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In this study, nano-ZnO loaded amidoxime-functionalized wool fibers (wool-AO@ZnO) were synthesized

by radiation-induced copolymerization and in situ co-precipitation as a novel adsorbent with good

antibiofouling properties for uranium recovery. The prepared adsorbent was characterized by SEM-EDS

and FT-IR spectroscopy. Batch adsorption experiments showed that the prepared wool-AO@ZnO have

a good uranium adsorption property at pH 6.0–9.0. Meanwhile, wool-AO@ZnO displayed a good

inhibition of aerobic bacteria such as S. aureus and E. coli; of anaerobic bacteria; of sulfate reducing

bacteria; of fungus C. albicans and of mildew Aspergillus niger. After four cyclic cultivations with

microorganisms, the inhibition rate of wool-AO@ZnO to E. coli and S. aureus still remains at 77.8% and

84.9%, respectively; and a good adsorption capacity for uranium(VI) was maintained. The prepared wool-

AO@ZnO could be a promising antibiofouling adsorbent for the recovery of uranium(VI) from seawater.
1. Introduction

Nuclear energy plays an important role in the energy industry.
Uranium is the most essential resource for nuclear power.
Extraction of uranium from seawater has been paid more and
more attention in many countries since the terrestrial uranium
supply is limited. Although the uranium concentration in
seawater is only approximately 3 ppb, the total amount of
uranium in seawater is over 4.5 billion tons, which is around
1000 times larger than the entire proven uranium reserves on
land.1

Several approaches have been developed for uranium
extraction including solvent extraction,2 otation,3 ion
exchange,4 biological collection,5 precipitation6 and adsorp-
tion.7 In comparison with other methods, the adsorption tech-
nique has been thought of as a promising method due to its
ease of operation, advantageous uranium enrichment, and low
cost. However, since the complication of the ocean climate and
the presence of large excess competing ions in seawater, it is
clear that the key roles of the adsorbents in uranium extraction
from seawater are their selectivity to uranium ions, extraction
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efficiency, and its physical stability in the ocean environment.
Amidoxime groups based adsorbents have been reported
showing good selectivity toward uranium, therefore, various
matrixes have been functionalized with amidoxime groups for
uranium adsorption including polymeric bers, hydrogels,
metal organic frameworks, and natural biopolymers.8–10 Ami-
doxime functionalized wool bers have been developed for
recovery of uranium due to its good hydrophilicity and good
physical stability.10–13

Recently, the problem of biofouling in decreasing adsorption
performance and the corrosion of adsorbent has been noted by
Park et al.14 and Hu et al.15 Due to the concentration of uranium
in seawater is critical low, the adsorbents were immersed in the
seawater usually for several weeks. Therefore, a variety of
microorganisms such as aerobic bacteria, anaerobic bacteria
and fungus will adhere on the surface of the adsorbents and
thus the biofouled surface might occur. Biofouling can decrease
the adsorbents stabilities, adsorption efficiency, and elution
efficiency. It was noted that the key reason of biofouling is the
rapidly binding of the microorganisms on the adsorbent matrix
in the ocean environment. Therefore, the development of good
antimicrobial adsorbents should be a potential strategy to
prevent the biofouling. For instance, Zhang et al.16 prepared
a polymeric nonwoven fabric co-functionalized with guanidine
and amidoxime, and found that the introduced guanidine
groups could inhibit the growth of Escherichia coli (E. coli) on
the adsorbent surface. Quaternary ammonium derivatives,
guanidine derivatives, and inorganic nanoparticles have been
employed on wool bers for obtaining antibacterial func-
tions.16–18 In the other hand, inorganic nanoparticles such as Ag,
This journal is © The Royal Society of Chemistry 2019
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ZnO, and TiO2 showed a widely range of antibacterial activity.
ZnO have shown excellent antibacterial effect on fabric lms
and polymer bers.19–21 In our previous work,11 nano TiO2

loaded amidoximated wool bers could inhibit the growth of E.
coli and Staphylococcus aureus (S. aureus); and maintain good
uranium adsorption capacity. The two investigated bacteria are
belonging to aerobic bacteria. However, besides aerobic
bacteria, anaerobic bacteria and fungi are also found in the
ocean. Therefore, the biofouling resistance properties of the
promising uranium extraction adsorbents should be evaluated
for inhibiting microorganisms, including aerobic bacteria,
anaerobic bacteria, and fungi.

Herein, a novel adsorbent wool-AO@ZnO was prepared by
loading ZnO nanoparticles on amidoxime functionalized wool
bers by in situ co-precipitation and radiation-induced gra
copolymerization. ZnO nanoparticles were used for the
enhancement of antibacterial properties to amidoxime-
functionalized wool bers. The uranium adsorption property
and antibacterial characteristics such as inhibiting of aerobic
bacteria (Gram-negative and Gram-positive), anaerobic
bacteria, and fungi were evaluated.
2. Experimental
2.1. Reagents and materials

Merino wool bers were purchased from Qige Textile Company
(Tongxiang, China). Acrylonitrile and methacrylate were
purchased from Kelong Chemicals (Chengdu, China). Zinc
oxide (ZnO) (size 30 � 10 nm) was purchased from Aladdin
(Shanghai China). The stock solution of uranium (1000 mg L�1)
was prepared by dissolving UO2(NO3)2$6H2O in deionized
water. Uranium(VI) standard solution at 1000 ppm concentra-
tion was supplied by National Analysis and Testing Center
(Beijing China). All other regents were analytical grade and used
without further purication.
2.2. Preparation of wool-AO@ZnO10–12

Pristine wool bers were degreased by acetone. Aer degreas-
ing, the wool bers were immersed into 1000 mL of 1% NaOH
(m/v) and treated at 50 �C for 10 min to open the cuticle of the
wool bers, which were then taken out and washed with
deionized water till the pH value of the solution was at neutral.
Then the wool bers were dried to constant weight at 40 �C.

Co-irradiation graing method was used for preparation of
nano-ZnO particles loaded amidoxime functionalized wool
bers (wool-AO@ZnO). Briey, 1.0 g of the pretreated wool
bers were mixed with 7mL of acrylonitrile, 3 mL ofmethacrylic
acid, and 3 mL of deionized water, and a certain amount of ZnO
nanoparticles (5–20 mg) in a weighing bottle, which then was
sealed with an aluminum foil. The sealed bottle was then
radiated with 200 kGy irradiation dose under electron beam
(dose rate 15 kGy m�1, beam current 12 kW). Aerwards, the
wool bers were taken out and washed with acetone and
deionized water three times, respectively; to remove homopol-
ymers (polyacrylonitrile) and un-reacted monomers. The
This journal is © The Royal Society of Chemistry 2019
product nally dried at 40 �C to constant weight that designated
as wool-AN@ZnO.

To obtain amidoxime groups, 1.0 g of wool-AN@ZnO was
placed into 50 mL of neutralized NH2OH$HCl methanol solu-
tion (methanol: water ¼ 1 : 1, pH 7.0). The mixture was reuxed
at 70 �C for 5 h, aer which the wool bers was washed with
methanol thoroughly and dried at 40 �C. The obtained adsor-
bent was designated as wool-AO@ZnO. As controls, wool-AN
and wool-AO bers without adding ZnO nanoparticles were
prepared following the same procedures as described above.
2.3. Characterization

The FT-IR spectra of pristine wool bers, wool-AN@ZnO and
wool-AO@ZnO were recorded on a Nicolet iS10 FT-IR spectro-
photometer (Thermo Scientic, USA) by the KBr pellet method
in a range from 4000 to 600 cm�1. The morphologies of the
bers were observed by a JSM-F7500 Scanning electron micro-
scope (SEM) (Japan Electron Optical Laboratory Co., LTD,
Japan). The elemental compositions of the samples were
measured by a 51-XMX0019 X-Max Energy-dispersive X-ray
spectroscopy (EDXS) (Oxford Instruments, UK). The nitrogen
adsorption isotherms of the samples were detected by a Tristar
3000 surface area and porosity analyzer (Micromeritics, USA) at
77 K. The surface area of samples was calculated by Barrett–
Emmett–Teller (BET) equation. All tests were run in triplicate.
2.4. Batch adsorption experiments

Batch experiment was applied for studying uranium(VI)
adsorption by wool-AO@ZnO. Briey, 10.0 mg of wool-AO@ZnO
absorbent and 20 mL of a set concentration of uranium(VI)
solution were placed in a 50 mL plastic ask, shaking at a WS-
300R thermostat shaker (Wiggens, Germany) with 100 rpm for
24 h at 25 �C. While studying the effect of initial pH on the
adsorption, the pH value of the solution varied from 3.0 to 9.0,
which was adjusted by 0.1 M NaOH and 0.1 M HCl. All
adsorption experiments were conducted with an initial ura-
nium(VI) concentration of 50 ppm for 24 h at 25 �C. The kinetic
studies were performed at pH 8.0 with temperature varying
from 20–40 �C. The isotherm studies were performed with the
initial uranium(VI) concentrations varying from 10–500 ppm.
The concentration of uranium(VI) before and aer adsorption
was determined by a 2300 DV inductively coupled plasma
atomic emission spectrometry (ICP-AES) (PerkinElmer,
USA).The amount of the adsorption to uranium (mg g�1) was
calculated by eqn (1):

qe ¼ C0 � Ce

m
� v (1)

where qe (mg g�1) is the equilibrium adsorption capacity of
uranium; C0 (mg L�1) is the initial concentration and Ce (mg
L�1) is the concentration at equilibrium states of adsorption; m
and v represent the quality of absorbent (g) and volume of
uranium solution (L), respectively.
RSC Adv., 2019, 9, 18406–18414 | 18407
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2.5. Antibacterial evaluation

2.5.1. Aerobic bacteria and fungus Candida albicans. In
this study, three aerobic bacteria species, Gram-negative E. coli,
Gram-positive S. aureus, and fungus Candida albicans (C. albi-
cans) were selected to evaluate the antimicrobial properties of
wool-AO@ZnO against aerobic bacteria. The evaluation tests
were based on Chinese Standard GB/T 20944.3-2008 (Textiles –
evaluation of antibacterial activity: shake ask method) with
a slight modication. Briey, liquid lysogeny broth (LB)
medium was used for culture of E. coli and S. aureus, while C.
albicans was cultured in Sabouraud medium (SAB) (glucose 40 g
L�1, peptone 10 g L�1). Firstly, bacteria were cultivated in their
medium at 35 �C for 18 h then the cell suspensions were diluted
with PBS (0.03 mol L�1, pH 7.2–7.4) to cell density (counted in
colony-forming units (CFU)) between 1–3 � 107 CFU mL�1.
750 mg of wool-AO@ZnO, 49 mL of PBS, and 1 mL of cell
suspensions was put into a 150 mL ask, keeping cell concen-
tration at 2–6 � 105 CFU mL�1. Then the ask was shaken on
a thermostat shaker at 35 �C for 18 h exposed under visible
light. Subsequently, 1.0 mL of cell suspensions was taken out
for preparing a series of tenfold dilution with PBS, plated out in
LB agar. The plates were incubated at 35 �C for 18 h (for C.
albicans, at 28 �C for 48 h) and then counted their colony-
forming units. Pristine wool bers were used as a control. The
reduction of CFU (R) was calculated by the eqn (2):

R% ¼ ðA� BÞ
A

� 100% (2)

where A is average number of bacterial colonies in pristine wool,
and B is average number of bacterial colonies on wool-
AO@ZnO.

To investigate the antibacterial activity of wool-AO@ZnO
under prolonged bacterial environment, 15 mg of wool-
AO@ZnO was applied to follow the experiments of successive
uranium(VI) adsorption.

2.5.2. Anaerobic bacteria. Sulfate reducing bacteria (SRB)
were used for the evaluation of the inhibition of wool-AO@ZnO
to anaerobic bacteria. Firstly, 140 mL of liquid medium (pH was
adjusted at 6.85) was sterilized at 120 �C for 20 min (yeast
extract 1 g L�1, K2HPO4$3H2O 0.5 g L�1, Na2SO4 0.5 g L�1,
CaCl2$H2O 0.1 g L�1, NH4Cl 1.0 g L�1, MgSO4$7H2O 2.0 g L�1,
sodium lactate (70%) 3.5 g L�1, (NH4)2 Fe(SO4)2$6H2O 0.5 g L�1,
and ascorbic acid 0.1 g L�1). In particular, MgSO4$7H2O,
(NH4)2Fe(SO4)2$6H2O and ascorbic acid were sterilized for
30 min by UV lamp. Secondly, 10 mL of SRB solution was added
to the prepared liquid medium and cultivated at 33.5 �C for 3
days to enrichment of SRB strains. To obtain puried strains,
this process was repeated 3 times. Thirdly, 10 mL of medium
containing puried SRB strains was mixed with 140 mL of
liquid medium for a few days till some black precipitate could
be observed at the bottom of the ask. Then, 5 mL of medium
containing SRB strains was taken out and mixed with 0.1 g of
wool-AO@ZnO in a test tube, which was incubated at 35 �C for
2 h, then 1 mL of solution was taken out to prepare a series of
tenfold dilution with liquid medium (pH 7.0). The
18408 | RSC Adv., 2019, 9, 18406–18414
concentration of SRB strains was counted according to MPN
method.22 Pristine wool bers were used as a control.

2.5.3. Mildew. Aspergillus niger was selected in this study
for investigating the inhibition properties of wool-AO@ZnO to
mildew. To prepare liquid potatomedium, 200 g of potatoes was
cut into small pieces (1.0 cm3) and then was boiled for 20–
30 min. Aer ltration, the liquid was calibrated to 1000 mL.
50 mL of the liquid potato medium was used for enrichment of
Aspergillus niger for 10 h at 37 �C. Aer enrichment, the bacterial
solution was diluted 5 times with liquid potato medium
(number of spores �104). 200 mL of the diluted solution con-
taining Aspergillus niger was taken out and absorbed by wool-
AO@ZnO. It was incubated at 37 �C and 85% humidity for 5
days. The growth of the mildew on the samples was observed
periodically.
3. Results and discussion
3.1. Characteristics of wool-AO@ZnO

The FT-IR spectra of pristine wool, wool-AN@ZnO and wool-
AO@ZnO were shown in Fig. 1. The peak around 3300 cm�1

belongs to –OH and –NH2 groups of wool matrix. The peaks at
1632.8, 1545.7, and 1387.7 cm�1 are assigned to stretching
vibration of –C]O (amide I), bending vibration of –N–H (amide
II), and stretching vibration of C–N (amide III), respectively.13

The FT-IR prole of wool-AN@ZnO showed a new peak at
2245.5 cm�1 which ascribes to stretching vibration of –C^N.
Meanwhile, the stretching vibration peak (1734.8 cm�1) attrib-
uted to C]O, and the broad strong peak at 932.9 cm�1 belongs
to the bending vibration of –OH of carboxylic acid, indicating
that acrylonitrile and methacrylic acid was successfully graed
onto wool bers. Aer amidoximation, the disappearance of the
peak at 2245.5 cm�1 and a new observed peak at 929.9 cm�1

belongs to the stretching of N–O band of amidoxime group.10

The results suggested that the amidoximation reaction was
success.
Fig. 1 FT-IR spectra. (a) Pristine wool, (b) wool-g-AN-@ZnO and (c)
wool-g-AO-@ZnO.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03777b


Fig. 2 The SEM and EDS profiles of wool samples. (a) Pristine wool; (b) wool-AO; (c and d) wool-AO@ZnO; (e) EDS profiles of wool-AO; (f) EDS
profiles of wool-AO@ZnO.
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SEM and EDS proles of pristine wool and wool-AO@ZnO
were shown in Fig. 2. A clear and smooth scale layer could be
observed on the SEM proles of pristine wool (Fig. 2a), illus-
trating that the structure of wool was relatively complete before
co-irradiation reaction. While aer co-irradiation the exterior
structure of wool-AO was damaged seriously (Fig. 2b) and the
surface of wool-AO became rough since the polymers were
graed on. Moreover, the introduction of ZnO nanoparticles
imparted the surface of wool bers uniformly covered with
a size of 20–40 nm nanoparticles (Fig. 2d). The EDS proles of
wool-AO and wool-AO@ZnO characterized the elemental
composition on the ber surface. In comparison with wool-AO,
element Zn was observed on the surface of wool-AO@ZnO
(Fig. 2f), which further conrming that the ZnO nanoparticles
were successfully loaded onto the wool bers.
3.2. Uranium(VI) adsorption experiments

3.2.1. Effect of the initial pH. Uranium(VI) adsorption by
wool-AO@ZnO was studied in 50 mL tubes containing 20 mL of
50mg L�1 uranium(VI) solution with 10mg of adsorbent at 25 �C
for 10 h by varying the initial pH of the solution from 3.0 to 9.0
(Fig. 3a). It can be seen that the uranium adsorption capacity
increases from 25.92 to 72.53 mg g�1 with the increase in pH
from 3.0 to 9.0. When the initial pH was at 3.0, the adsorption
capacity of wool-AO@ZnO was 25.92 mg g�1. Meanwhile, ami-
doxime groups on wool-AO@ZnO are protonated, which repels
uranium(VI) cationic species, while under this pH environment,
uranium(VI) predominant exists in UO2

2+, therefore, the
adsorption capacity is relatively low. With pH increasing from
3.0 to 6.0, UO2

2+ hydrolyzes as less positively forms or even
This journal is © The Royal Society of Chemistry 2019
negative forms as UO2(OH)+ and UO2NO3
+, UO2(CO3),

UO2(CO3)2
2�, and UO2(CO3)3.4–24 On the other hand, amidoxime

groups (pHZCP 4.3)25 would be gradually deprotonated; and the
surface charge on wool-AO@ZnO would be changed from
positive to negative, leading the increase of uranium adsorp-
tion. It is interesting to see that when the pH is higher than 6.0,
the adsorption capacity keep increase gradually, which may due
to ZnO nanoparticles have a higher pHZCP (9.3)26 than amidox-
ime groups, leading the adsorption capacity enhanced and
stable at pH 6.0–9.0.

3.2.2. Effect of dosage of ZnO. The effect of the dosage of
ZnO on wool-AO@ZnO to adsorption was carried out in 50 mL
tubes containing 20 mL of 50 mg L�1 uranium(VI) solution at pH
8.0 with 10mg of adsorbent at 25 �C for 10 h (Fig. 3b). It revealed
that the uranium(VI) adsorption capacity shows a rising
tendency with increasing the dosage of ZnO, which had a peak
of uranium(VI) adsorption at 62.8 mg g�1 when the dosage of
ZnO was up to 1.0%. The results can be explained in two
aspects. ZnO nanoparticles loaded onto the surface of wool-
AO@ZnO display a positive charge (pHZCP 9.3), while ura-
nium(VI) is mainly in the form of negatively charged when pH at
8.0, which contributed to the adsorption of uranium on wool-
AO@ZnO. On the other hand, nano-ZnO itself showed adsorp-
tion property to uranyl groups.27–29 Nevertheless, excessive
dosage of ZnO can weaken the surface effect of ZnO nano-
particles for generation of agglomerated particles which
reduces the adsorption sites,30 which drop down the adsorption
capacity.

3.2.3. The effect of contact time. The effect of contact time
on the adsorption of uranium(VI) onto wool-AO@ZnO was
RSC Adv., 2019, 9, 18406–18414 | 18409
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Fig. 3 Uranium adsorption by wool-AO@ZnO. (a) Initial pH, (b) dosage of ZnO, (c) contact time, (d) initial concentration of uranium.

Table 2 Parameters of Langmuir and Freundlich models for uranium
adsorption by wool-AO@ZnO

Langmuir Freundlich

kL (L g�1) qm (mg g�1) R2 kF n R2

0.0095 95.6022 0.9286 6.2864 2.5560 0.8796
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studied in 250 mL Erlenmeyer asks containing 100 mL of
50 mg L�1 uranium(VI) solution with 10 mg of wool-AO@ZnO at
25 �C and pH 8.0. The relationship between adsorption amount
(qt) and contact time (t) is shown in Fig. 3c. It is clear to show
that the rate of adsorption uranium(VI) onto wool-AO@ZnO was
rapid during the rst 100 min, and then slowed down gradually
to reach the equilibrium at around 400 min. The adsorption
capacity at equilibrium is 62.52 mg g�1. The rapid adsorption
rate might due to enough active sites available for adsorption at
the early adsorption stage. The saturation of active adsorption
sites and the decrease in uranium(VI) concentration cause the
adsorption rate slow down. To ensure the adsorption process
reaches equilibrium, the subsequent experiments were per-
formed with 10 h.

Kinetic models like pseudo-rst-order, pseudo-second-order,
and Elovich models31 were applied for tting the experimental
Table 1 Kinetic parameters for uranium adsorption by wool-AO@ZnO

Pseudo-rst order Pseudo-second order

k1 qe R2 k2 qe
12.9482 31.0270 0.8952 0.0002 75.5

18410 | RSC Adv., 2019, 9, 18406–18414
data (Fig. S1†). The calculated parameters are listed in Table 1.
The results indicate that the kinetic behavior of uranium(VI)
adsorption on wool-AO@ZnO is tted well with pseudo-second-
order model, with the correlation coefficient (R2) value of 0.99.
The result implies that chemical adsorption was responsible for
the adsorption of uranium(VI) by wool-AO@ZnO, which is
similar to our previous report.11
Elovich

R2 a b R2

858 0.9964 3.0538 0.0802 0.9208

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Antibacterial properties of wool fiber. (a) Wool-AO-@ZnO and (b) pristine wool cultured with E. coli; (c) wool-AO-@ZnO and (d) pristine
wool cultured with S. aureus; (e) wool-AO-@ZnO and (f) pristine wool cultured with C. albicans.
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3.2.4. Effect of initial concentration of uranium(VI) ions.
The effect of the initial concentration of uranium(VI) on the
adsorption was carried out at 25 �C using various initial concen-
trations (10–500mg L�1) at pH 4.0, since while the pH is above 4.0,
precipitationmay be occurred at a high uranium(VI) concentration.
The results showed that the adsorption capacity increases with
increasing the initial concentration of uranium(VI) (Fig. 3d). In
order to elucidate the nature of the adsorption process and
adsorptionmechanism, the experimental data were evaluated with
adsorption isotherm models, Langmuir model32 and Freundlich
model33 (Fig. S2,† Table 2). The results show that the Langmuir
Fig. 5 Antibacterial properties of wool fibers. (a) Wool-AO-@ZnO and (b
wool cultured with Aspergillus niger.

This journal is © The Royal Society of Chemistry 2019
model is applicable to t the behavior of uranium(VI) adsorption
onto wool-AO@ZnO, with an R2 value of 0.93, suggesting a mono-
layer uniform adsorption mode for wool-AO@ZnO adsorbing
uranium(VI). The maximum uranium(VI) adsorption capacity (qm)
of wool-AO@ZnO calculated by the Langmuir isotherm function
was 95.60 mg g�1.
3.3. Antimicrobial evaluation

3.3.1. Aerobic bacteria. In this study, the properties of
wool-AO@ZnO against aerobic bacteria E. coli and S. aureus
) pristine wool cultured with SRB; (c) wool-AO-@ZnO and (d) pristine
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Fig. 6 SEM images of wools cultured with E. coli (a), S. aureus (c), C. albicans (e), SRB (g) and SEM images of wool-AO@ZnO cultured with E. coli
(b), S. aureus (d), C. albicans (f), SRB (h) for 24 h.
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were investigated by culturing them together in LB medium at
35 �C for 18 h; and then taking 1 mL of the medium cultured on
LB agar plate. The pristine wool bers showed no inhibition
effect to both Gram-negative and Gram-positive bacteria, many
18412 | RSC Adv., 2019, 9, 18406–18414
colonies of survival bacteria were found on the plate (Fig. 4a and
c). Moreover, the living bacteria were occupied among the whole
culture medium aer 18 h cultivation. In contrast, culturing
with wool-AO@ZnO, only a few of bacteria could be observed
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Antibacterial properties of wool-AO@ZnO after cyclic cultiva-
tion and uranium adsorption and desorption.

Table 3 Uranium adsorption after contacting with bacteria 4 cycles

Sample
E. coli
(mg g�1)

S. aureus
(mg g�1)

Wool-AO 17.7 15
Wool-AO-@ZnO 46.5 57.6
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(Fig. 4b and d). The results illustrate that wool-AO@ZnO was
possessed of excellent antibacterial effect to aerobic bacteria.
The results indicate good antimicrobial properties of wool-
AO@ZnO should be due to the loaded ZnO nanoparticles.
Two mechanisms are related to ZnO nanoparticles restrain the
growth of microorganisms. ZnO nanoparticles under light will
produce highly active free radicals such as hydroxyl radicals
(OHc), superoxide anion radicals (O2c

�) and perhydroxyl radi-
cals (HO2c) which damage the cell structure of microorganisms,
leading to the destruction and complete decomposition.34

Moreover, ZnO nanoparticles will release Zn2+ ions that may
bind together with protein and enzyme as well as microbial
nucleic acids to prevent microbial replication.35 Furthermore,
the reduction of CFU showed that the antibacterial efficiency of
wool-AO@ZnO against S. aureus and E. coli was both at 99.9%.

3.3.2. Anaerobic bacteria (sulfate reducing bacteria).
Sulfate reducing bacteria (SRB) are a kind of anaerobic micro-
organism utilizing reduction of sulfate to provide energy. When
SRB largely proliferate, sulfate (SO4

2�) is converted into S2�.
Meanwhile, Fe2+ can combine with S2� in aqueous solution,
forming FeS, a black precipitation. Moreover, wool-AO@ZnO
showed a good restraining effect on SRB (Fig. 5). No precipita-
tions could be observed in the tubes containing wool-AO@ZnO
(Fig. 5a), while black precipitations could be observed in the
tubes containing pristine wool bers, illustrating pristine wool
bers showed no inhibition to the growth of SRB (Fig. 5b).
Quantitative evaluation showed that the antibacterial efficiency
of wool-AO@ZnO to SRB was at 95%, which suggesting that
This journal is © The Royal Society of Chemistry 2019
wool-AO@ZnO can effectively inhibit the growth of anaerobic
bacteria.

3.3.3. Fungus C. albicans. The properties of wool-AO@ZnO
against fungus C. albicans were investigated by culturing in SAB
medium at 35 �C for 18 h; and then taking 1.0 mL of the
medium cultured on LB agar plate. It can be seen that only
several of C. albicans colony was existed in the medium with
wool-AO@ZnO (Fig. 4c); while many colonies could be observed
in the medium cultured with the pristine wool bers (Fig. 4f).
The result indicates that wool-AO@ZnO can inhibit the growth
of fungi. The reduction of CFU calculation showed that the
inhibition of wool-AO@ZnO to fungi was 92.6% against C.
albicans. The differences in antibacterial and antifungal activity
might due to the structure of fungi was less sensitive to ZnO
nanoparticles than bacteria.36

3.3.4. Mildew Aspergillus niger. The inhibition of wool-
AO@ZnO to mildew Aspergillus niger was also investigated.
The liquid medium was fully absorbed by wool-AO@ZnO,
meanwhile, Aspergillus niger was also attached to samples.
Reproduction of Aspergillus niger mainly depends on spore
proliferation differing from other fungi. It is clearly to see that
there were many black spores around the pristine wool bers
(Fig. 5c), moreover, black spores of Aspergillus niger were scat-
tered onto other region of the plate. In contrast, wool-AO@ZnO
showed an excellent inhibition effect to Aspergillus niger and no
black spores of Aspergillus niger existed onto other region of the
plate (Fig. 5d). The results illustrated that the prepared wool-
AO@ZnO achieves excellent anti-mould property. A similar
result was reported by Hassan et al.37 and Yu et al.38

Aer 24 h cultivation with E. coli, S. aureus, SRB, and C.
albicans, the SEM proles clearly showed that much more
microorganisms were attached on the pristine wool bers than
on wool-AO@ZnO (Fig. 6). It suggests that the introduction of
ZnO nanoparticles can impart the wool bers with good anti-
bacterial properties.
3.4. Antibacterial assessment by cyclic cultivation

The antibacterial properties of wool-AO@ZnO and its ura-
nium(VI) adsorption were evaluated in 4 consecutive cyclic
cultivations with bacteria. New living bacterial solutions were
replaced aer each measurement cycle. It can be seen that the
inhibition rate of wool-AO@ZnO decreased aer cultivation
with E. coli and S. aureus (Fig. 7). Aer 4 cyclic cultivations, the
inhibition rate decreased to 77.8% (E. coli) and 84.9% (S.
aureus). The difference of their cell structure may cause the
inhibition rate of S. aureus was higher than that of E. coli.39 Aer
four cyclic cultivations, uranium(VI) adsorption of wool-
AO@ZnO still maintained at 46.5 mg g�1 (E. coli) and 57.6 mg
g�1 (S. aureus). The results indicated that the wool-AO@ZnO has
a good reusability property (Table 3).
4. Conclusions

To sum up, amidoxime-functionalized wool bers loaded with
nano-ZnO was successfully prepared by in situ coprecipitation
and radiation-induced copolymerization. The introduction of
RSC Adv., 2019, 9, 18406–18414 | 18413
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ZnO nanoparticles not only made the adsorbent an increase of
uranium adsorption capacity but also imparted the adsorbent
a good antimicrobial property. The adsorption process followed
the Langmuir isotherm and psuedo-second-order kinetic. The
maximum uranium adsorption capacity of wool-AO@ZnO was
96.2 mg g�1 from the Langmuir isotherm. Wool-AO@ZnO
showed excellent antimicrobial properties to aerobic bacteria,
anaerobic bacteria, and fungi. The inhibition of the bacteria S.
aureus and E. coli growth could be up to 99.9%, and the inhi-
bition of C. albicans could be at 92.6%. The inhibition of
anaerobic bacteria SRB could be up to 95%. Aer 4 cycles'
cultivation, the inhibition rate of E. coli and S. aureus can still
keep the initial inhibition rate at 77.8% and 84.9%, while still
maintained good adsorption capacity for uranium(VI). There-
fore, the prepared wool-AO@ZnO showed a good prospect for
extraction of uranium(VI) from seawater where multiple species
of microorganisms exist.
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