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Abstract
For the efficient disposal of organic pollutants and Escherichia coli (E. coli) in water, Ag-loaded and Pd-loaded ZnO nanofib-
ers (NFs) were prepared through electrospinning (e-spin), followed by the alcohol-thermal method. The NFs were prepared 
in membrane form to promote their separation, recovery, and reuse in practical applications. The complete decolorizations 
of three types of dyes (i.e., azo, triarylmethane, and heterocyclic dyes) were observed when the Ag-loaded or Pd-loaded 
ZnO nanofiber membrane (NFM) was first applied as photocatalyst under 30-min UV irradiation. The characterization of 
the catalysts and the decolorization performance of dyes both demonstrated that the optimal loading rates of Ag and Pd 
were 12% and 6%, respectively. Moreover, the 12%-Ag/ZnO NFM displayed excellent recyclability over five cycles than the 
6%-Pd/ZnO NFM. The E. coli disinfection test demonstrated that the photocatalytic inactivation rates with the 12%-Pd/ZnO 
NFM and the 6%-Ag/ZnO NFM were significantly improved under solar or UV irradiation, and hydroxyl radicals (∙OH) was 
primarily responsible for the antibacterial performance. Therefore, the presented 12%-Ag/ZnO NFM and 6%-Pd/ZnO NFM 
can be used for the efficient photocatalytic treatment of dyes and E. coli in water.

Keywords Zinc oxide nanofiber membrane · Ag/Pd loading · Photocatalytic activity · Dye decolorization · Antimicrobial 
activity · Electrospinning

Introduction

For the safety of human beings and the ecosystem, haz-
ardous organic pollutants and pathogenic microorganisms 
[such as dyes, pesticides, antibiotics, and Escherichia coli 
(E. coli)] in water must be effectively removed before the 
water is used or discharged (Yar et al. 2017; Nandhini and 
Muralidharan 2020). Photocatalytic methods are well known 
for their relatively low cost, low energy consumption, and 
high efficiency, and they feature a practically advanced 

oxidation technique for contaminant disposal in water treat-
ment (Liu et al. 2012; Yar et al. 2017). Improving photo-
catalytic activity by modifying the catalyst has been an 
active research area in the past decade (Gupta et al. 2020). 
Researchers have investigated various methods, such as the 
loading of noble metals, the doping of transition metals and 
non-metals (Sehar et al. 2019; Vaiano et al. 2019Sonaimuthu 
et al. 2020), and the formation of composite photocatalysts 
using different semiconductors to enhance the photocatalytic 
activity of nanocatalysts (Ferrone et al. 2019).

Research on photocatalytic nanomaterials for disinfec-
tion and organic pollutant degradation via photocatalysis 
is gradually increasing. Such materials include titanium 
dioxide  (TiO2), bismuth series (BI system), silicon dioxide 
 (SiO2), tungsten trioxide  (WO3), and zinc oxide (ZnO) (Ven-
katesha et al. 2012; Lucía et al. 2012; Hajjaji et al. 2018; Hu 
et al. 2018; Jayaraj and Thangadurai 2018, 2019; Jaffari et al. 
2019; Lee et al. 2019; Panchal et al. 2020; Yin et al. 2020). 
In this study, ZnO was used as a photocatalyst because its 
band structure is similar to that of  TiO2, but ZnO has higher 
photocatalytic efficiency and quantum efficiency than  TiO2 
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in the degradation of organic pollutants (Chen et al. 2019). 
The easily available ZnO is characterized by large spe-
cific surface area and abundant photocatalytic active sites. 
Moreover, it has the advantages of diversified preparation 
process, controllable production, low cost, high degradation 
efficiency, and wide application range. It is a suitable choice 
for antibacterial materials and organic pollutants degradation 
in water treatment (Martinez-Carmona et al. 2018; Quek 
et al. 2018; Ferrone et al. 2019; Salah et al. 2019).

Despite these excellent properties, ZnO also has some 
limitations, such as high recombination rate and poor pho-
tocatalytic activity. Doping some metals (such as Fe, Ag, 
Ni, Co, Mn, and Cu) into ZnO can significantly improve its 
photocatalytic efficiency (Younis et al. 2016; Nigussie et al. 
2018a,b; Younis et al. 2018; Beura et al. 2018a; Qi et al. 
2020; Bian et al. 2020). Ag/ZnO nanostructures in various 
shapes (nanoparticles, micro/nanoflowers, hybrid nanostruc-
tures, hierarchically structures, etc.) were obtained due to 
high photocatalytic and antimicrobial performance (Hajjaji 
et al. 2018; Rosalin et al. 2018; Nigussie et al. 2018a,b; Quek 
et al. 2018; Bian et al. 2020). Nevertheless, the separation, 
recovery, and reuse of the nanosized catalyst particulates 
pose a key obstacle to practical applications (Han et al. 2009; 
Menard et al. 2011). Electrospinning (e-spin) is the most 
adoptable and efficient method of making nanoparticles into 
nanofibers (NFs) to overcome the above obstacles (Mohe-
man et al. 2016; Gupta et al. 2019; Filip and Peer 2019). In 
addition, e-spin is the most effective method adopted for the 
large-scale preparation of NFs, as it is easy to handle and 
cost effective; consumes less solution; enables fiber diam-
eter control; and characterized by simple operation, repro-
ducible production, and technical advances (scale-up pro-
cess) (Thenmozhi et al. 2017; Sehar et al. 2019). However, 
the majority of nanofiber membranes (NFM) preparation 
requires harsh environmental conditions, which hinders the 
engineering application of this technology.

Taking all the advantages of loading noble metals, e-spin 
ZnO NFs, and membrane materials, the newly designed Ag/
ZnO and Pd/ZnO NFMs were attempted to be prepared in 
normal laboratory conditions. The application potential of 
synthesized NFMs for photocatalytic disinfection and dye 
degradation were estimated. Here, Ag is the commonly used 
noble metal with broad application, while Pd is adopted as 
the comparison metal to check its photocatalytic perfor-
mance. E. coli was chosen as the target microorganism 
because it is widely distributed in water bodies, has patho-
genic effects, and is an important indicator for evaluating 
the effectiveness of water treatment (Lam et al. 2018). We 
separately loaded Ag and Pd on ZnO NFs via the alcohol-
thermal method, and the photocatalytic treatment efficiency 
was greatly improved. The degradation ability of methylene 
orange (MO) by Ag-loaded and Pd-loaded ZnO NFMs and 
the optimal noble metal loading amount were studied. The 

effects of pH, initial MO concentration, and original ZnO 
usage amount on the MO decolorization performance, and 
the photocatalytic antibacterial properties of Ag-loaded and 
Pd-loaded ZnO NFMs were assessed. Both solar simulator 
irradiation and UV irradiation were adopted to compare the 
disinfection efficiencies of Ag-loaded and Pd-loaded ZnO 
NFMs.

Materials and experimental section

Materials

Analytical-grade reagents including ethanol glycol (EG), 
dimethylformamide (DMF), Zn(AC)2·2H2O, MO, malachite 
green (MG), methylene blue (MB), phosphate buffer solu-
tion (PBS, pH 7.2), polyvinylpyrrolidone (PVP, MW = 1.3 
million), dimethyl sulfoxide (DMSO), NaOH, and HCl 
were obtained from Sinopharm Chemical Reagent Co., 
Ltd. (Shanghai, China). Other reagents such as ethylene 
glycol (≥ 99.8%),  AgNO3 solution (≥ 2.5% (w/v) in  H2O), 
and  PdCl2 solution (5 wt% in 10 wt% HCl), and E. coli 
ATCC25922 (standard quality control strain of Escherichia 
coli) were purchased from Aladdin Bio-Chem Technology 
Co., Ltd. (Shanghai, China).

Preparation of ZnO NFs

Zinc oxide NFs were prepared in the library with a tempera-
ture of 20 °C and humidity of 40% (Pascariu and Homocianu 
2019). The main procedures to prepare ZnO NFs include the 
precursor solution preparation, fiber e-spin, and calcination. 
Briefly, a solution containing 8 mL DMF, 1.12 g PVP, and 
2.5 g Zn(AC)2·2H2O was well mixed before use. The e-spin 
fiber-making was operated under a high-voltage direct cur-
rent of 18 kV, a receiving distance of 13 cm, and a solution 
outlet speed of 0.5 mL/h. The fibers were collected on an 
aluminum foil collector and left overnight in air for com-
plete hydrolysis. The ZnO NFs were then calcined in the 
air at 550 °C for 30 min (See more details in Text S1 and 
Figure S1).

Preparation of Ag/ZnO, Pd/ZnO NFM

The Ag-loaded and Pd-loaded ZnO NFMs were prepared via 
the alcohol-thermal method with a thermostatic magnetic 
stirrer (DF101s, Shanghai Lichen-Bx Instrument Tech. Co., 
Ltd., Shanghai, China). First, 100 mg ZnO NFs and 20 mL 
EG were added into a four-neck flask and stirred at 30 rpm. 
Then, the solution in the flask was heated to 170 °C, and the 
temperature was maintained for 30 min. Afterward, PVP 
solution (100 mg PVP with a MW of 1.3 million was added 
into 5 mL EG solution and stirred for 15 min) and  AgNO3 
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or PdCl solution (prepared by adding a specific amount 
of  AgNO3 or PdCl into 5 mL EG solution and stirring for 
15 min) were slowly added to the four-neck flask through 
its two inlets, and the mixed solution was heated at 170 °C 
for another 20 min. The four-neck flask was then cooled 
to room temperature in a dryer. The cooled solution was 
filtered through a 0.45 μm filter with a vacuum filtration sys-
tem (VF204A, Sciencetool Technology Co., Ltd., Shanghai, 
China). After filtration, the residual PVP and EG on the Ag-
coated and Pd-coated ZnO NFMs were removed by washing 
with ethanol and deionized water five times. Then, the above 
NFMs were air-dried for 2 h and then physically compacted 
in a muffle furnace (SX-ES02102, Shuiliuxing Technology 
Co., Ltd., Nanchang, Jiangxi) at 100 °C for 12 h and subse-
quently stored in a desiccator for later use. The schematic 
diagrams of the Ag- and Pd-loaded ZnO NFMs are shown in 
Fig. 1. For comparison, 100 mg commercial P25 and 100 mg 
pure  TiO2 particles were also used to prepare an NFM with 
the same method as described above.

As shown in Fig. 1, the Ag/ZnO NFM and Pd/ZnO NFM 
consisted of two layers: the supporting layer of PE filter and 
the functional layer of Ag- or Pd-loaded ZnO NFs. When 
the membrane was submerged in an aqueous solution, the 
NFM photocatalysts in combination with light irradiation 
could be adopted for the treatment of organic pollutants and 
microorganisms.

Material characterization

The geometric morphologies of the Ag/ZnO NFM and Pd/
ZnO NFM were characterized using field-emission scan-
ning electron microscopy (SEM) (Evo18, Carl Zeiss AG, 
Jena, German) under an accelerating voltage of 30.0 kV. 
Energy-dispersive X-ray spectroscopy (EDS) was conducted 
using the EDS system (Xflash6130, Bruker, Beijing, China) 
attached to the field-emission SEM with carbon tape, and 
platinum sputtering was adopted for the sample preparations. 
The X-ray diffractograms (XRD) of the NFMs were carried 
out with a X-ray powder diffractometer (XPS, D8 advance, 

Bruker, Beijing, China). The crystal structure of the sam-
ple to be measured was determined via scanning analysis at 
diffraction angles, ranging from 10° to 80°, with an accel-
erating voltage of 40.0 kV. The diameter of the NFs was 
analyzed through Image J software.

Photocatalytic experiments setup for MO 
degradation

The photodegradation capabilities of the 12%-Ag/ZnO NFM 
and 6%-Pd/ZnO NFM toward the organic pollutants were 
evaluated using a model pollutant MO. The dead-end reactor 
setup was used as shown in Figure S2 with cooling system. 
At the beginning of each experiment, the Ag/ZnO or Pd/ZnO 
NFM made from 100 mg ZnO was first placed in the beaker. 
Then, 100 mL MO solution with an initial concentration of 
10 mg/L was poured into the beaker. Thereafter, the mixture 
was kept in the dark for 1 h to reach the adsorption equilib-
rium and then kept under light irradiation.

The effect of Ag (4%, 12%, and 20% by weight) or Pb 
(2%, 6%, and 10%) loading percentage on the decolorization 
efficiency of MO was assessed, and the optimal loading rate 
was determined and adopted in the following experiments. 
Moreover, the effects of the initial MO concentration (10, 
15, 20, 25, and 30 mg/L), solution initial pH (3, 4, 5, 7, 
9, and 10), and initial weight (ZnO, 0.3, 0.7, and 1.0 mg/
mL) used for the ZnO preparation, and the photocatalytic 
decolorization efficiencies of different dyes (i.e., azo dye 
MO, triarylmethane dye MG, and heterocyclic dye MB) 
were studied.

Photocatalytic disinfection experiments

E. coli was chosen as the model pathogen for antibacte-
rial activity tests. It was cultivated in Luria–Bertani nutri-
ent solution at 37 °C for 18 h to obtain the exponential 
growth phase. The cells were harvested by centrifugation 
and washed with saline solution (0.9% NaCl) to remove the 
residual macromolecules. All of the glass apparatuses and 
solutions used in the experiments were autoclaved at 121 °C 
for 20 min to ensure sterility. Before the disinfection experi-
ment, 100 mL ultrapure water with an E. coli concentration 
of (1–2) ×  106 CFU/mL was transferred into the 500 mL 
beaker. The pH value of the solution was adjusted to 7 by 
HCl/NaOH solution. Then, 100 mg each of the four NFM 
photocatalysts (P25, ZnO, 12%-Ag/ZnO, 6%-Pd/ZnO) was 
added into the beaker for each experiment, and the beaker 
was placed on a magnetic stirrer in a water bath, and the 
temperature was maintained at 25 °C. The experiments were 
performed on an aseptic operating table with a UV lamp 
(UV = 15 MW/cm2, solar simulator = 25 W). During the 
experiment, 2 mL samples of treated solution were taken 
out at designed irradiation time intervals. Each sample was 
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Fig. 1  Schematic structure of noble metal-loaded ZnO NFM
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immediately diluted with PBS (pH 7.2), and an appropri-
ate concentration of the sample was spread on nutrient agar 
and incubated at 37 °C for 24 h. The number of colonies 
formed was counted to determine the number of viable cells. 
Control experiments without P25 NFM and with only ZnO 
NFM were also performed. To investigate the effect of solar 
irradiation, a control experiment under the same conditions 
as above but without solar irradiation was performed. Mean-
while, to investigate the complete bacteria inactivation, the 
same experiments were performed with the extended irra-
diation time. All of the above experiments were conducted 
in triplicate.

Hydroxyl radicals (∙OH) maybe the major reactive oxy-
gen species (ROS) responsible for the disinfection perfor-
mance of Ag modified surface leading to bacteria inactiva-
tion (Sami et al. 2018). To further improve this assumption, 
DMSO was used as the ∙OH scavenger (Salih 2010) and the 
disinfection performances with the 12%-Ag/ZnO NFM and 
the 6%-Pd/ZnO NFM were studied in the presence of DMSO 
at different concentrations (0.0, 10.0, 20.0, and 40.0 mM). 
Control experiments of DMSO without NFM were also 
performed.

Results and discussion

The photocatalyst characterization, photocatalytic potential 
for disinfection and organic pollutant degradation of Ag-
ZnO NFM and Pd-ZnO NFM were studied.

Characterization of Ag‑loaded and Pd‑loaded ZnO 
NFs

The SEM images of ZnO NFs, 12%-Ag/ZnO NFs, and 
6%-Pd/ZnO NFs are displayed in Fig. 2. More images of 

membranes made from different materials are shown in 
Figure S3. The average diameter of ZnO NFs was 0.65 μm, 
with a standard deviation of 0.061 (Figure S3a), while the 
length of the fibers was longer than 50 μm. The polyol 
(PVP) synthesis is a soft and environmentally friendly 
fabrication of Ag nanostructures with controlled shapes 
and properties (Pascariu et al. 2020). In this study, in situ 
polyol synthesis was used for loading Ag or Pd nano-
particles on ZnO NFs. Figures 2b and c show the SEM 
images of Ag/ZnO and Pd/ZnO NFs, illustrating that Ag/
Pd nanoparticles were uniformly deposited on ZnO NFs. 
The high-magnification SEM images of Ag/ZnO and Pd/
ZnO NFs show that the Ag nanoparticles with size around 
50 nm and Pd nanoparticles with size around 6 nm were 
successfully deposited on the surface of ZnO NFs. The 
Ag/Pd deposition was further verified via EDS analysis, 
and the loading amount was estimated as 12 wt% for Ag 
and 6 wt% for Pd (Figure S4). Compared with the tradi-
tional chemical reduction and photodeposition methods, 
the present polyol synthesis approach does not involve any 
toxic chemical or UV light, and it can precisely control the 
growth of Ag/Pd nanoparticles on ZnO NFs (Vaiano et al. 
2019; Li et al. 2020).

To further determine the chemical properties of the 
Ag/ZnO and Pd/ZnO NFs, X-ray diffraction (XRD) was 
employed. Figure S5 shows that the XRD patterns of 
pure ZnO NFs, Ag/ZnO NFs, and Pd/ZnO NFs had dif-
fraction peaks related to the (002), (100), (101), (102), 
(103), (110), (112), (201), and (202) planes of the anatase 
phase of ZnO, which favors photocatalytic oxidation better 
than the rutile phase (Mo and Ching1995; van der Meulen 
et al 2007). In the curves of Ag/ZnO NFs and Pd/ZnO 
NFs, clear peaks of Ag/Pd (111), (200), and (220) further 
confirmed that the Ag/Pd nanoparticles were successfully 
deposited on ZnO NFs.

Fig. 2  SEM images of a ZnO NFs, b 12%-Ag/ZnO NFs, and c 6%-Pd/ZnO NFs (12%-Ag/ZnO represents the system with 12 wt% of silver 
loaded on ZnO NFM)
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Photocatalytic performance for dye degradation

MO decolorization under UV irradiation

The photocatalytic decontamination properties of Ag/ZnO 
NFM and Pd/ZnO NFM were investigated by the examina-
tion of organic pollutant MO under solar/UV irradiation. 
The MO solution exhibited two obvious UV–vis absorption 
peaks, at 271 nm and 465 nm, which were generated by 
–N=N– and benzene ring conjugation bond, respectively 
(Figure S6 and Table S1). Figure 3 shows that MO could be 
almost completely decolorized after 30 min of photocatalytic 
treatment by both the 12%-Ag/ZnO NFM and 6%-Pd/ZnO 
NFM. This degradation performance was further proved 
by the disappearance of the solution color (Figs. 3c and d). 
According to Figure S6, the UV–vis absorption peaks at 
271 nm and 465 nm also disappeared after 30 min when 

the 12%-Ag/ZnO NFM and 6%-Pd/ZnO NFM were used as 
the photocatalysts. The decolorization efficiencies of MO 
were much lower in the other experiments. For example, 
MO could not be degraded without catalyst or light irradia-
tion, and nearly 30%, 46%, and 62% MO decolorization rates 
were observed after 30 min under UV irradiation alone, UV 
with P25, and UV with ZnO, respectively. For 4%-, 12%-, 
and 20%-Ag/ZnO NFMs combined with 30 min UV irradia-
tion, 95%, 100%, and 97% MO decolorization rates were 
observed, respectively. As for 4%-, 12%-, and 20%-Pd/ZnO 
NFMs combined with 30 min UV irradiation, 95%, 100%, 
and 97% decolorization rates of MO were individually 
observed.

The data could also be satisfactorily analyzed using the 
first-order kinetic equation to obtain the rate constants. In the 
presence of P25 or ZnO NFM under UV irradiation, compa-
rable kinetic rate constants were observed (i.e., 0.105  min−1 
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Fig. 3  UV photocatalytic discoloration of MO using different cata-
lysts: a Ag/ZnO NFM and b Pd/ZnO NFM; c MO decolorization 
versus irradiation time in 12%-Ag/ZnO NFM system; and d MO 

decolorization versus irradiation time in 6%-Pd/ZnO NFM system. 
(Experimental conditions:  [MO]0 = 10  mg/L, [Catalyst] = 1  g  L−1, 
 pH0 = 7.0, T = 25 °C, UV lamp = 300 W)
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and 0.104  min−1, respectively). In the presence of Ag/ZnO 
or Pd/ZnO NM, the MO decolorization rate could be signifi-
cantly improved (Fig. 3 and Table 1). The MO decoloriza-
tion rate constants were 0.368  min−1 and 0.231  min−1 when 
12%-Ag/ZnO and 6%-Pd/ZnO were adopted, respectively. 
From the SEM images and MO decolorization results, the 
optimal loading amounts of Ag and Pd on the ZnO NF sur-
face were 12% and 6%, respectively.

Influence of initial pH

According to the literature, pH value is the major factor 
influencing the rate of the photocatalytic process (Lachheb 
et al. 2002; Guettai and Amar 2005). Therefore, experiments 
were performed to determine the optimal pH for MO decol-
orization. In all the experiments, the pH was adjusted by 
adding an appropriate amount of NaOH or  H2SO4 solution. 
The results are presented in Figure S7.

The better results were obtained in acidic solution, and 
the best result was observed when the initial pH was 4. How-
ever, the MO degradation rate at the initial pH of 3 was the 
same as that at the initial pH of 5. In addition, MO could be 
completely decolorized in the 12%-Ag/ZnO NM degrada-
tion system within 35 min when the initial solution pH was 
3–10 (Figure S7). Other researchers also found the same 
results when Cu–TiO2-based NFs were adopted as a photo-
catalyst for virus removal (Zhang et al 2018). The possible 
explanation for these results is pH can influence the adsorp-
tion of dye molecules onto the catalytic material surface, 
which is an important step for the photooxidation to occur. 
Thus, the electron transfer efficiency will be decreased at 
pH higher than 9 or lower than 4. For both the 12%-Ag/ZnO 
and 6%-Pd/ZnO photocatalytic systems, the best treatment 
performance was at an initial pH of 4.

Influence of original ZnO amount in catalyst preparation

As discussed in Sect. 3.2.1, the optimal loading rates (by 
weight) of Ag and Pd on ZnO NFs were 12% and 6%, respec-
tively. The catalyst dosage is another important factor that 
influences the photocatalytic efficiency. To determine the 
optimal amount of photocatalyst, the effect of catalyst dos-
age, measured by the original amount of ZnO used (0.3, 0.7, 
and 1.0 mg/mL ZnO), on the decolorization performance of 
MO were studied at an initial pH of 7, and the results are 
shown in Figure S8. It should be noted that more catalysts 

could be produced with a constant loading rate (Ag, 12%; 
Pd, 6%) when more original ZnO were used.

Figure S8 shows that the decolorization rate of MO 
increased significantly with increasing amounts of the 
original ZnO usage from 0.3 to 0.7 mg/mL. However, the 
decolorization rate of MO was little increased with further 
increase in the original ZnO amount from 0.7 to 1.0 mg/mL. 
As the catalyst dosage increased, more active sites could be 
available on the catalyst surface, and more oxidants could be 
produced, thus increasing the photodegradation performance 
(Lee et al. 2015). However, the usage of light may play a 
dominate role in the further enhanced treatment efficiency, 
demonstrated by the increased decolorization rate when a 
sufficient amount of photocatalysts was adopted. In the pre-
sent study, the light scattering due to the material aggrega-
tion was unlikely to occur because noble metal (Ag or Pd) 
was uniformly loaded on the surface of ZnO NFs and further 
transformed it into a membrane.

Effect of initial concentration of MO

The effect of the initial MO concentration in water on the 
photocatalytic degradation performance was examined, as 
the concentrations of the characteristic dyes in water vary 
greatly (Ray 1999; Guettai and Amar 2005). Thus, the pho-
tocatalytic decomposition of MO using the 12%-Ag/ZnO 
NFM or 6%-Pd/ZnO NFM made from 100 mg ZnO was 
studied by varying the initial MO concentrations from 10 to 
30 mg/L at pH = 7. The relationship between the MO con-
centration and time in the 12%-Ag/ZnO NFM or 6%-Pd/
ZnO NFM photocatalytic system is illustrated in Figure S9.

Figure S9 shows that MO could be efficiently degraded by 
both the 12%-Ag/ZnO NFM and 6%-Pd/ZnO NFM systems, 
but the time needed for complete decolorization increased 
significantly with the increased initial concentrations of MO. 
In the 12%-Ag/ZnO NFM system, the times needed for the 
complete decolorization of 10, 15, 20, 25, and 30 mg/L MO 
were 30, 70, 105, 145, and 180 min, respectively. In the 
6%-Pd/ZnO NFM system, the corresponding times were 
prolonged to 40, 80, 110, 175, and 200 min, respectively.

As mentioned by other researchers (Houas et al.2001; 
Marcì et al. 2003; Guettai and Amar 2005), the requirement 
of catalyst surface needed for the photodegradation also 
increases to produce more oxidizing species as the initial 
concentrations of the dye increases. In the current study, 
the screening effect of UV at a high dye concentration was 

Table 1  The first-order kinetic 
rate constants of Ag-loaded and 
Pd-loaded ZnO NF membranes 
for MO degradation

Catalyst ZnO P25 4%-Ag/ZnO 12%-Ag/ZnO 20%-Ag/ZnO

k  (min−1) 0.104 ± 0.015 0.105 ± 0.010 0.195 ± 0.042 0.368 ± 0.059 0.241 ± 0.040
Catalyst ZnO P25 2%-Pd/ZnO 6%-Pd/ZnO 10%- Pd/ZnO
k  (min−1) 0.104 ± 0.015 0.105 ± 0.010 0.159 ± 0.020 0.231 ± 0.044 0.158 ± 0.017
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reduced and more active sites will be covered by dye ions 
when the initial dye concentration increased. Then, the pho-
togeneration of holes or ∙OH radicals on the catalyst sur-
face will reduced, which ultimately lead to the decreasing of 
the catalytic reaction efficiency (Konstantinou and Albanis 
2004).

The performance of different types of dyes

From the above experimental results, the 12%-Ag/ZnO NFM 
and 6%-Pd/ZnO NFM were effective for the photodegrada-
tion of the azo dye MO. However, further study is needed to 
determine whether the present NFM photocatalysts are still 
effective for the degradation of other types of dyes. There-
fore, except the azo dye MO, the other commonly used types 
of dyes, such as the triarylmethane dye MG and the hetero-
cyclic dye MB (Liu et al. 2020), were adopted to study the 
efficiency of the present photocatalysts. More details on the 
three types of dyes are presented in Table S1.

The original concentrations and pH of MG and MB 
solutions were 10 mg/L and 7.0, respectively. Before each 
experiment, 100 mL of dye solution was separately mixed 
with ZnO, 12%-Ag/ZnO NFM, and 6%-Pd/ZnO NFM, and 
then the mixture was kept in the dark for 10 h to obtain 
the absorption equilibrium. Afterward, the dye solution was 
subjected to photocatalytic decolorization experiments under 
UV irradiation as described in Sect. 2.5. The photocatalytic 
decolorization results of MG and MB solutions with differ-
ent catalysts are depicted in Figure S10.

As shown in Figure S10, the MG and MB solutions could 
be effectively decolorized as MO within 40 min when 12%-
Ag/ZnO NFM and 6%-Pd/ZnO NFM were used as the photo-
catalysts. The disappeared color and peak wavelength of MG 
and MB solutions both demonstrated the high decolorization 

efficiencies of the present catalysts. Furthermore, the 12%-
Ag/ZnO NFM still had the best photocatalytic performance, 
and the 6%-Pd/ZnO NFM was better than the ZnO NFM. 
The above results demonstrated that the 12%-Ag/ZnO NFM 
and 6%-Pd/ZnO NFM were effective for the photo-decolori-
zation of azo, triarylmethane, and heterocyclic dyes in water.

Stability and reusability of the photocatalysts

The stability of the photocatalyst is an important factor for 
the engineering application of photocatalytic technology. 
Therefore, the stability and repeatability of the 12%-Ag/
ZnO NFM and 6%-Pd/ZnO NFM were investigated accord-
ing to the previous publications (Singh and Dhaliwal 2020; 
Ng et al. 2016; Zhang et al. 2017). MO solution (as detailed 
in Sect. 2.5) was used to perform repeatability experiments. 
As shown in Fig. 4, the MO solution was fully decolorized 
by the 12%-Ag/ZnO NFM with UV irradiation in 30 min 
after five cycles. That means the 12%-Ag/ZnO NFM was 
very stable in the present solution. In contrast, double time 
was needed for complete decolorization of MO when the 
6%-Pd/ZnO NFM was adopted (as shown in Fig. 4b).

Photocatalytic disinfection

Disinfection under UV irradiation

The photocatalytic inactivation of E. coli using different 
photocatalysts under different conditions is demonstrated in 
Fig. 5. The first-order kinetic equation was used to calculate 
the inactivation rates (k) according to the disinfection results 
(Wang et al. 2018). As shown in Fig. 5a, 99% of E. coli was 
disinfected after 30 min of UV irradiation with or without 
NFM, which means that the UV irradiation itself had an 
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effective disinfection performance for E. coli. Compara-
tively, the inactivation rates with the 12%-Pd/ZnO NFM and 
the 6%-Ag/ZnO NFM were greatly improved. For example, 
the disinfection rates obtained by different materials were 
as follows: UV alone: 0.079  min−1, P25 NFM: 0.080  min−1, 
ZnO NFM: 0.083  min−1, 12%-Pd/ZnO NFM: 0.104  min−1, 
and 6%-Ag/ZnO NFM: 0.081  min−1.

When cationic dopant is added to ZnO, the commonly 
accepted mechanism was as follows (Lee et al. 2016):

Disinfection under solar irradiation

As control, solar simulator irradiation was performed in the 
absence of photocatalyst. Figure 5b indicates that 99.0% of 
the bacteria survived after 30 min of solar irradiation. These 
results reveal that the solar irradiation intensity had no sig-
nificant antibacterial effect on E. coli within 30 min. The 
antibacterial activities of the 12%-Ag/ZnO NFM and 6%-Pd/
ZnO NFM without solar irradiation were also investigated 
for comparison. Both P25 NFM and ZnO NFM showed 

(1)ZnO + hv → ZnO
(

e
−

CB
+ h

+

vb

)

,

(2)e
−

CB
+Mn+

→ M(n−1)+,

(3)O2 +M(n−1)+
→ ⋅O−

2
+Mn+,

(4)ZnO
(

h
+

vb

)

+ OH−
→ ZnO + ∙OH,

(5)∙OH + organic contaminate → degradation products + CO2 + H2O.

no antibacterial capability in the absence of solar irradia-
tion, implying that ZnO NFM was not toxic to the bacteria 
(Fig. 5b). The survival rate of E. coli in the 12%-Ag/ZnO 
NFM solar irradiation system was 10% higher than that in 
the 6%-Pd/ZnO NFM solar irradiation system. Comparing 
the results in Figs. 5a and b, it can be concluded that when 
the 12%-Ag/ZnO and 6%-Pd/ZnO NFMs were adopted as 
the photocatalysts, the disinfection efficiency under UV irra-
diation was 20% higher than that under solar irradiation, 
and the former catalyst had better disinfection performance. 
According to Table S2, the photocatalytic performance of 
12%-Ag/ZnO and 6%-Pd/ZnO NFMs in this study is better 
or comparable to other reported results with different type 
of catalysts. The present of the dopants (such as Ag, Pd, 
Cu, et al.) could increase the specific surface area of ZnO, 
reduce the resistivity of ZnO, and also reduce the activation 
energy in the photocatalytic activity (Xia et al. 2016). The 
above reasons lead to the better photocatalytic performance 
of Ag-loaded or Pd-loaded NFM than that of ZnO NFM. 
Furthermore, lower band gap energy value and higher solu-

bility make the Ag-loaded NFM have better photocatalytic 
performance than Pd-loaded NFM.

∙OH trapping test

Generally, antibacterial materials made from metal inorganic 
nanocomposites mainly have two antibacterial mechanisms: 
(1) photocatalytic antibacterial mechanism and (2) metal-
contact antibacterial mechanism (Ashebir et al. 2018). To 
distinguish which of these mechanisms was dominant in the 
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materials and the role of ROS (such as  H2O2, ∙OH,  h+, ∙O2
−) 

produced during photocatalytic disinfection (Lam et al. 
2018; Quek et al. 2018; Jaffari et al. 2019), ROS trapping 
test was performed. In these experiments, ordinary solar 
irradiation was adopted to study the antibacterial effect of 
the self-made catalysts.

As shown in Fig.  6, with the increase in the DMSO 
concentration, the bacteria survival rate was significantly 
increased. When 40 mM DMSO was added into the system, 
the bacteria survival rate almost increased to that of Ag/
ZnO (or Pd/ZnO) NFM without solar irradiation (Figs. 6a 
and b). The control experiment using DMSO (40 mM) in 
the absence of 12%-Ag/ZnO (or 6%-Pd/ZnO) NFM did not 
show any significant antibacterial ability. When 0.0, 10.0, 
20.0, and 40 mM DMSO were added to the 12%-Ag/ZnO 
NFM disinfection system with solar irradiation, the E. coli 
survival rates were 66%, 77%, 82%, and 97.5%, respectively. 
The corresponding survival rates for the 6%-Pd/ZnO NFM 
disinfection system with solar irradiation were individually 
measured as 77%, 80%, 97%, and 98%. This indicates that a 
high yield of ∙OH was generated in the Ag/ZnO (or 6%-Pd/
ZnO) NFM under solar irradiation.

Furthermore, the 12%-Ag/ZnO NFM exhibited a better 
disinfection performance than the 6%-Pd/ZnO NFM under 
the current experimental conditions. This can be further 
confirmed by the E. coli survival rates when 20 mM DMSO 
was adopted in the disinfection systems (Fig. 6). One pos-
sible reason for the better disinfection performance is the 
higher loading amount and activity of 12%-Ag/ZnO than 
those of 6%-Pd/ZnO NFM, with an assumption that all ∙OH 
produced could be completely captured by 20 mM DMSO. 
If this assumption is true, then less E. coli survived when 
40 mM DSMO was adopted. Another possible reason is that 

more ∙OH was produced in the 12%-Ag/ZnO NFM disinfec-
tion system than in the 6%-Pd/ZnO system because silver 
particles have a higher activity, so that more ∙OH will be 
produced under photocatalysis. When the DMSO dosage 
was 40 mM, the 12%-Ag/ZnO NFM disinfection system 
almost lost its antibacterial effect, which proves that ∙OH 
was primarily responsible for the photocatalytic disinfec-
tion in 12%-Ag/ZnO (or 6%-Pd/ZnO) NFM under solar 
irradiation.

Antibacterial activity by Kirby‑Bauer approach

To investigate the intrinsic chemical antibacterial strength 
of the Ag-loaded and Pd-loaded ZnO NFMs (cut into 1-cm 
square blocks), a standard Kirby-Bauer approach was 
applied. E. coli was inoculated with Ag/ZnO or Ag/ZnO 
NFM on the agar plates for 24 h. ZnO NFM was also inves-
tigated for comparison. The details of the experimental pro-
cedure have been reported by Gupta (Gupta et al. 2020), and 
the results are shown in Fig. 7. An antibacterial zone existed 
around 12%-Ag/ZnO NFM and 6%-Pd/ZnO NFM, but no 
inhibition zone existed around the ZnO NFM. The inhibition 
zones of 12%-Ag/ZnO and 6%-Pd/ZnO were both increased 
by more than 3 mm after 16 h of incubation (Fig. 7).

To further confirm that this antibacterial effect was 
induced by the self-made NFM rather than the supporting 
layer, the above experiments were repeated using only the 
functional layer or the supporting layer. The results are 
shown in Figures S11 and S12. After 16 h of incubation, 
no inhibition zone was observed when only the supporting 
layer was adopted. In contrast, both the functional lay-
ers of 12%-Ag/ZnO and 6%-Pd/ZnO NFM had inhibition 
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zones, and the inhibition area increased as the incuba-
tion time was prolonged from 16 to 48 h (Figure S11 and 
Figure S12).

Furthermore, the NFs with Ag or Pd metal particles in 
contact with ZnO reduce the bandgap energy by increas-
ing the  e− −  h+ charge separation time and thus result in 
a higher antibacterial activity than the NFs containing 
only ZnO (Gupta et al. 2020; Salih 2010). It has been 
reported (Nigussie et al. 2018a,b) that noble metal ions 
inhibit the enzymes for ATP hydrolysis and expression 
of ribosomal proteins by hindering the DNA replication 
of bacteria. Lam’s team confirmed that Ag/ZnO micro/
nanoflowers can severely cause the bacterial cells rup-
tured, leading to leakage of membrane integrities such 
as nucleic acids and proteins and consequently led to cell 
death (Lam et al. 2018). The valence band electrons in 
these nanoparticle materials (NPM) under sunlight with 
the photons of energy greater than or equal to ZnO band 
gap electrons can be excited to the conduction band pro-
ducing an equal number of holes in the valence band, 
simultaneously. Because the conduction band energy 
level of ZnO NPM is higher than that of the intraband 
state of Ag-loaded ZnO and Pd-loaded ZnO NFM, elec-
trons can flow from ZnO to Ag-loaded/Pd-loaded NFM 
(Yamanaka et al. 2005; Ashebir et al. 2018). So, oxygen 
vacancy defects and Ag/Pd on the surface of ZnO NFM 
trap electrons and prevent the recombination of e−

CB
+ h

+

vb
 pairs. 

Here, the intraband state of Ag maybe lower than Pd; 
this is why Ag-loaded ZnO NFM has a higher photocata-
lytic efficiency than Pd-loaded ZnO NFM (Chen et al. 
2008). These results demonstrate that ZnO NFM alone 
had no significant antibacterial effect, while the noble 
metal-loaded ZnO NFM had a significant antibacterial 
effect, and the 12%-Ag/ZnO NFM had better antibacterial 
performance than the 6%-Pd/ZnO NFM.

Conclusions

In this study, Ag-loaded and Pd-loaded ZnO NFMs were 
successfully fabricated by e-spin, followed by the alcohol-
thermal method. The SEM, EDS, and XRD tests proved 
that the Ag and Pd noble metal particles were uniformly 
deposited on ZnO NFs, and the optimal loading rates of 
Ag and Pd were 12% and 6% (by weight), respectively. 
The 12% Ag and 6% Pd on ZnO were quite a lot for the 
best performance due to the difference of atomic radius, 
molecular weight and particle size after loading between 
Ag and Pd.

Besides, 10 mg/L MO solution could be completely 
decolorized when both the 12%-Ag/ZnO NFM and 6%-Pd/
ZnO NFM were used as the photocatalysts with 30 min 
of UV irradiation. Besides the azo dye MO, MG and MB 
could also be effectively decolorized in 12%-Ag/ZnO NFM 
and 6%-Pd/ZnO NFM photocatalytic systems. The solution 
pH, catalyst usage, and dye concentration all affected the 
photocatalytic treatment efficiency. The better decoloriza-
tion results were observed in acidic solution with lower 
dye concentration and suitable catalyst dosage, and the 
best decolorization result was observed when the initial 
pH was 4 in both the 12%-Ag/ZnO NFM and 6%-Pd/ZnO 
NFM photocatalytic systems.

Moreover, ultraviolet irradiation used alone had a 
strong E. coli disinfection effect, while the photocata-
lytic inactivation rates with the 12%-Pd/ZnO NFM and 
6%-Ag/ZnO NFM were significantly improved under solar 
and UV irradiation. In addition, the ∙OH scavenger test 
demonstrated that ∙OH was primarily responsible for the 
photocatalytic disinfection in the 12%-Ag/ZnO (or 6%-Pd/
ZnO) NFM under solar irradiation. The antibacterial activ-
ity determined by the Kirby–Bauer approach revealed that 

Fig. 7  Antibacterial test for different NFM materials. (Experimental conditions: target bacterial was E. coli, T = 37 °C, incubation time was 16 h, 
the materials were cut into ~ 1 cm square block)
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ZnO NFM alone had no significant antibacterial effect, 
while the noble metal-loaded ZnO NFM had a significant 
antibacterial effect, and the 12%-Ag/ZnO NFM had better 
antibacterial performance than the 6%-Pd/ZnO NFM.

Overall, the present self-made Ag-loaded and Pd-loaded 
ZnO NFMs can be adopted as effective photocatalysts 
for dye decolorization and E. coli disinfection in water 
treatment.
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