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ABSTRACT

Photocatalysts and adsorption material are used in several processes including the destruction of
organic pollutants in drinking water treatment. Although titanium dioxide and zeolite are consid-
ered as powerful, adsorbent, radical producers, their particles are small, making particle separation
difficult. In this research, a novel process to immobilize catalyst particles to aid particle recovery
is developed, and its efficacy in removing organic pollutants in water is evaluated. The process
involves the impregnation of titanium dioxide and zeolite particles into hollow fibers made from
polyvinylidene fluoride (PVDF), forming both photocatalytic hollow fibers (PCHF) and photocat-
alytic adsorption hollow fibers (PCDHF). Dimethylacetamide (DMAc) was used as the solvent,
and water was used as an external coagulant during spinning of the PCHF. The PCHF were syn-
thesized at different PVDF/TiO, and DMAc/water ratios, respectively. As indicated in the experi-
mental results, both nitrobenzene (NB) and Microcystis were degraded by the developed PCHF.
At a fiber dose of 0.4 g/L, NB was degraded from 80 to 32 mg/L within 90 min. The process fol-
lowed second-order kinetics to nitrobenzene (NB) and hydroxyl radicals with a rate constant of
5.0 x 10° M/s and hydroxyl radical concentration of 1.74 x 102 mol/L. 1 g of zeolite (Hisiv 6000)
can adsorb about 10 mg of ammonium nitrate. Although further research is still needed, this
study demonstrates that the developed PCHF and PCDHF can produce radicals and increase

treatment efficiency, and therefore could be applied to remove organic pollutants from water.
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1. Introduction

Water is vital to human life [1]. Water reservoirs are the
most important source of public water supply globally, as
rivers and stream levels are inconsistent [2,3]. However, the
influx of large amounts of nitrogen and phosphorus nutri-
ents in recent years has caused eutrophication to become
increasingly serious, resulting in the frequent appearance
of algal blooms in many reservoirs. These present poten-
tial risks of toxins and undesirable odors in the public
water supply, as well as complicating water treatment and
increasing water usage risks [4,5]. An influx of algae causes
toxicity in reservoir raw water areas after its rupture and
death. However, the biggest risk is at the water supply

terminal where chlorine is often added as a disinfectant.
Chlorine destroys algae, subsequently producing toxins
and carcinogenic N-nitrosamines [6]. Currently there is no
effective method for inhibiting or degrading algae toxins
and N-nitrosamines in water sources or terminal water sup-
plies. Moreover, when raw water containing a large amount
of nutrients is introduced into industrial water, several of
the nutrients, including nitrogen and phosphorus [5], are
regarded as reusable resources. Discharging nutrient-rich
wastewater into the natural environment leads to a weak-
ening of the ecosystem, and the consequent ammonium
nitrate problem will not only appear in domestic water
but also in industrial wastewater, thus causing serious
water pollution [7].
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Nitrates (especially ammonia) are essential to human life,
but excessive wastewater discharge containing these nutri-
ents causes environmental problems [8,9]. It is necessary to
remove ammonia from wastewater to avoid potential envi-
ronmental pollution and reduce conventional ammonia
production to reduce greenhouse gas emissions [10].

TiO, photocatalysis is becoming an increasingly inter-
esting oxidation process in air cleaning as well as water
treatment. In water purification, its main advantage is the
ability to completely mineralize organics due to the pho-
to-generation of OH" radicals in water via the OH groups
on the TiO, surface [11,12]. The principle of photocataly-
sis is simple; namely a catalyst harnesses (UV) radiation
energy from sunlight to break down different substances.
Photocatalysis can break down a variety of organic mate-
rials, including organic acids, estrogens, pesticides, dyes,
crude oil, microbes (including viruses and chlorine resis-
tant organisms), inorganic molecules such as nitrous
oxides (NOx), and can also remove mercury and heavy
metals through precipitation or filtration. However, some
disadvantages also persist. For instance, the separation of
fine particles is a slow and expensive process as the UV
light penetration is limited due to the strong TiO, adsorp-
tion and dissolved organic species. Some researchers
have attempted to minimize these problems by immobi-
lizing TiO, on various materials such as glass plates [13],
porous glass [14], tubes [15], zeolite [16], and fiberglass
mesh [17-19].

Under UV (A < 390 nm), it is highly reactive with
a band gap above 3-3.2 eV, and thus, optically stimu-
lated electrons (e7) in the conduction band and electric
holes (h*) in the valence electron band may be generated.
After excitation from the valence band to the conduction
band, free holes may be produced in the valence band.
Photo-generated electrons contribute to the generation
of reactive oxygen species (ROS), resulting in photocat-
alyst reactions that enhance photocatalytic degradation,
while e~ and h* react with H/O and O, adsorbed on the
surface of TiO,, forming active groups including OH
and O;. In addition, TiO, possesses a high capacity for
oxidative decomposition and forms super hydrophilic-
ity as a chemical phenomenon due to relevant reactions.
However, TiO, photocatalysis has some inherent disad-
vantages, which limit the TiO, efficiency during photo-
catalytic processes. Furthermore, UV is used to irradiate
TiO, as the corresponding band gap is about 3.2 eV.
The TiO, photocatalytic efficiency is not high enough
in sunlight containing only about 5% UV light [19-21].
The photocatalytic reaction mechanism is as follows [21]:

*  When photocatalysts are excited by light, electron-hole
pairs (hv Z E_ = 3.2 eV) form.

TiO, +hv — (e;b) + (h:b)

¢ Electrons and oxygen molecules adsorbed on the sur-
face form superoxide molecules.

0,+(e,) >0,

2

e FElectric hole oxidizes the water molecules adsorbed on
the surface to form hydroxyl radicals.

H,0+(h;,)>H" +OH"

¢ Hydrogen peroxide is produced in the process.

0, +H' - HO;

2HO; - H,0,+0,
* Hydrogen peroxide forms hydroxyl radicals.
H,0,+e" ->OH' +OH"

e After continuous attacks by hydroxyl radicals, the
organic compounds are oxidized.

Organic compounds + OH" - R'+H,O

* Organic compounds directly oxidize with the electric
hole.

Organic compounds + (h;b) - CO,+H,0

In this study, nitrogen-modified titanium dioxide is
introduced to promote photosensitivity. Doping with
non-metals is conducted for two reasons: (1) to lower the
titanium dioxide energy gap by raising the valence electron
band, or form extra holes by adding non-metals with a dif-
ferent valency, thus reducing the bonding of electron hole
pairs; (2) to change titanium dioxide physical properties
such as its surface area and pore size. Moreover, some stud-
ies have directly modified titanium dioxide, so as to reduce
its energy gap, enhance its reaction ability, and increase its
reaction rate [22,23].

Among organic polymer materials, polyvinylidene
fluoride (PVDF) is commonly used in ultrafiltration (UF),
microfiltration (MF), and pervaporation (PV) membrane
manufacturing processes due to its excellent thermal
stability and chemical resistance to aggressive reagents
including organic solvents, acids, and bases [24]. The
obtained PVDF membranes are characterized by good
tensile strength and an asymmetric separation structure.
Pure PVDF membrane is susceptible to contamination by
proteins and other impurities during water and wastewa-
ter treatment, resulting in a sharp drop in its water flux
[25]. Although its hydrophobic nature promotes the selec-
tive adsorption and transport of organic components in
an organic/water feed solution, the neat PVDF membrane
is liable to contamination of proteins and other impuri-
ties in the process of water and wastewater treatment,
leading to a sharp drop in pure water flux of the mem-
brane [26]. There have been several studies on improving
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PVDF membrane performance including utilizing phys-
ical blending, chemical grafting, and surface modifica-
tion [27,28]. Among these methods, the polymer blending
has the advantage of easy phase-inversion preparation.

TiO, has received significant attention owing to its sta-
bility, availability, and application potential in the fields of
painting, catalysis and photocatalysis, batteries, and cosmet-
ics, etc. In water treatment, TiO2 is often used as a photocat-
alyst to accelerate the degradation of organic contaminants.
When dispersed into PVDF membrane, TiO, nanoparti-
cles improve the hydrophily of the membranes, enhance
the flux, and facilitate the photocatalytic degradation of
several organic compounds [29].

In this research, titanium dioxide was selected as the
research material. Titanium dioxide has photocatalytic
reaction characteristics, stable chemical properties, is
non-toxic and cheap. Under ultraviolet light, it can con-
vert light energy into chemical energy, release hydroxyl
radicals with high oxidizing ability (OH*) and degrade
and mineralize water pollutants. However, the oxidiz-
ing ability of most TiO, is only activated ultraviolet pho-
tocatalysis, which is not only energy-consuming but also
disadvantageous to its application. In view of this, nitro-
gen atom-doped modified titanium dioxide (N-doped
TiO,) was also used in this study to facilitate catalysis to
increase oxidizing ability under visible light, enabling field
application [30]. In practice, applying TiO, as a catalyst is
problematic as its particles are tiny, difficult to disperse
in solution, and challenging to recycle, which can easily
cause secondary pollution. Therefore, in this study, tita-
nium dioxide was combined with hollow fiber to create a
new material. Using titanium dioxide powder, allows it to
be completely and uniformly dispersed on the fiber struc-
ture and surface. This greatly increases the contact area
and mass transfer rate and also allows the materials to be
reused. The novel photocatalytic hollow fibers (PCHFs)
developed in this research can be specifically designed
with a suitable ratio and type according to varying water
quality and pollutants, which improves the treatment
efficiency.

Removal and recovery of ammonia from wastewater
has always been a major issue globally, and is key to real-
izing a sustainable nitrogen cycle and circular economy.
Air stripping is a comprehensive method available for
the direct simultaneous removal and recovery of ammo-
nium nitrate from wastewater using chemical additives
to adjust the pH in advance. By using a photocatalyst for
catalysis and hollow fiber for adsorption, chemical use
can be avoided [31-33]. Zeolites are used as ion exchange
agents, adsorbers, catalysts, desiccants, molecular sieves,
fertilizers, soil enrichment agents, etc. Some specific zeo-
lites have a high adsorption and ion exchange capacity,
ion exchange selectivity, catalytic activity, and structural
stability up to 700°C-750°C [31-34]. With hydrophilic sur-
faces, regularly arranged molecular level pores, and the
capacity for cation exchange, zeolites are good adsorbents
of metal ions, catalysts, and organic compounds. Zeolites
also have a high selectivity and treatment efficiency for
ammonium nitrate pollution [35]. After adsorption sat-
uration, the zeolites can be regenerated using a sodium
chloride or potassium chloride solution. The regeneration

solution is then treated with sodium hypochlorite, which
may cause nitrogen to escape from the ammonium
nitrate. The zeolites may also be regenerated following
adsorption saturation at 350°C-650°C for reuse [36-38].

Adsorption and catalysis technologies are the most
common ways to remove and concentrate organic and
inorganic pollutants in water but have many issues such
as unsatisfactory treatment effects, high cost, and exces-
sive waste due to a limited reaction contact area and over-
all low mass transfer rate. The aim of this study, was to use
the large surface area and porosity of hollow fibers, as well
as catalysts, to resolve the reaction area and mass transfer
resistance issues. As a result, the fibers could be used in
water treatment materials and technology to improve water
treatment efficiency while reducing cost and waste [39,40].

However, regardless of whether titanium dioxide or
zeolite powder is used as the water treatment agent, sec-
ondary pollution caused by the fine powders chosen for the
high surface area, is not the only consideration. Therefore,
this study presents a new treatment technology for immo-
bilizing such powders to guarantee treatment efficiency.
The technology is simple and convenient to use without
any secondary pollution. Photocatalytic hollow fibers
(PCDHFs) can realize a multi-effective treatment after
zeolites are added to the photocatalytic fibers as adsor-
bents. With both photocatalysis and adsorption effects,
PCDHFs are more suited to practical use.

2. Experimental materials

The photocatalytic material used for the hollow fibers
was TiO, P25, purchased from Degussa, and polyvi-
nylidene fluoride (PVDF) was used as the polymer. N,N-
dimethylacetamide (DMAc) was used to prepare the
polymer solution. Distilled water was used as an internal
coagulant and tap water was used as the external coagulant.

The photocatalytic material for the hollow fibers was
TiO, P25 purchased from Degussa, and N-doped titanium
dioxide powder. The ammonium nitrate adsorption mate-
rial was synthesized using Hisiv zeolite powder (USKY-79,
Hisiv1000, Hisiv3000, and Hisiv6000).

The N-doped titanium dioxide powder was synthe-
sized by titanium(IV) isopropoxide and melamine via the
sol-gel process. The sol-gel process can be divided into the
following steps: (1) hydrolysis and condensation polymer-
ization, (2) gelation, (3) aging, (4) drying, and (5) thermal
treatment. The principle is basically as follows: metal inor-
ganic salt and pure salt are used as precursors to compel
the solvent and solute to undergo hydrolysis or alcoholy-
sis; forming a sol in the mixing process; finally, the sol is
dried, obtaining a dry powder.

N,N-dimethylacetamide (DMAc) was used as the sol-
vent during the polymer dope preparation. Firstly, the
required quantity of organic solvent (DMAc) was added
to a 1 or 0.5 L wide-neck bottle and the desired quan-
tity of polymer (PVDF) was then slowly added. Secondly,
the bottle was placed on a rotary pump to stir the mix-
ture and form the polymer solution. After a clear polymer
solution was formed, the appropriate amount of titanium
dioxide powder was added, and the mixture was stirred
for 24 h to ensure thorough dispersion. This is essential in
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the spinning process as aggregates can lead to successful
spinning and blocking of the spinning dye.

2.1. Spinning of photocatalytic hollow fibers

The polymer solution was transferred to a stainless-steel
container and degassed for 24 h at room temperature
before spinning. This ensured that any gas bubbles were
completely removed from the polymer solution. The pres-
sure was set as 2-3 bar, using nitrogen, during spinning.
The hollow fiber spinning system is shown in Fig. 1.

Photocatalytic hollow fiber was produced using a spin-
neret, into which polymer dope was fed via nitrogen gas,
then passed through an adjustable air gap before entering
a quench bath for separation. Tap water was used as an
environmentally friendly and easily available quench bath
medium. The fiber was then passed through a coagula-
tion bath and collected on a fiber tank. Care was taken to
ensure continuity of the pressure and internal water sup-
port in order to avoid any trapped air or fiber separation to
ensure successful spinning.

Subsequently, the hollow fibers were soaked in fresh
water for 1-2 d, to ensure thorough removal of any residual
solvent.

2.2. Characterization and performance evaluation

Scanning electron microscopy (SEM) was used to char-
acterize the surface and profile of the photocatalytic hollow
fiber. The surface structure was observed using a Hitachi
S3000-N model, while the fiber performance was observed
using an Agilent 1260 UPLC. Titanium dioxide was acti-
vated and compared under UV light at 256 and 365 nm
wavelengths. Nitrobenzene (NB) and p-chlorobenzoic acid
(p-CBA) were used when determining the hydroxyl rad-
icals, since OH* radicals could not be measured directly
during oxidation, and nitrobenzene has recently been
used as an OH* radical probe compound.

2.3. Recycling of photocatalytic hollow fibers and photocatalytic
adsorption hollow fibers

The photocatalytic hollow fibers (PCDHF) degrade
pollutants mainly by the photocatalytic reaction of elec-
tronic holes for titanium dioxide. Theoretically, there is
no consumption. The main reason why the degradation
efficiency is reduced during the application process is
that the PCDHF surfaces are blocked by organic pollutant
coating, and thus, the area available for photoreaction is
reduced. Relevant regeneration methods are employed to
remove organics on the surface with sodium hypochlorite
disinfectant (0.5 mol/L).

The photocatalytic adsorption hollow fibers PCDHFs
produce hydroxyl radicals which degrade organics in water
via photocatalysis, and realize wastewater ammonium
nitrate adsorption due to the high specific surface area
of porous zeolites. After adsorption saturation, PCDHFs
are cleaned with 10% hydrochloric acid for desorption,
and ammonium chloride is obtained after crystallization
of the desorption agent. The cleaned PCDHFs can then be
recycled.

Automatic pulley+

Water pump-

water:

Coagulation bath.

S
Fiber tank-

Fig. 1. Photocatalytic hollow fiber spinning system.

3. Result and discussion

X-ray diffraction (XRD) was used for a characteristic
analysis and detailed investigation of the crystal image
and lattice size changes of modified titanium dioxide
under different conditions. During the study, eight tita-
nium dioxide powders were prepared with different
nitrogen content, under different calcination temperatures.
The molar ratios of nitrogen to titanium/calcination tem-
peratures for the powders were 0% 400°C, 0% 500°C, 15%
400°C, 15% 500°C, 20% 400°C, 20% 500°C, 25% 400°C, and
25% 500°C, respectively. The XRD analysis results, pre-
sented in Fig. 2A and B, indicate that with molar ratios of
nitrogen to titanium of 0%, 15%, 20%, and 25%, the tita-
nium dioxide lattice size at a calcination temperature of
400°C was about 40%-50% smaller than at 500°C. At the
same time, there were several correlations between the
crystal phase and titanium lattice size; (1) The smaller the
lattice size, the larger the specific surface area, and the
higher the excitation effect of the hydroxyl radicals after
light absorption; (2) The band gaps of the anatase and
rutile crystal phases were roughly 3.2 and 3 eV, respec-
tively; (3) The anatase crystal phase photoactivity was
better than that of the rutile crystal phase. Therefore, the
titanium dioxide effect at 400°C was predicted to better
than at 500°C. In addition, for modified and unmodified
titanium dioxide at a calcination temperature of 400°C,
only 15% of the nitrogen-modified titanium dioxide
exhibited a crystal phase transformation from anatase to
rutile, while the excitation of rutile occurred more readily
than for anatase.

Fig. 3A and B show the SEM micrographs of photocat-
alytic hollow fiber prepared with about 30 wt.% TiO,. The
pore size ranged from 0.5 to 3.0 um. The TiO, nanoparti-
cles were deposited on the surface and inner pores of the
PVDF hollow fiber, as shown in Fig. 4A and B.

Fig. 5A illustrates the results of nitrobenzene photo-
degradation by photocatalytic hollow fiber. As shown,
probe compound nitrobenzene rapidly degraded in
the initial 10 min, then the reaction rate slowed down.
Fig. 5 also shows that the removal efficiency using solid
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Fig. 2. XRD results of nitro-modified titanium dioxide powders with different molar ratios of nitrogen to titanium, at a calcination

temperature of (A) 400°C and (B) 500°C.
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Fig. 3. (A) (PVDE/DMAc, 20/80) photocatalytic hollow fiber (Surface SEM) and (B) (PVDF/DMACc, 20/80) photocatalytic hollow fiber

(Profile SEM).

photocatalytic fiber is higher than when using TiO, pow-
der; the photocatalytic hollow fiber specific surface area
and hydroxyl radical burst size are higher than those of
the TiO, powder. Fig. 5B shows the different ratios for
polymer and DMAc, where the optimum condition is
at a ratio of 20:80 (polymer/DMACc).

The application mainly focuses on using sunlight as
the photocatalyst activation light source. Therefore, sun-
light was used as the light source in this experiment. Six
samples of titanium dioxide powder, prepared under dif-
ferent conditions, were added to p-CBA solution with a
concentration of about 5 mg/L; the sampling interval was
2 h, and the experiment lasted for about 6 h. The purpose
was to explore the degradation of p-CBA under sunlight
at the same time. The initial pH value for the experiment
was 7.0, and remained constant throughout the experi-
ment.The experimental parameters are as shown in Table 1.

The p-CBA integral area of the sample was tested by high
performance liquid chromatography (HPLC), then con-
verted into p-CBA concentration on the basis of “Fig. 6
Calibration curves of the concentration and integral area of
p-CBA”. In addition, the changes in p-CBA concentration
of the six samples were obtained, as shown in Fig. 6.

Fig. 6 presents the degradation of p-CBA by titanium
dioxide, modified under different conditions. The fitted line
shows the reaction kinetic rates obtained under the assumed
first-order degradation condition. As clearly demonstrated
in the figure, the p-CBA degradation degree of titanium
dioxide, modified under different conditions, is ranked
as follows: 15% 400°C > 20% 400°C > 25% 400°C > 20%
500°C > 25% 500°C > 15% 500°C. The degradation kinetic
parameters are summarized in Table 1, and reveal that the
reaction kinetic rate can be increased 5-10 times under the
optimum modification conditions. As clearly observed
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Fig. 4. (A) (PVDF/DMACc, 20/80) photocatalytic hollow fiber (Surface EDS) and (B) (PVDE/DMAc, 20/80) photocatalytic hollow fiber

(Profile EDS).
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Fig. 5. Results of nitrobenzene photodegradation by photocatalytic hollow fiber: (A) the removal efficiencies by using TiO, powder
and photocatalytic hollow fiber and (B) different ratios (polymer/DMAc).

Table 1
OH?" kinetic rate constant

Condition Kinetic rate constant (S) R?

15% 400°C 2.1x10* 0.998
15% 500°C 1.6 x10° 0.692
20% 400°C 1.7 x 10+ 0.999
20% 500°C 5.8 x10° 0.972
25% 400°C 1.5x10* 0.998
25% 500°C 5.8 x10° 0.925

from the reaction kinetic rate constants in Fig. 6 and
Table 1, the modification effect at a calcination tempera-
ture of 500°C is inferior to that at 400°C (approximately
50% less). Nevertheless, for the N-doped titanium dioxide
powder calcinated at 400°C, the best reaction effect was

obtained under the conditions of 15% 400°C as the p-CBA
was almost fully degraded during 6h of sunlight irradiation.

Fig. 7 demonstrates that N-doped titanium dioxide can
effectively activate OH* under visible light (Fig. 7A). When
hydroxyl radicals exist in natural water, they can sup-
press algal growth. In terms of the correlation between cell
integrity and algal toxins, photocatalytic fibers can destroy
algae cells and effectively inhibit the generation of algal
toxins (Fig. 7B). When algae in natural water reacts with
hydroxyl radicals, algae cells are destroyed by oxidization,
releasing algal toxins. Meanwhile, the algal toxins are rap-
idly degraded by the hydroxyl radicals, hence realizing
the inhibition of algal growth.

Zeolite can adsorb ammonium nitrate to some extent.
The experimental results show that Hisiv6000 (Fig. 8A)
performs the best. However, its performance is sig-
nificantly influenced by the calcination temperature
during the manufacturing process. When the calcination
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S 15%400°C *— 0% 500°C |
= 15% 500°C B 559%400°C

temperature is increased to 400°C, its adsorption capac-
ity is several times that of zeolite calcinated at 100°C.
i Meanwhile, optimized conditions are conducive to the

T 20%400C. T 25%500°C adsorption of ammonium nitrate. 1 g of zeolite can adsorb
B about 10 mg of ammonium nitrate, which increases as the
calcination temperature rises.

We have attempted to create a double-layer hollow
fiber structure to achieve both photocatalysis and adsorp-
tion. The organic matter adsorbed in the column can be
. efficiently further oxidized by photocatalyst. When using
a zeolite and titanium dioxide compound under ultravio-
let light, the titanium dioxide activates hydroxyl radicals
and oxidizes the ammonium nitrate organic substances.
Subsequently, the remaining ammonium nitrate can be
adsorbed by Hisiv 6000 zeolite. This enables the almost total
400 degradation of ammonium nitrate, as shown in Fig. 9.
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Fig. 9. Test on the ammonia nitrogen degradation performance of
zeolite and TiO, mixed photocatalytic fibre.

hollow fiber, achieving an increased hydroxyl radical burst
size rate and specific surface area. Through experimen-
tal analysis, it was confirmed that fixed titanium diox-
ide in photocatalytic hollow fiber demonstrated a higher
removal efficiency of organic compounds in water, and
the photocatalytic hollow fiber was more easily recycled.
In addition, the NB removal efficiency as directly propor-
tional to the titanium dioxide content in the hollow fibers,
and the efficiency under UV with a wavelength of 254 nm
was better than with a wavelength of 365 nm. The research
results demonstrate that the developed PCHF can pro-
duce radicals and therefore can be applied in removing
organic pollutants during water treatment.

For the treatment of ammonium nitrate, we compared
four adsorbent materials (USKY-790, Hisiv1000, Hisiv3000,
and Hisiv6000). In the synthesis of adsorption hollow
fibers, the adsorption efficiency of Hisiv6000 was >85%
after forging at 400°C. In this study, we used the hollow
fiber’s ability to create a two-layer structure, by integrat-
ing TiO, photocatalysis and zeolite adsorption into the
same hollow fiber to achieve simultaneous adsorption and
oxidation in a single column, which not only improves
the treatment efficiency, but improves its applicability in
actual plant treatment.

Data availability statement

All relevant data is included in the paper or in its
Supplementary Information.
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