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Abstract: In recent years,  the treatment of agricultural  wastewater has been an important aspect of environmental protection.
The purpose of  photocatalytic  technology is  to degrade pollutants  by utilizing solar  light  energy to stimulate the migration of
photocarriers  to  the  surface  of  photocatalysts  and  occur  reduction-oxidation  reaction  with  pollutants  in  agricultural  wastewa-
ter. Photocatalytic technology has the characteristics of high efficiency, sustainability, low-energy and free secondary pollution.
It is an environmental and economical method to recover water quality that only needs sunlight. In this paper, the mechanism
and  research  progress  of  photocatalytic  removal  of  heavy  metal  ions  and  antibiotics  from  agricultural  water  pollution  were
reviewed by combining photocatalytic degradation process with agricultural treatment technology. The mechanism of influenc-
ing factors of photocatalytic degradation efficiency was discussed in detail and corresponding strategies were proposed, which
has certain reference value for the development of photocatalytic degradation.
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1.  Introduction

Agriculture  plays  a  critical  role  in  the  economic  develop-
ment of a country, "Ecological Agriculture" is the inevitable pro-
cedure  for  the  sustainable  development  of  modern  agricul-
ture.  The  current  conundrum  is  how  to  purify  agricultural
sewage  with  minimal  energy  expenditure  in  order  to  get  a
superior  cycle.  Due  to  improper  construction  of  the  sewage
system in agricultural production, agricultural pesticides, fertil-
izers,  livestock,  and  poultry  waste  will  not  be  treated  in  time
and  accumulate  in  agricultural  surface  water  system,  causing
serious  pollution.  It  can  even  lead  to  biological  death  and
endanger  human  health.  Pollutants  in  sewage  are  currently
treated  using  a  variety  of  technologies,  including
adsorption[1], precipitation[2], reverse osmosis, membrane sepa-
ration,  biological  approaches[3],  and  so  on.  These  treatments
have  a  complex  disposal  mechanism,  which  causes  sec-
ondary  water  pollution  during  the  transfer  of  pollutants
between  complex  waste  liquids  and  by-products[4].  Green
and  sustainable  waste  treatment  technology  deserves  our
attention  and  implementation,  which  is  also  the  develop-
ment concept of current pollution removal technology.

The  photocatalytic  oxidation  and  photocatalytic  reduc-
tion  technologies  are  advanced,  and  their  application  to
reduce  agricultural  contaminants  is  promising.  Photocataly-
sis can react at room temperature and pressure without exter-
nal  energy  input  except  for  solar  energy,  which  can  react
friendly  without  strong  acid  and  alkali  reactions.  It  has  the
advantages of sustainability, cleanliness, low energy consump-
tion,  and  no  secondary  pollution[5].  Photocatalytic  tech-
niques can convert antibiotics enriched in agricultural wastew-

ater  into  biodegradable  chemicals  or  organic  molecules  with
low  toxicity[6].  Meanwhile,  it  can  convert  high-priced  heavy
metal  ions  that  are  hazardous  to  organisms  into  low-priced
metal ions that are harmless[5], which is an emerging high effi-
ciency and energy-saving agricultural pollution control technol-
ogy.  The  core  of  this  paper  is  to  review  and  expand  the
removal process of antibiotics and heavy metal ions in agricul-
tural wastewater based on photocatalytic degradation mecha-
nism.  The  influencing  factors  and  promotion  mechanism  of
photocatalytic  degradation  were  summarized  by  analyzing
the  mechanism  and  practical  application.  The  new  progress
in  photocatalytic  degradation  can  be  explored  from  the
improved system proposed in this paper. 

2.  Mechanism of photocatalytic removal of
agricultural wastewater pollutants

EH/H+

EO/HO

Photocatalytic water splitting is the foundation of photo-
catalytic  degradation  of  agricultural  wastewater,  which
involves three steps: optical absorption, carrier transport,  and
reduction-oxidation  reaction  on  the  surface[7].  The  energy
level correlations between the band structure of various typi-
cal  semiconductor  materials  and  photocatalytic  water  split-
ting  are  depicted  in Fig.  1.  The  photophysics  principle  and
energy  band  relation  were  used  to  determine  the  reduction
and oxidation reaction conditions of photocatalytic water split-
ting[8].  The  band  gap  of  the  semiconductor  must  be  greater
than the 1.23 eV required to decompose water.  Furthermore,
thermodynamics  state  that  the  conduction  potential  be
slightly  more  negative  than  the  hydrogen  electrode  poten-
tial  ( )  to  produce  a  hydrogen  evolution  reduction  reac-
tion and that the valence band potential be slightly more posi-
tive  than  the  oxygen  electrode  potential  ( )  in  order  to
produce  an  oxygen  evolution  reduction  reaction.  Here,
SrTiO3,  TiO2,  and  CdS  are  capable  of  photocatalysis,  which
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results  in  the  evolutionof  hydrogen  and  oxygen  from  water.
The photocatalytic water hydrogen evolution reaction is possi-
ble  using  CdSe  and  Si.  Similarly,  WO3,  Fe2O3,  and  Bi2O3 can
take place photolysis water oxygen evolution reaction.

Photocatalytic technology, based on the principle of pho-
tocatalytic  water  splitting,  can  also  be  used  efficiently  in  the
field of agricultural wastewater purification. Fig. 2 depicts the
photocatalytic  removal  of  pollutants.  First,  the  photocatalyst
semiconductor  absorbs  more  light  energy  (hv)  than  its  band
gap  energy  (Eg)  and  excites  photogenerated  electron−hole
pairs  (e−−h+).  Electrons in the valence band (e−)  are photoex-
cited  to  transition  to  the  conduction  band,  which  are  called
photogenerated  electrons.  A  hole  (h+)  forms  in  the  valence
band  where  electron  is  lost,  which  is  called  photogenerated
hole.  Second,  due  to  the  diffusion  motion  of  carriers  and  the
effects of electric fields both within and outside the semicon-
ductor,  photogenerated  electron−hole  pairs  are  separated
and  migrate  to  the  semiconductor  surface.  Third,  during  the
migration  process,  the  separated  electrons  and  holes  may
recombine inside the semiconductor. Fourth, the carriers that
migrate to the semiconductor surface during the lifecycle will
be captured by the reaction sites and participate in the reduc-
tion-oxidation reaction[9, 10]. During the photocatalytic degrada-
tion of agricultural wastewater, e− can interact with O2 to pro-
duce ·OOH  and  O2

−,  while  h+ can  interact  with  OH− and  H2O
adsorbed  on  the  surface  of  catalyst  particles  to  produce ·OH.
These reactive oxide species will  participate in the reduction-
oxidation reaction of photocatalytic degradation, ·OH is a par-

ticularly active oxide among these radicals,  capable of oxidiz-
ing  and  mineralizing  a  wide  range  of  organics[11].  Further-
more,  the  contaminant  in  the  water  is  adsorbed  on  the  sur-
face  of  the  catalytic  materials,  which  increases  carrier  mobil-
ity,  improves the redox capability of the semiconductors,  and
facilitates  a  series  of  chemical  reactions  of  the  active  sub-
stances produced by the catalyst to degrade agricultural pollu-
tants  and  purify  agricultural  wastewater.  The  photocatalytic
degradation  equation  is  Eqs.  (1)–(9).  Finally,  photogenerated
electrons  and  holes  recombine  on  the  surface  of  photocata-
lysts.

Energy  is  released  as  heat  or  optical  energy  during  the
deactivation  process,  which  occurs  during  steps  3  and  5[12].
Consequently,  the  recombination  of  carriers  allows  the  pho-
toinduced excited state to transition back to the ground state
in the form of radiation or irradiation,  representing the direct
composite  luminescence  and  indirect  compound  energy
release of excitons, respectively. 

hv + Photocatalyst → e− + h+, (1)
 

e− +O →
⋅O−

 , (2)
 

⋅O−
 + H+

→
⋅OOH, (3)

 

⋅OOH → O + HO, (4)
 

HO +
⋅O−

 →
⋅OH +OH− +O, (5)

 

HO + hv → ⋅OH, (6)
 

h+ + HO →
⋅OH + H+

, (7)
 

h+ +OH−
→

⋅OH, (8)
 

Pollutants + (OH−
,h+,e−, ⋅OOH, ⋅O−

 ) →
Degradation products. (9)

 

 

Fig. 1. (Color online) Common semiconductor energy level relationships.

 

Fig. 2. (Color online) Mechanism of removal of pollutants by photocat-
alytic reactions[4].
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2.1.  Mechanism of heavy metal ions removal

Due  to  the  accumulation  of  heavy  metal  ions  produced
by  the  inappropriate  use  of  pesticides  and  fertilizers,  sewage
irrigation,  livestock  manure  emissions,  and  the  stacking  dis-
charge  of  wastes,  agricultural  water  pollution  threatens  the
health  of  organisms  and  ecological  balance.  Compared  to
other  contaminants,  the  toxicity  of  heavy  metal  ions  exceeds
the  environment's  capacity  for  self-purification.  Heavy  metal
ions  are  more  difficult  for  microorganisms  to  degrade,  and
they  are  more  likely  to  be  enriched  within  the  organism  and
then changed into a  metallo-organic  complex with increased
toxicity that endanger the organism's life and health.

Heavy  metal  elements  such  as  copper  (Cu),
plumbum (Pb),  nickel  (Ni),  mercury  (Hg),  cadmium  (Cd),
chromium (Cr) and arsenic (As) have special physical and chem-
ical  properties.  The  estimated  density  is  3.5−7  g·cm-3,  which
is  distributed  in  different  valence  states  in  nature[13].  How-
ever,  the  photocatalysis  technology  can  transform  the  high
state  harmful  heavy  metal  ions  into  the  low  state  non-toxic
heavy  metal  ions[14].  Three  mechanisms  mainly  contribute  to
the  photocatalytic  removal  of  heavy  metal  ions.  First,  direct
reduction of  metal  ions  by photogeneration e− from conduc-
tion  band.  Second,  indirect  reduction  by  intermediates
formed  by  photogeneration  removal  heavy  metal  ions  such
as  Pb2+ by  hole  oxidation  since  these  heavy  metal  ions  are
more stable when the energy level is negative and in high oxi-
dation  state[15].  For  the  direct  photocatalytic  reduction  of
metal M, the E− energy of the conduction band must be nega-
tive  relative  to  the  Mn+/M  energy  level.  Eqs.  (10)–(13)  specifi-
cally  describe  the  reaction  process  of  photocatalytic  heavy
metal  ion  removal  in  agriculture.  Manmeet  Kaur[16] synthe-
sized  calcium  ferrite/nitrogen-doped  graphene  oxide  mag-
netic  nanocomposites  (CaFe2O4-NGO),  in  which ·O2

− and ·OH
were  the  primary  photocatalytically  active  components.
Within 120 min, the removal rate of Pb(II) ions reached 84.7%
at  a  pH  of  6.0.  In  addition,  Yao  Chen[17] investigated  a  tech-
nique for selective recovery of expensive metals utilizing pho-
tocatalytic technology, which required only sunlight and pho-
tocatalyst  TiO2.  Within  16  h,  the  experiment  selectively
reduced  copper  (Cu),  silver  (Ag),  gold  (Au),  and  platinum  (Pt)
ions  with  a  98%  reduction  rate,  and  the  photocatalyst  could
be  reused  more  than  100  times.  Recovering  heavy  metals
helps increase economic benefits. 

hv + Photocatalyst → e− + h+, (10)
 

M + e− → M(s), (11)
 

HO + h+ → /O + H+
, (12)

 

M + HO + hv → M(s) + /O + H+
. (13)

 

2.2.  Mechanism of antibiotics degradation

Antibiotics  are  organic  substances  with  anti-pathogen or
other activities that are metabolites produced by microorgan-
isms  or  premier  flora  and  fauna  in  order  to  sterilize  or  pre-
vent  bacterial  growth[18].  Certain  antibiotics  may  be  utilized
in  anti-tumor  or  immunological  mechanisms[19].  Agricultural

antibiotics exhibit unique pharmacological effects at low con-
centrations  that  inhibit  the  secondary  metabolites  of
pathogenic  organisms  and  have  the  characteristic  of  easy
degradation. The five principal antibiotic classes utilized in agri-
cultural water are tetracycline, sulfonamides, macrolides, chlo-
ramphenicol, and fluoroquinolones[18].

Excessive antibiotics are enriched in soil  and water along
with  surface  water  when  untreated  contaminated  water  is
used for breeding and agricultural irrigation, which causes pol-
lution and forms a vicious cycle, even endangering the health
of  organisms  and  affecting  the  ecological  stability  of  agricul-
ture.  The  liquid  phase  photocatalytic  reaction  is  a  degrada-
tion  process  based  on  the  mechanisms  of  free  radical  oxida-
tion  and  hole  oxidation. ·OH,  which  is  produced  when  elec-
tron-hole  pairs  form  on  the  surface  of  a  semiconductor,  has
strong  chemical  activity  and  may  effectively  degrade  many
types  of  pollutants.  The  substrate  has  nearly  no  selectivity
and can be applied directly to the semiconductor's surface. In
addition, pollutants can be oxidized directly by holes, and the
oxidation  of  free  radicals  and  holes  can  facilitate  the  oxida-
tive degradation of pesticides and antibiotics into small molec-
ular  inorganic compounds,  such as H2O, CO2,  and PO4

−[18].  To
degrade  fluoroquinolone  antibiotics,  Zeynab  Khazaee[20] syn-
thesized Cu and Bi bimetallic alloy nanosheets coated with sur-
face-functionalized  multi-walled  carbon  nanotubes.  Large
amounts  of ·O2

− and ·OH  were  generated  in  the  photocat-
alytic  process to contribute to the degradation process at  pH
7,  and  the  final  degradation  rates  of  ciprofloxacin  and  nor-
floxacin were 88.7% and 86%, respectively. Eqs. (14)–(18) indi-
cate the photocatalytic degradation of antibiotics. 

hv + Photocatalyst → e− + h+, (14)
 

e− +O →
⋅O−

 , (15)
 

⋅O−
 + HO → OH− + HO +O, (16)

 

HO + e− →
⋅OH +OH−

, (17)
 

Antibiotics + (⋅OH, ⋅O−
 ,h

+) → Degradation Products.
(18)

 

3.  Application of photocatalytic degradation of
agricultural wastewater

With the continuous development of agricultural technol-
ogy,  drugs  to  prevent  crop  diseases  are  gradually  widely
used, but improper treatment also leads to the emergence of
pollution  sources.  Effective  control  of  environmental  pollu-
tion  has  become  a  worldwide  challenge,  and  relevant  stud-
ies have been widely carried out. In the 1990s, researchers pub-
lished  numerous  lectures  about  photocatalysts  that  could
decompose harmful substances in the environment into harm-
less.  This  report  indicates  that  the  photocatalytic  degrada-
tion  process  can  react  sufficiently  at  room  temperature,
remove  inorganic  heavy  metal  ions  and  organic  pollutants
then  mineralize  organic  matter  completely  at  the  same  time.
At  present,  the  application  fields  of  dealing  with  photocat-
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alytic  degradation  technology  include  municipal  wastewater
waste  gas,  industrial  wastewater  waste  gas,  marine  pollution
and  so  on.  With  the  development  of  photocatalytic  degrada-
tion  technology,  simple  photocatalytic  conditions  and  alka-
line photocatalysts are no longer limited. In order to degrade
pollutants  more  effectively,  researchers  continue  to  explore
this field. This chapter will discuss the application of photocat-
alytic degradation technology in the purification treatment of
agricultural wastewater. 

3.1.  Photocatalytic removal of agricultural heavy metal

ions

Heavy metal salts used in agriculture are often used in her-
bicides  and  insecticides,  which  can  prolong  the  life  of  crops
and improve the quality  of  crops.  However,  heavy metal  ions
cannot  self-degrade,  which  leads  to  their  enrichment  in  sur-
face water  system. The use of  untreated wastewater  will  lead
to  a  variety  of  irreversible  diseases  in  human  body.  This  sec-
tion  will  analyze  and  summarize  the  removal  methods  of
heavy  metal  ions  in  agricultural  wastewater  in  recent  five
years. 

3.1.1.    Biocins
Bionics  has  been  applied  to  the  field  of  photocatalysis

gradually.  Inspired  by  biological  states,  scientists  explore  the
surface morphology and survival characteristics of photocata-
lysts,  and  develop  more  efficient  and  novel  photocatalysts
inspired by biological states to achieve green degradation sys-
tem. Muhammad Arif[21] synthesized a biomimetic photocata-
lyst  hemin-Bi4Ti3O12 (HBTO)  by  immobilizing  artificial
enzymes  on  the  surface  of  semiconductor  photocatalyst
Bi4Ti3O12.  It  was  found  that  heme  modified  HBTO  samples
could  not  only  improve  the  light  absorption  of  HBTO,  but
also  be  used  as  electron  conduction  bridge  and  surface  oxy-
gen  absorption  site  to  remove  heavy  metal  ions.  The  effi-
ciency  of  heme  modified  HBTO  was  3.7  times  higher  than
that  of  the  original  photocatalyst  (Fig.  3).  Jiafu  Qu[22] synthe-
sized  the  porous  coralline  shape  nanocomposite  (SPNH-

MOSF@SnS2),  which  can  selectively  chelate  soluble  Cr(Ⅲ)
under  UV  irradiation.  This  unique  nanocomposite  can  effi-
ciently reduce and remove hexavalent chromium from wastew-
ater with a degradation rate of 99.5% within 90 min. 

3.1.2.    Removal of heavy metal ions by adsorption and

reduction dual channels
Because of the coexistence of inorganic heavy metal ions

and  organic  pollutants  antibiotics  in  the  agricultural  sewage,
the  synergistic  removal  of  adsorption  and  photocatalysis
reflects  the  efficient  removal  property.  The  adsorption  pro-
cess  provides  more  surface  binding  sites  for  photocatalytic
removal  reaction  to  accelerate  it  partly  by  making  metal
ions  and  surface  functional  groups  create  an  interaction
between  surface  complexation  and  static  electricity.  Adsorp-
tion  and  photocatalysis  can  synergistically  degrade  heavy
metal ions[23].

Love  Kumar  Dhandole[24] synthesized  Rhodium/anti-
mony  co-doped  TiO2 nanorods  and  titanate  nanotubes  (RS-
TONR/TNT) composite material. This material has the dual func-
tions  of  adsorption  and  reduction  of  heavy  metal  ions.  80%
of Cu2+ is  reduced to Cu+ within 5 h in sewage under neutral
condition of pH 7. Shouchao Zhong[25] constructed a compos-
ite  structure  successfully  combined  covalent  organic  frame-
work  (COF)  and  graphene-phase  carbon  nitride  nanosheets
(CNNS)  in  situ.  This  original  two-dimensional  material  stands
out  in  the  removal  field  on  account  of  its  high  π-conjugated
structure and broad optical absorption performance. The pho-
tocatalytic  removed  99%  of  Cr(Ⅵ)  to  Cr(Ⅲ)  within  30  min
and  was  applied  in  the  actual  factory  as  the  removal  reduc-
tion rate of the material wastewater is 80%, showing high effi-
ciency  and  practical  application.  Chumin  Yan[26] prepared
Cd3(TMT)2/CdS  heterojunction  composite  photocatalyst  by
means of self-formation of CdS nano-particles, which can com-
pletely  reduce  Cr(Ⅵ)  to  Cr(Ⅲ)  in  wastewater  within  6  min
(Fig. 4). Ni Luo[27] proposed the synergistic effect of photocatal-
ysis and adsorption on the removal of heavy metals. Synthesiz-

 

Fig. 3. (Color online) Schematic illustration of charge transfer and charge separation mechanism in the hemin-Bi4Ti3O12 biomimetic nanocompos-
ite photocatalyst under visible light irradiation[21].
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Fig. 4. (Color online) Postulated mechanism, N2 adsorption/desorption isotherms and photocatalytic activities of visible light-induced photoreduc-
tion of Cr(Ⅵ) with the Cd3(TMT)2/CdS composites[26].

 

Fig. 5. (Color online) Schematic diagram, the amount of metal obtained and chemical mechanism of selective dissolution of Cu, Ag, Au and Pt by
metal catalysts[17].
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ing the ultra-thin 2D MoS2 nanosheets rich in S defects which
normalized  photoreduction  rate  is  about  15  times  higher
than  that  of  P-MoS2,  and  the  Cr(Ⅵ)  removal  rate  can  reach
98.9%  within  180  min.  The  photocatalyst  can  be  recycled  at
least five times. 

3.1.3.    Selective removal of heavy metal ions
Selective  removal  of  pollutants  can  be  more  targeted

and  orderly  to  extract  a  variety  of  pollutants  given  the  com-
plexity  of  pollutants  in  wastewater,  which  would  achieve
removal controllability and efficient use of waste.

Yao  Chen[17] recycled  seven  precious  metals  in  sequence
selectively  used  TiO2 powder  from  waste  circuit  boards,
ternary  autocatalysts  and  ore,  they  are  silver  (Ag),  gold  (Au),
palladium  (Pd),  platinum  (Pt),  Rhodium  (Rh),  ruthenium  (Ru),
and Iridium (Ir), depending on the affinity of heavy metal ions
and  photocatalyst,  seven  noble  metals  are  recovered  succes-
sively.  Complete  removal  was  achieved  within  12  h  (Fig.  5).
Ziyang  Lu[28] developed  a  novel  eco-friendly  and  recyclable
magnetically  graded  porous  Cd(Ⅱ)  photocatalytic  nanoreac-
tor  (MHP-CD)  using  ion  imprinting  technology.  Due  to  the
large  number  of  Cd(Ⅱ)  cavities  in  the  imprinted  layer  and
the  corresponding  high  adsorption  capacity,  the  nanocrys-
talline  reactor  had  well  adsorption  of  Cd(Ⅱ)  specifically,  and
the  removal  rate  of  Cd(Ⅱ)  reached  80%  within  60  min.  Xiao-
fang  Song[29] synthesized  PVA/PANI/TiO2 hydrogel  with  a  3D
biomimetic  structure,  which  has  high  selective  adsorption
effect on Cr2O72

− and can effectively reduce Cr(Ⅵ) to Cr(Ⅲ). 

3.1.4.    Development of heavy metal ion removal
Heavy  metal  ions  in  agriculture  deposit  in  surface  water,

groundwater,  and soil,  which will  enter organisms with water
sources,  combine  with  nucleic  acids,  proteins  and  small
metabolites  and  destroy  organic  cells  internally,  causing  irre-
versible  harm  to  agricultural  production  and  human  health.
In  order  to  prevent  the  occurrence  of  this  phenomenon,
timely  reduction of  heavy  metal  ions  in  water  to  low-valence
ions or zero-valence metals is a necessary process to degrade
agricultural wastewater. Heavy metal ions enriched in agricul-
tural  wastewater  will  have a serious impact on human health
and  the  environment.  Take  China  for  example,  according  to
the  provisions  of Surface  Water  Environmental  Quality  Stan-
dard  GB3838 of  China,  class Ⅴ is  the  limit  value  of  heavy
metal  elements,  which  is  mainly  applicable  to  agricultural
water standards. Table 1 summarizes agricultural sources, agri-
cultural  standard  concentrations  of  agricultural  water,  toxic-
ity  hazards  caused  by  enrichment,  removal  products,  and
their  removal  degree.  Therefore,  the timely  disposal  of  heavy
metal pollutants in agricultural water is very important. 

3.2.  Photocatalytic degradation of agricultural

antibiotics

The  antibiotics  that  are  used  in  agriculture  can  prevent
and  treat  animal  and  plant  diseases,  and  promote  plant  and
animal  growth  within  the  prescribed  concentration  range.
However,  excessive  usage  may  lead  to  antibiotic  residues  in
animals raised for food production, as well as in surface water
in  agricultural  areas  and  soils,  which  may  cause  potential
harm  to  human  health  and  the  environment.  Overuse  can
induce  bacteria  treated  with  antibiotics  to  mutate,  resulting
in  drug-resistant  bacteria  that  can  pose  a  threat  to  human
health  and  the  environment.  The  structural  modification  of

photocatalysts  can  enhance  antibiotic  degradation  efficiency
to  a  certain  extent.  In  this  section,  morphologic  modification
of photocatalysts to promote antibiotic degradation will be dis-
cussed. 

3.2.1.    Construction of heterojunctions to improve

photocatalytic degradation performance
The heterogeneous structure forms the energy band struc-

ture  with  barrier,  which  aims  to  adjust  the  work  function,
Fermi  level  position,  spectral  response range,  electron migra-
tion path, etc., which can finally improve the light capture effi-
ciency  of  the  photocatalytic  system,  promote  the  separation
and  migration  of  carriers,  and  expand  the  specific  surface
area  to  accommodate  more  active  sites,  promote  the  diffu-
sion  of  reactive  molecules  and  high  crystallinity  to  obtain
higher photocatalytic activity.

For  instance,  Chunxu  Wu[49] encapsulated  spherical
ZnIn2S4 in  hollow  dodecahedron  K3PW12O40 to  prepare  a
flower-shaped  hollow  dodecahedron  core-shell  double  Z-
type  superstructure  series  heterozygous  nanoreactor.  In  the
process of degrading tetracycline hydrochloride, the nanoreac-
tor  could  achieve  99%  degradation  efficiency.  Wei  Wang[50]

polymerized  quantum  thick  graphitized  carbon  nitride  (G-
C3N4)  onto  the  surface  of  anatase  titanium  dioxide  (TiO2)
nanosheets to form TiO2/G-C3N4 (TCN) core-shell quantum het-
erolinkages to improve the activity of photocatalytic degrada-
tion  of  tetracycline  and  achieve  complete  degradation.  Yix-
iao  Wu[51] constructed  a  nano-flower-like  NaBiO3 structure  of
direct  z-type  heterojunctions  with  supported  by  two-dimen-
sional  G-C3N4.  This  catalyst  has  high  degradation  efficiency
and  reproducibility,  which  can  degrade  90%  of  tetracycline
within  30  min  and  can  be  reused  at  least  8  times  (Fig.  6).
Xingyuan  Zhang[52] constructed  a  novel  symmetrical  double
Z-type  BiFeO3/CuBi2O4/BaTiO3 heterojunction  structure,
which effectively  used the solar  spectrum to extend the light
absorption  range  to  UV–visible  light  and  near-infrared  light,
and ·OH  and  H+ played  a  major  role  in  the  degradation  pro-
cess.  The  photocatalyst  could  be  reused  for  about  five  times
whose  degradation  rate  was  increased  to  0.0113  min−1 and
93.2% within 60 min. 

3.2.2.    Construction of surface defects to improve

photocatalytic degradation performance
The construction defects can improve the property of the

photocatalyst  to  a  certain  extent  and  improve  the  efficiency
of  photocatalytic  degradation.  Among  them,  oxygen  vacan-
cies can provide dangling bonds for the adsorption oligomer.
Due  to  the  local  electron-rich  characteristics,  oxygen  vacan-
cies  can  also  activate  the  inert  chemical  bonds  of  the
adsorbed  oligomer  and  regulate  its  electronic  structure,  thus
affecting  the  photocatalytic  process  greatly[53].  Jian  Zheng
and  Dajun  Shu  used  oxygen  vacancy  modification  to  discuss
the effect of strain on the surface properties of TiO2

[54].
In  addition  to  the  most  common  oxygen  vacancies,  sur-

face passivation or the formation of N-vacancy and C-vacancy
defect structures can also be performed on the surface of the
photocatalyst[55]. Yan Lin[56] first prepared new composite pho-
tocatalyst  Ag3PO4@W2N3–NV  containing  nitrogen  vacancies
by  using  molten  salt  assisted  atmosphere  calcination,  which
has  high  photocatalytic  activity  and  photostability.  The  pres-
ence  of  nitrogen  vacancies  can  induce  the  formation  of
defects  and  suspended  bonds  on  the  surface  of  W2N3−NV,
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making it easy to integrate with Ag3PO4, forming a new chemi-
cal  bond  at  the  interface  and  providing  a  fast  transfer  chan-
nel  for  carrier  transport  and  separation.  The  catalyst  can
achieve  100%  complete  degradation  of  amoxicillin  and  peni-
cillin  within  1  and  8  min  respectively,  and  can  be  recycled  at
least  5  times.  Xiangyang  Li[57] took  dicyandiamide  (DCD)  and
trimeric  acid  (CA)  as  raw  materials,  obtained  intermediates
through solvent heat treatment, and calcined them to success-
fully  prepare  nitrogen-rich  porous  polymer  carbon  nitride
(DCCN-S),  which  achieved  93.5%  degradation  of  levofloxacin
within 60 min. Meijun Liu[58] prepared a single/multi-layer car-
bon  nitride  nanosheet  (CV-CNNs)  photocatalyst  with  carbon
vacancies. The induction of carbon vacancies improved the oxi-
dation-reduction  capacity  of  the  photocatalyst,  which  could
completely degrade sulfadiazine within 20 min (Fig. 7). Resha-
laiti Hailili[59] adjusted  the  oxygen  vacancy  morphology  in
CaCu3Ti4O12 structure  of  double  perovskite  to  achieve  com-
plete degradation of tetracycline within 50 min and the photo-
catalyst can be recycled for at least 6 times. Jie Ding[60] synthe-
sized  a  Z-type  BiO1-xBr/Bi2O2CO3 photocatalyst  with  abun-
dant  oxygen  vacancies.  The  photocatalytic  based  on  oxygen
vacancy formation, using oxygen vacancy as the electron medi-
ator,  can  significantly  promote  the  separation  of  photoin-
duced carriers and mineralize tetracycline to CO2 and H2O com-
pletely within 3 h. 

3.2.3.    Doping enhances photocatalytic degradation

performance
Doping  can  change  the  intrinsic  properties  of  a  material

by influencing the band structure and composition of materi-
als  to control  the generation and separation of  electrons and
holes.  It  can  reduce  the  band  gap  width  of  the  material  to
improve the full utilization of sunlight and increase the trans-
port  efficiency of  photogenerated electrons and holes,  which
promote  more  photogenerated  charge  carriers  migrate  to
the  surface  of  the  semiconductor  material  and  participate  in
photocatalytic reactions before annihilation.

For  example,  Lin  Chen[61] assembled  a  new  tubular  car-
bon  nitride  (D-TCN450)  with  nitrogen  defects/boron  dopants
using the supramolecular reactions and NaBH4 thermal reduc-
tion methods,  the introduction of  boron dopant is  conducive
to the absorption of oxygen, forming superoxide radical, deep-
ening the  position  of  VB  to  increase  the  light  capture  perfor-
mance and accelerate the charge migration ability.  The tubu-
lar  structure  of  the  photocatalyst  synergies  to  promote  light
capture  and  accelerate  charge  transfer,  and  finally  achieve
96% degradation of  tetracycline hydrochloride within  80 min
(Fig.  8).  Zeynab  Khazaee[20] successfully  synthesized  car-
boxylic  multi-walled  carbon  nanotubes  loaded  with  Cu/Bi
bimetallic alloy nanosheets to degrade fluoroquinolone antibi-
otics,  achieving  93%  degradation  within  90  min.  Chitiphon

 

Fig. 6. (Color online) Chemical mechanism and efficiency of TC degradation by CN/NBO photocatalysis[51].
 

Fig. 7. (Color online) Mechanism and efficiency of Cv-CNNs degradation of sulfadiazine under visible light irradiation[58].
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Chuaicham[62] synthesized  oxygen-doped  surface  porous
graphite carbon nitride (OCN), which was three times more effi-
cient  than  the  original  C3N4 photocatalytic  degradation,  and
could  degrade  95%  of  ciprofloxacin  within  20  min.  Yang
Jin[63] synthesized  the  sulfur-doped  layered  s-biobr  structure
by  hydrothermal  method.  The  interlayer  complexes  can
degrade  90%  of  ciprofloxacin  simultaneously  within  20  min
by intercalation, adsorption, and photocatalysis,  the degrada-
tion  rate  was  0.2303  min−1.  The  photocatalyst  can  be  recy-
cled at least five times. 

3.2.4.    Development of heavy metal ion degradation
There  are  large  amounts  of  antibiotics  in  agricultural

wastewater due to the non-standard disposal of water for ani-
mal husbandry and irrigation industry, and the enrichment of
antibiotics  will  have  a  huge  impact  on  the  environment  and
human health. Take the great agricultural country of China as
an example. According to the Agricultural Industry Standard of
the  People's  Republic  of  China,  the  limited  amount  of  agricul-
tural antibiotics is strictly observed. Table 2 provides a compre-
hensive  summary  of  the  most  commonly  used  antibiotics  in
agriculture,  their  respective  functions,  recommended
dosages,  potential  hazards  resulting  from  overuse,  and  the
effectiveness of various photocatalysts in degrading these pol-
lutants.  It  is  important  to  recognize  that  ensuring  the  quality
of agricultural water goes beyond simply relying on the qual-
ity  of  the  water  source.  It  requires  a  proactive  approach  that
includes timely treatment of  potential  antibiotic  pollutants in
agricultural  water.  Therefore,  implementing  effective  solu-
tions to treat antibiotic  pollutants in agricultural  water is  cru-
cial  in  obtaining  high  quality  agricultural  water  that  is  safe
and sustainable. 

4.  Factors affecting photocatalytic degradation

Photocatalytic  degradation  system  is  a  multiplex  process
involving the interaction of many factors.  The system has the

advantages of friendly reaction conditions, no secondary pollu-
tion  and  high  treatment  efficiency.  However,  there  are  still
some problems in the process of industrialization, such as com-
plex  preparation  process,  high  cost,  low  optimization  effi-
ciency and insufficient reaction. It is found that the type of cat-
alyst,  light  source,  pH value  and temperature  of  reaction sys-
tem  all  have  certain  influence  on  the  degradation  efficiency.
Faced with these challenges, the application potential of pho-
tocatalysts  and  photocatalytic  systems,  such  as  full  applica-
tion of photocatalysts and full utilization of sunlight, needs to
be  further  enhanced  in  future  studies  to  improve  the  effi-
ciency  and  stability  of  degradation  processes.  The  factors
affecting  the  photocatalytic  degradation  efficiency  will  be
explored  from  three  aspects:  photocatalyst,  pollution  source
and degradation process. 

4.1.  Characteristics of photocatalysts

Photocatalyst  characteristics  include  semiconductor
band  structure[75],  morphology [76],  defect[77],  size[78] and  so
on.  The  band  structure  determines  the  oxidation  and  reduc-
tion  capacity  of  the  photocatalyst.  Firstly,  the  band  structure
includes  the  semiconductor  valence  band,  the  conduction
band  position  and  the  band  gap  width.  The  positions  of
valence band and conduction band reflect the REDOX capac-
ity  of  semiconductor.  The  more  negative  the  conduction
band  is,  the  stronger  the  reducibility  of  photocatalyst  is,  and
the more positive the valence band is,  the weaker the reduc-
tion of photocatalyst is[79]. The band gap reflects the photoexci-
tation characteristics and REDOX capacity of different semicon-
ductors.  The  energy  band  structure  determines  the  REDOX
capacity  of  the  material  and  the  range  of  light  absorption
band,  and  also  determines  whether  the  removal  reaction  of
agricultural water pollution can occur.

Secondly, by adjusting the preparation method of photo-
catalyst,  different  material  morphology  closely  related  to
the  specific  surface  area  can  be  obtained.  The  large  specific

 

Fig. 8. (Color online) Synthesis process, degradation efficiency and principle of D-TCN450[61].
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surface  area  enables  the  photocatalyst  to  have  good  cat-
alytic  performance[79],  and there are a  large number of  active
sites  on  its  surface[80],  so  that  the  electron  hole  pairs  excited
from  the  semiconductor  have  more  reaction  sites  participat-
ing  in  the  reaction  on  the  surface.  It  is  one  of  the  effective
methods to increase the reactive sites on the surface to acceler-
ate the catalytic reaction and improve the photocatalytic effi-
ciency.

In  terms  of  size,  the  quantum  size  effect  exists  in  nano-
scale catalyst. As the size decreases, the width of semiconduc-
tor  band  gap  increases,  and  the  REDOX  capacity  will  be
enhanced.  Correspondingly,  as  the  size  decreases  and  the
band  gap  width  increases,  the  light  absorption  capacity
becomes  weaker,  which  reflects  the  important  role  of  band
structure in photocatalysis.

Defect  introduction  with  appropriate  concentration  can
change  the  work  function  value,  surface  dipole,  charge  den-
sity  and  surface  chemistry  of  the  defective  photocatalyst,  as
well as introduce new energy levels into the band gap, which
helps  to  modulate  band  structure  and  improve  the  perfor-
mance of the photocatalyst[81]. 

4.2.  Nature of pollutant

The mechanism property of pollutants is mainly reflected
in  their  molecular  structure.  For  the  photocatalytic  degrada-
tion reaction to  proceed,  the  groups  involved in  the  reaction
of pollutants first need to be matched with the active free radi-
cals produced by the photocatalyst to be decomposed. In addi-
tion, the appropriate photocatalyst should be selected accord-
ing to the molecular structure of pollutants, which may affect
the affinity of the photocatalyst and make it limited. For photo-
catalysts, large pores and specific surface areas are needed to
adsorb  pollutants,  have  appropriate  carrier  band  gaps  that
can  be  excited  by  light  and  conductance  band  levels  that
meet  reaction  conditions,  so  as  to  achieve  a  wide  spectrum
response range[82] . 

4.3.  The effect of reaction conditions

In  the  photocatalytic  degradation  process,  light
source[83],  pH  value[84],  temperature,  liquid  waste  flow  rate
and other factors have an impact on the system efficiency.  In
terms  of  light  source,  photocatalytic  chemical  reactions  have
a  high  Gibbs  free  energy.  Some  photocatalysts  can  only  be
excited by ultraviolet light, but the absorption range of ultravi-
olet  light  is  narrow  and  the  utilization  rate  of  light  energy  is
low.  Shortwave  ultraviolet  light  with  wavelength  less  than
170  nm  has  a  higher  energy  to  excite  photogenerated  elec-
tron  transition,  so  shortwave  ultraviolet  light  has  a  signifi-
cant  photocatalytic  effect,  but  the  acquisition  of  light  source
in this band is the current obstacle.

In  acidic,  neutral  and  alkaline  degradation  systems,  the
change  of  pH  value  not  only  affects  the  output  of  different
free  groups  of  photocatalyst,  but  also  affects  the  affinity
between  groups  carried  by  pollutants  and  free  radicals,  thus
affecting the photocatalytic degradation efficiency. Therefore,
the  appropriate  pH  value  selection  is  one  of  the  factors  to
improve the reaction efficiency of the system.

The influence of temperature change is reflected in molec-
ular  thermal  motion,  photothermal  effect  of  some  materials,
internal  changes  of  pyroelectric  materials,  etc.  The  flow  rate
of  waste  liquid  affects  the  contact  area  between  photocata-
lyst and waste liquid[85] and the internal electric field of piezo-

electric  materials.  Changing  the  external  dynamic  factors  will
also affect the photocatalytic degradation rate. 

5.  Conclusion and prospects

This paper has reviewed the reaction mechanism of photo-
catalytic degradation technology, the mechanism of degrada-
tion  of  agricultural  wastewater,  especially  the  residual  heavy
metal ions and antibiotics, the research progress of photocat-
alytic  degradation,  and  the  factors  affecting  its  efficiency.  To
achieve  the  benefit  of  photocatalytic  degradation  of  agricul-
tural  wastewater,  it  is  necessary  to  link  various  pollutants  in
wastewater  with  the  photocatalytic  degradation  mechanism
to form a multidisciplinary application system. It is also neces-
sary  to  design  photocatalyst  and  photocatalytic  systems  rea-
sonably  and  attach  importance  to  advanced  characterization
technology  of  photocatalytic  water  treatment  to  explore  its
degradation  mechanism  and  degradation  efficiency.  Finally,
the  green  low-energy  photocatalytic  degradation  system  will
degrade  the  residual  organic  matter  in  agricultural  boiling
water  into  CO2 and  H2O,  and  achieve  the  goal  of  sustainable
agricultural development planning and ecological green agri-
culture. 
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