid state. 

The result showed an improvement in the polarity of ZnONPs/E. coli, and ZnONPs/S. 

aureus when compared to that of ZnONPs. The results confirmed that the lower the 

energy gap, the higher the conductivity. 
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 The pH of zero-point charge (pHPZC) is an important characteristic of a sorbent 

as it helps in determining the pH value at which the surface of the sorbent becomes 

electrically neutral and facilitates in predicting the surface behavior of sorbents over a 

wide pH range. The difference between the initial and final pH values (∆pH = pH
f 

− pH
i
)  was plotted as a function of the pHi and the pHPZC was the pH at which the 

initial pH equals the final pH. The pHZPC value of ZnONPs, ZnONPs/E. coli, and 

ZnONPs/S. aureus were 7.1, 7.3, and 7.2 (Figure 4). At pH lower than the pHPZC, the 

surfaces of sorbents would be positively charged, and negatively charged at pH higher 

than pHPZC. The maximum values of ∆pH for ZnONPs, ZnONPs/E. coli, and 

ZnONPs/S. aureus were +2.97, +3.37, +3.41 at pH 3 and −1.8, −1.89, and −2 at pH 9. 

The net surface charge of ZnONPs/E. coli, and ZnONPs/S. aureus was higher than 

that of the ZnONPs. The net surface charges of the modified ZnONPs/E. coli, and 

ZnONPs/S. aureus were improved, explaining the increase in electrical conductivity. 

 
Figure 4. pHZPC of ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus. 

The X-ray diffraction spectra of ZnONPs, ZnONPs/E. coli, and ZnONPs/S. 

aureus were displayed (Figure 5). The characteristic diffraction patterns of ZnONPs 

at 2Ɵ = 31.78°, 32.73°, 34.36°, 36.17°, 47.54°, 56.54°, 62.77°, and 67.83°. The XRD 

pattern ZnONPs exhibits a monoclinic crystal system (space group C2/C) with lattice 

parameters of a = 13.47 Å, b = 18.82 Å, c = 10.39 Å, α = γ = 90° and β =106.43°. 

While the characteristic diffraction patterns of ZnONPs/E. coli were shifted to 2Ɵ = 

31.77°, 32.83°, 34.45°, 36.25°, 47.69°, 56.59°, 62.87°, and 67.20°. The ZnONPs/E. 

coli X-ray pattern exhibits a monoclinic crystal system (space group P21/N) with 

lattice parameters of a = 12.43 Å, b = 4.52 Å, c = 11.44 Å, α = γ = 90°, and β = 106.91°. 

The characteristic diffraction patterns of ZnONPs/S. aureus were shifted to 2Ɵ = 

31.74°, 32.74°, 34.39°, 36.22°, 47.65°, 56.53°, 62.79°, and 67.93°. X-ray pattern of 

ZnONPs/S. aureus exhibit an orthorhombic crystal system (space group CCCA) with 

lattice parameters of a = 19.93 Å, b = 18.87 Å, c = 13.1 Å, and α = β = γ = 90°. The 

results showed that modification of ZnONPs with bacterial proteins caused a phase 

change in the crystal structure. 
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Figure 5. XRD patterns: (A) ZnONPs; (B) ZnONPs/E. coli; (C) ZnONPs/S. aureus. 

The particle size of ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus was 

calculated using the Scherer equation: τ =  𝐾 𝜆 𝛽 cosƟ⁄  Where τ is the mean 

crystalline size, K equals 0.97, λ is the X-ray wavelength (0.15418 nm), β is the peak 

full width at half maximum (FWHM) in radians, and θ is the Bragg diffraction angle. 

The decrease in FWHM, with modifications to particle size, led to sharper diffraction 

peaks, and these strong and narrow diffraction peaks indicated that the nanoparticles 

have good crystallinity and size [34]. The average sizes of ZnONPs, ZnONPs/E. coli, 

and ZnONPs/S. aureus were found to be 18.4, 27.2, and 28.7 nm. Such an increase in 

size, approximately 9–10 nm thick layers, confirms the protein coating on the surface 

of ZnONPs.  

BET surface area analysis and Barrett-Joyner-Halenda (BJH) pore size and 

volume analysis were estimated by N2 adsorption-desorption isotherms. ZnONPs, 

ZnONPs/E. coli, and ZnONPs/S. aureus adsorption isotherms (Figure 6) match a 

type-IV curve, which is expressive for porous materials. The average values of pore 

radius for ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus are 3.9–45, 3.8–28 and 

3.6–30 nm. The surface area of ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus are 

31.5, 27.9, and 39.9 m2/g. The surface area of ZnONPs/E. coli decreases generally 

because of pore blocking after protein adsorption. While ZnONPs/S. aureus shows a 

higher surface area because the pores are too wide or the phase change (XRD patterns) 

creates more heterogeneity and roughness. The pore volumes of ZnONPs, ZnONPs/E. 

coli, and ZnONPs/S. aureus are 14.7× 10−2, 15.7× 10−2 and 23.5× 10−2 cm3/g at P/Po 

0.985. The ratio of mesopore to micropore volumes of ZnONPs (13.5×10−2: 12×10−2 

cm3/g) is 11:1. While the ratio of ZnONPs/E. coli (14.5×10−2: 11.6×10−2 cm3/g) is 12:1 

and the ratio of ZnONPs/S. aureus (21.96×10−2: 15.4×10−2 cm3/g) is 14:1; such ratios 

would be a good indicator for effective removal of dyes. 
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Figure 6. BET curves for the sorption and desorption of N2 gas onto: (A) ZnONPs; (B) ZnONPs/E. coli; (C) 

ZnONPs/S. aureus. 
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The amount of bound protein adsorbed on ZnONPs can be quantified using the 

Bradford assay. The assay is based on the observation that the λmax for an acidic 

solution of Coomassie Brilliant Blue G-250 shifts from 465 nm to 595 nm when 

binding to proteins. The formation of a protein-dye complex stabilizes the blue form 

of the Coomassie dye, and the amount of complex formed is a measure for amino acid 

residues [36]. Thus, the amount of extracellular protein successfully adsorbed on the 

surface of ZnONPs/E. coli, and ZnONPs/S. aureus can be monitored. While ZnONPs 

showed the absence of detectable protein content, ZnONPs/E. coli, and ZnONPs/S. 

aureus showed a significant value of absorbance at 595 nm, implying the presence of 

protein content on the new modified biosorbent. This increase in absorbance at 595 

nm is proportional to the amount of the bound dye, and the amount of protein present. 

The results showed that approximately 3.3 and 1.7 µg proteins were adsorbed on 0.1 

g of ZnONPs/E. coli, and ZnONPs/S. aureus. 

The SEM images of ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus were 

taken at magnifications of 1000, 5000, 10,000, and 20,000 x. The SEM image of 

ZnONPs shows a spherical-like morphology, while the coverage of bacterial protein 

on the surface of ZnONPs/E. coli, and ZnONPs/S. aureus may conceal this shape 

(Figure 7). SEM images ZnONPs/E. coli, and ZnONPs/S. aureus have a rough surface 

containing many spaces, and pores while ZnONPs are much smoother. In addition, 

agglomeration was shown with small particles. ZnONPs/E. coli shows better coverage 

of its protein on its surface and has fewer spaces. ZnONPs/S. aureus shows lower 

coverage but more spaces and pores. Which indicate that ZnONPs/E. coli, and 

ZnONPs/S. aureus have good sorption characteristics. 

 

Figure 7. SEM at magnifications of 1000X: (A) ZnONPs; (B) ZnONPs/E. coli; (C) ZnONPs/S. aureus. 
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3.2. Optimum conditions for TB dye removal  

3.2.1. Effect of pH 

The removal of TB dye using ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus 

was studied  at different pH values (1–13) under dark/light conditions. The removal 

percentages of TB dye were plotted against the initial pH value (Figure 8). The 

maximum removal percentage of TB dye using ZnONPs, ZnONPs/E. coli, and 

ZnONPs/S. aureus was achieved at pH range 3–9, whether in the dark or light. The 

removal rates of TB using ZnONPs were decreased from 93% to 88% in the dark, and 

from 87% to 86% in the light at pH range 3–9. While the removal rates of TB using 

ZnONPs/E. coli increased from 99% to 100% in the dark, and from 96% to 98% in the 

light. And the removal rates of TB using ZnONPs/S. aureus increased from 97% to 

99% in the dark, and from 95% to 96% in light. The results showed higher removal 

rates of TB using ZnONPs/E. coli, and ZnONPs/S. aureus compared to ZnONPs in 

the dark and light. 

ZnONPs is an amphoteric oxide, which can react with both H+ and OH− ions due 

to hydroxide coating on its surface. The functional groups of the bacterial proteins 

behave in terms of acid-base chemistry as a response to variable pH conditions [37]. 

In an acidic medium, the sorbent surface is positively charged (attracting TB anionic 

dye). Conversely, the surface is negatively charged (repelling TB anionic dye) in an 

alkaline medium. In addition, the spaces and pores on the surfaces of ZnONPs/E. coli, 

and ZnONPs/S. aureus, as shown in SEM images and BET results, is improving its 

sorption characteristic compared to ZnONPs. 

 
Figure 8. Effect of initial pH on the removal of TB using ZnONPs, ZnONPs/E. coli, 

and ZnONPs/S. aureus under: (A) dark condition; (B) light condition. 
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3.2.2. Thermodynamic behavior  

The effect of temperature on the removal of TB dye using ZnONPs, ZnONPs/E. 

coli, and ZnONPs/S. aureus under dark/ light condition was studied. The removal 

efficiency of TB dye was investigated at temperature range 25–62 ℃ and their removal 

rates were plotted against the solution temperature (Figure 9).  

Under dark conditions, the removal rates of TB using ZnONPs were decreased 

from 76% to 62% with increasing temperature range (from 25 to 62 ℃). While the 

removal rates of TB dye using ZnONPs/E. coli, and ZnONPs/S. aureus were increased 

from 78, and 80% to 98, and 97%. This increase can be explained in terms of 

destroying the TB self-aggregation and increasing the TB monomer concentration. 

This small monomer binds surface bacterial protein easier than the self-aggregate 

because of the lighter weight [38]. The absence of microbial proteins on the ZnONPs 

surface make it not affected with this property and the removal rates decreased with 

increasing temperature.  

While under light conditions, the removal rates of TB dye using ZnONPs, 

ZnONPs/E. coli, and ZnONPs/S. aureus were decreased from 85%, 88%, and 84% to 

81%, 66%, and 71% with increasing temperature (from 25 to 58 ℃). These results 

showed that temperature has a reverse effect on the efficiency of the removal of TB 

under light while it approximately has not affected on ZnONPs. These results make 

the removal of TB dye using ZnONPs/E. coli, and ZnONPs/S. aureus from hot 

wastewater industries is more efficient under darker conditions than in the presence of 

light. 

 
Figure 9. Effect of temperature on the removal of TB using ZnONPs, ZnONPs/E. 

coli, and ZnONPs/S. aureus under: (A) dark condition; (B) light condition. 
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The thermodynamic parameters such as Gibbs free energy change (∆G), enthalpy 

(∆H), and entropy (∆S) were calculated using the following equations: 

Ln 𝐾 = −∆𝐻 𝑅𝑇⁄ + ∆𝑆 𝑅⁄  (3) 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 (4) 

where K is the equilibrium constant for sorption, R is the gas constant (8.314 J/mol K) 

and T is the temperature (K). Equilibrium constant K can be calculated using the 

following equation: 𝐾 = 𝐶a 𝐶e⁄ , where Ca is the equilibrium dye concentration on the 

sorbent, Ce is the equilibrium dye concentration in the solution (mg/ L). Plots of Ln 

(K) versus 1/T are linear with an average R2 of 0.873 and 0.944 and the values of ∆H 

and ∆S can be determined from the slope and intercept then (∆G) was calculated. 

The average values of ∆G were between −2.56 and −4.42 kJ/mol for TB dye 

under dark and light conditions (Table 1). The negative sign of ∆G is due to the 

spontaneous nature of the removal process. The ∆G values were between −20 and 0 

kJ/mol which indicated that physical forces dominate the removal mechanism [21]. 

∆G in light is approximately twice that in darkness and this increase in negative values 

of ∆G indicates that the removal is more favorable in light conditions. Under dark 

conditions, the decrease in negative values of ∆G for ZnONPs with increasing 

temperature indicates that the removal process is more favorable at low temperature. 

The increase in negative values of ∆G for ZnONPs/E. coli, and ZnONPs/S. aureus by 

a similar temperature increase indicates that the removal is more favorable at higher 

temperature. While under light conditions, ∆G for ZnONPs, ZnONPs/E. coli, and 

ZnONPs/S. aureus are all decreased with increasing temperature, implying that 

removals are favorable at low temperature in the presence of light [39]. 

The average values of ∆H for the removal of TB dye using ZnONPs/E. coil, and 

ZnONPs/S. aureus were 54.6 and −25.5 kJ/mol in the dark and under light (Table 1). 

The positive ∆H value reveals an endothermic removal process in the dark while the 

negative ∆H value confirms an exothermic removal process in the presence of light. 

Also, the values of ∆H for ZnONPs were −15.41 and −6.95 kJ/mol which confirms 

the exothermic nature of the removal of TB dye using ZnONPs whether in the darkness 

or in the light.  

The average values of ∆S for TB dye using ZnONPs/E. coli, and ZnONPs/S. 

aureus were 0.19 and −0.07 kJ/mol.K, under dark and light conditions (Table 1). The 

positive value of ∆S indicates the increasing of the entropy during the removal process 

in the dark. While the negative value suggests that TB dye concentration increases on 

its surface which leads to a decrease in randomness during the removal process in the 

light. The values of ∆S for ZnONPs were −0.04 and −0.008 kJ/mol in dark/light. This 

decrease in entropy reveals the favorability of the removal process in the dark/light 

condition. 
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Table 1. Thermodynamic parameters for removing TB dye under dark/light 

conditions. 

Sorbent ΔH (kJ/mol) ΔS (kJ/mol.K) ΔG (kJ/mol) R2 

Dark 

ZnONPs −15.41 −0.04 −2.87 0.979 

ZnONPs/E. coli 60.66 0.21 −2.24 0.813 

ZnONPs/S. aureus 48.54 0.17 −2.58 0.827 

Light 

ZnONPs −6.95 −0.008 −4.41 0.937 

ZnONPs/E. coli −33.16 −0.095 −4.79 0.903 

ZnONPs/S. aureus −17.86 −0.046 −4.05 0.992 

3.2.3. Sorption isotherms 

The effect of initial TB concentrations (4.5–27.5 µmol/L, 4–24 mg/L) on 

removal capacities (QC) of ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus were 

investigated under dark/light conditions. The removal capacities were plotted with 

initial dye concentration with an average R2 of 0.997 and zero intercept (0.0001, 

Figure 10). The removal capacity (QC) increased with the sequential increase in initial 

dye concentrations. The removal capacities of ZnONPs/E. coli, and ZnONPs/S. aureus 

for TB dye are 7.5 and 7.7 µmol/g (6.6 and 6.8 mg/g) under dark conditions. These 

values indicated a better removal capacity compared to ZnONPs (7.2 µmol/g, 6.3 mg/g) 

as shown in Table 2. Under light conditions, the removal capacities of ZnONPs/E. 

coli, and ZnONPs/S. aureus for TB dye are 6.5 and 6.6 µmol/g (5.7 and 5.72 mg/g). 

These values indicated better removal capacity when compared to that of ZnONPs 

(7µmol/g, 15.6 mg/g).  

 
Figure 10. Effect of initial concentration on the removal of TB using ZnONPs, 

ZnONPs/E. coli, and ZnONPs/S. aureus under: (A) dark condition; (B) light 

condition. 
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The removal rate of TB using ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus 

decreased from 99, 100, and 100 % to 76, 86, and 88 %, with increasing TB 

concentrations (from 4 to 24 mg/L) in the dark. Also, the removal rate of TB using 

ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus decreased, with increasing TB 

concentrations (from 4 to 24 mg/L), from 93%, 97%, and 99 % to 91%, 95%, and 95%, 

when exposed to light.  

The experimental data were analyzed using Langmuir (5), Freundlich (6), 

Dubinin-Radushkevich (7) and Temkin (8).  

C𝑒 𝑄𝑐⁄ = (1 KLb⁄ ) + (Ce KL⁄ )  (5) 

Log 𝑄𝑐 = Log 𝐾𝐹 + 1 𝑛⁄  Log 𝐶𝑒  (6) 

Ln 𝑄𝑐 = Ln 𝐾𝐷−𝑅 − 𝛽𝜀2  (7) 

𝑄𝑐 = 𝐵 ln 𝐴 + 𝐵 ln 𝐶𝑒  (8) 

where Qc (mmol/g) is the dye adsorbed at equilibrium and Ce (mmol/ L) is the dye 

concentration at equilibrium. Langmuir constants KL (mmol/ g) and b (L/ mmol) are 

related to removal capacity and removal rate. KF and n are Freundlich constants related 

to removal capacity and removal intensity. KD-R is the maximum dye amount retained 

onto the sorbent, β (mol2/ kJ2) is Dubinin-Radushkevich constant and ε (J/mol) is 

Polanyi potential. B and A are Temkin constants related to the heat of sorption and 

max binding energy. 𝐵 = 𝑅𝑇 𝑏⁄  where R is the gas constant (8.314 J/mol K), T is the 

temperature (K), and b is Temkin isotherm constant. 

Table 2. Characteristic of equilibrium curves for removing TB dye under dark/light 

conditions. 

Sorbent Q (mg/g) R2 Intercept 

Dark 

ZnONPs 6.32 0.994 0.00022 

ZnONPs/E. coli 6.56 0.995 0.00019 

ZnONPs/S. aureus 6.75 0.995 0.00018 

Light 

ZnONPs 5.46 0.999 0.000009 

ZnONPs/E. coli 5.7 0.999 0.000015 

ZnONPs/S. aureus 5.72 0.999 0.000037 

The plot of Ce/Qc against Ce according to the Langmuir model gives a linear 

relationship with R2 values of 0.951 and 0.685 for Dark and light (Table 3). 𝑅𝐿 =

1 (1 + 𝑏𝐶0)⁄ , where C0 is the highest initial concentration of dye, was used to 

investigate the favorability of the removal of TB dye. The values of RL are 0.022 and 

0.14 (0< RL <1) for dark and light indicating the removal of TB dye was favorable. 

The high R2 of ZnONPs/E. coli, and ZnONPs/S. aureus in the dark assumes that TB 

dye molecules can be adsorbed at certain sites, the functional groups on the modified 

surface. 
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The relation between log Qc versus log Ce was linear with R2 values of 0.938, and 

0.989 for Dark and light (Table 3). The Freundlich constants (1/n < 1) are 0.2, and 

0.76 for Dark and light, which may be due to the heterogeneous surface of ZnONPs/E. 

coli, and ZnONPs/S. aureus with a non-uniform heat distribution over the surface. The 

values of n are 5.1, and 1.4 for Dark and light, indicating that the sorption is favorable. 

Freundlich model can be described as the sorption equation considering a 

heterogeneous surface and multilayer adsorption to the binding sites located on the 

surface of the sorbent. 

Table 3. Comparison of Langmuir and Freundlich parameters for removing TB dye 

under dark/light conditions. 

 Langmuir Freundlich 

Sorbent R2 RL R2 1/n 

Dark 

ZnONPs 0.898 0.04 0.923 0.23 

ZnONPs/E. coli 0.974 0.02 0.943 0.21 

ZnONPs/S. aureus 0.982 0.005 0.949 0.16 

Light 

ZnONPs 0.401 0.33 0.992 0.91 

ZnONPs/E. coli 0.726 0.07 0.985 0.84 

ZnONPs/S. aureus 0.929 0.02 0.991 0.54 

The plots of ln Qc versus ε2 are found to be linear with good R2 values of 0.929 

and 0.974 and β values are −0.010 and −0.011 kJ2/mol2 for dark and light (Table 4). 

The sorption energy (ΔE) was estimated using the following equation: E = 1 √−2β⁄  , 

the result showed that average values of ΔE are 7 and 6.7 kJ/ mol (< 8 kJ/mol), which 

suggests a physical sorption in the dark or in the light. 

The plots of Q against lnCe give a linear relationship with a correlation coefficient 

(R2 = 0.901 and 0.909) for dark and light (Table 4). The average b values are 3808 

and 984 kJ/mol for dark and light which are higher than 80 kJ/mol, referring to 

chemical sorption. 

Table 4. Comparison of Temkin and Dubinin-Radushkevich parameters for 

removing TB dye under dark/light conditions. 

Sorbent 
Temkin Dubinin–Radushkevich 

R2 b (kJ/mol) R2 β (kJ2/ mol2) ΔE (kJ/mol) 

Dark 

ZnONPs 0.838 4288 0.893 −0.01 7.06 

ZnONPs/E. coli 0.928 3062 0.943 −0.0108 6.81 

ZnONPs/S. aureus 0.936 4073 0.952 −0.0098 7.15 

Light 

ZnONPs 0.916 953 0.957 −0.0116 6.56 

ZnONPs/E. coli 0.882 760 0.977 −0.0114 6.62 

ZnONPs/S. aureus 0.929 1239 0.989 −0.0105 6.91 
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3.2.4. Sorption kinetics 

The effect of contact time on the removal of TB dye using ZnONPs, ZnONPs/E. 

coli, and ZnONPs/S. aureus was investigated under dark and light conditions. The 

time required for 98%–100 % removal of TB dye using ZnONPs/E. coli, and 

ZnONPs/S. aureus is 25–30 min (Figure 11). The removal rates of dyes were initially 

fast, where about 81 % of the total TB dyes were removed at the first 1m, and then the 

rate became slower as the time increased (19 %) were removed since 24–29 min). This 

rapid removal rate of TB dye is mainly because of vacant sorption sites which could 

adsorb more dye molecules [21].  

The removal rates of TB using ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus 

at 1 min were 76%, 79% and 80% (dark) and 76%, 80%, 81% (light). The removal 

rates of TB using ZnONPs reached 98% (dark) and 91% (light) after 60 min., while 

the removal rates of TB using ZnONPs/E. coli, and ZnONPs/S. aureus reached 100% 

(dark), and 99% (light) after 25, and 30 min. The removal rates of dyes using 

ZnONPs/E. coli, and ZnONPs/S. aureus is higher than that of ZnONPs. The high 

removal rates of ZnONPs/E. coli, and ZnONPs/S. aureus may be due to the porosity 

of its surfaces as it appeared in SEM image. The porosity is a measure of void spaces 

and pores within a material which Leads to enhancing the ZnONPs/E. coli, and 

ZnONPs/S. aureus sorption performance. 

 
Figure 11. Effect of stirring time on the removal of TB dye using ZnONPs, 

ZnONPs/E. coli, and ZnONPs/S. aureus under: (A) dark condition; (B) light 

condition. 

The experimental data for the removal of TB on ZnONPs, ZnONPs/E. coli, and 

ZnONPs/S. aureus were analyzed using pseudo first order kinetic (9) and pseudo 

second order kinetic models (10). 

𝑙𝑜𝑔 𝑄𝑒 − 𝑄𝑡 = 𝑙𝑜𝑔 𝑄𝑒 − (𝐾1𝑡 2.303⁄ ) (9) 
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𝑡 𝑄𝑡⁄ = (1 𝐾2𝑄𝑒
2⁄ ) + 𝑡 𝑄𝑒⁄  (10) 

where Qe (mmol/ g) is the sorption capacity at equilibrium and Qt (mmol/ g) is the 

sorption capacity at time t. K1 (min−1) is the pseudo first rate constant, and K2 (g/ mmol 

min) is the pseudo second order rate constant. 

Table 5. Comparison of kinetic parameters for removing TB dye under dark/light 

conditions. 

Sorbent 
Pseudo first order Pseudo second order 

R2 K1 (min−1) t1/2 (min) R2 K2 (g/mmol min) t1/2 (min) 

 Dark 

ZnONPs 0.9585 0.04 14.84 0.9988 434.52 1.08 

ZnONPS/E. coli 0.9681 0.14 4.86 0.9993 622.44 0.69 

ZnONPs/S. aureus 0.9376 0.21 3.35 0.9995 723.61 0.59 

 Light 

ZnONPs 0.9641 0.07 9.17 0.9984 822.99 0.57 

ZnONPS/E. coli 0.683 0.054 12.72 0.9946 560.77 0.79 

ZnONPs/S. aureus 0.7268 0.063 11.01 0.9947 498.07 0.88 

By comparing the correlation coefficient, it is shown that the R2 of the second-

order kinetic model (0.999 and 0.996) is higher than that of the first-order kinetic 

model (0.955 and 0.791) whether in darkness or light (Table 5). Also, values of 

removal capacities at equilibrium Qe calculated from the second-order model plots 

(2.273 and 2.21 µg/g) are in good agreement with the experimental values (2.267 and 

2.209 µg/g) in both dark and light. Both results suggest that the pseudo second-order 

mechanism is the predominant process, and the chemisorption mechanism controls the 

reaction. 

The pseudo second rate constant K2 for ZnONPs/E. coli, and ZnONPs/S. aureus 

are 673 and 529 g/mmol min for dark and light (Table 5). The half-life times (𝑡1/2 =

1 𝑄𝑒𝐾2⁄ ) of the removal are 0.64 and 0.84 min for dark and visible, which showed that 

the removal of TB dye is faster in the dark. And it is worth mentioning that ZnONPs 

is much faster and has a higher reaction rate in the light (K2 = 823 g/mmol min, t/1/2 = 

0.57 min) than in the dark (K2= 434 g/mmol.min, t/1/2 = 1.08 min) which may be due 

to its characteristic photodegradation ability. The overall results showed the removal 

of TB dye using ZnONPs/E. coli, and ZnONPs/S. aureus are more appropriate in the 

darkness while using ZnO is more perfect in the light. 

The sorption mechanism of TB dye onto ZnONPs, ZnONPs/E. coli, and 

ZnONPs/S. aureus were investigated using Weber-Morris (11), Bangham (12) and 

Reichenberg (13, 14) equations: 

Q
t

= Ki√t (11) 

log log C0 (𝐶0 − Q
t
m)⁄ = log 𝐾0𝑚/2.303𝑉 + ∝ log 𝑡  (12) 

Bt = −0.4977 − ln(1 − 𝐹) (13) 
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F = (6 R⁄ )(Di t π⁄ )1/2 (14) 

where ki (mmol/g min1/2) is the intraparticle diffusion rate coefficient, α and k0 are 

constants, the Bt value is a mathematical function of F = Q
t
/Q

e
 and Di is the effective 

diffusion coefficient. 

Table 6. Comparison of diffusion models parameters for removing TB dye under dark/light conditions. 

Sorbent 
Weber- Morris Bangham Reichenberg 

ki × 10−4 (mmol/g min1/2) R2 α R2 Di × 10−8 (cm2/ min) R2 

Dark 

ZnONPs 0.8 0.953 0.057 0.956 1.7 0.936 

ZnONPS/E. coli 1.1 0.966 0.078 0.973 3.8 0.968 

ZnONPs/S. aureus 1 0.944 0.071 0.973 3.7 0.938 

Light 

ZnONPs 0.75 0.949 0.066 0.876 1.77 0.804 

ZnONPs/E. coli 0.89 0.940 0.067 0.859 2.08 0.858 

ZnONPs/S. aureus 0.88 0.967 0.074 0.936 2.09 0.947 

A plot of Qt versus t1/2 gives a straight line with average R2 values of 0.954 and 

0.952 in dark and light (Table 6). The straight line did not pass through the origin and 

the zero intercept (0.0017) indicates the small boundary layer effect. The average 

values of diffusion rates ki for darkness and light are 9.7 and 8.4 × 10−5 mmol/g min1/2. 

The double logarithmic of Bangham equation was plotted against log (t) yielding 

a perfect linear plot. The average R2 values are 0.967 and 0.89 and α values (α <1) are 

0.069 and 0.0705 for dark and light (Table 6). The result shows that the diffusion of 

TB dye onto the pores of ZnONPs, ZnONPs/E. coli, and ZnONPs/S. aureus may be 

involved in the rate controlling step.  

The relation between Bt against t was estimated with average R2 values of 0.947 

and 0.87 in the dark and light (Table 6). The linearity of this plot can be used to 

indicate that a partial film is formed along with intraparticle diffusion. The slope of 

the linear plot of F against t1/2 gives the value of the effective diffusion coefficient (Di). 

The average values of Di are 3.07 ×10−8 and 1.98 ×10−8 cm2/ min for dark and light 

indicating that the film diffusion is also involved in the rate-determined step.  

By comparing our study with other research, TB was completely removed (98%–

100%) using ZnONPs/E. coli, and ZnONPs/S. aureus within 25–30 min; over a wide 

pH range (5–9); whether in the dark or light. Pinontoan et al.; demonstrated that 

Trypan blue dye decolorization by isolated Aeromonas caviae was achieved with 

77.10% at pH 7.0, and 27 ℃, over six days [40]. Also, Eddy et al.; evaluated 

mesoporous adsorbent for TB dye removal with an efficiency of 97.10% [41]. In 

addition, Andrew et al.; optimized the ideal conditions for TB degradation using 

copper sulfide nanoparticles as pH 10.91, 77.46 min, and 4.999 g/L [42]. Hegde et al.; 

designed a new composite for the adsorption of TB from wastewater with an excellent 

98% removal efficiency, within 10 min of contact time [43]. 
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3.3. Applications 

The removal of TB dye of real wastewater samples using ZnONPs, ZnONPs/E. 

coli, and ZnONPs/S. aureus was applied. Four different samples from Damietta, Egypt, 

including, Nile wastewater, industrial wastewater, Lab wastewater and washing 

wastewater were examined. 

Table 7. Removing percentages of TB dye from wastewater. 

Sorbents 
Nile wastewater 

%               RSD% 

Industrial wastewater 

%                    RSD% 

Lab wastewater 

%                 RSD% 

Washing wastewater 

%                    RSD% 

ZnONPs 87 2.1 86 1.2 90 1.9 84 2.2 

ZnONPS/E. coli 93 1.9 86 1.2 92 1.4 86 1.4 

ZnONPs/S. aureus 94 1.9 89 1.2 96 1.2 92 1.2 

The average removal rates of TB dye using ZnONPs/E. coli, and ZnONPs/S. 

aureus were in the range of 86%–96%, which is more efficient than ZnONPs (84%–

90%). The average value of RSD% was 1.7% (and n = 5), which is considered as an 

acceptable value (less than 10%) for real samples (Table 7). The results showed a 

good accuracy of the modified ZnONPs/E. coli, and ZnONPs/S. aureus in the removal 

of TB dye from real samples. 

4. Conclusion 

A new biosorbent was developed by collecting E. coli and S. aureus bacterial 

proteins and coating it onto ZnONPs surface. Bacterial proteins were successfully 

immobilized on ZnONPs surfaces as identified by SEM, XRD, BET and Bradford 

assay. The improvement of the particle size and surface charge of ZnONPs/E. coli, 

and ZnONPs/S. aureus resulted in a lower energy gap and higher conductivity. The 

modified ZnONPs/E. coli, and ZnONPs/S. aureus showed significant efficiency in 

removal of TB dye over a wide pH range (5–9). The removal process was spontaneous, 

endothermic in dark and exothermic in light. The kinetic studies were followed by 

pseudo second-order model in the dark/visible indicating a chemisorption removal. 

The equilibrium isotherms showed that the Freundlich equation has a good fit to the 

experimental data in the visible while Langmuir model has a good correlation 

coefficient in the dark. Mechanism of adsorption process was also interpreted with the 

help of diffusion models and the results exhibited the influence of intraparticle, film 

and pore diffusion models in the overall removal process. This research can be applied 

by collecting the found bacteria in wastewater and replacing it with a useful biosorbent 

for dye removal. 
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