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Fenton oxidation with heterogeneous hematite catalyst in a fixed bed reactor was investigated for water 
disinfection. The granulated hematite catalyst was prepared and tested to decompose H2O2, inactivate 
bacteria E. coli and degrade oxytetracycline. X-ray diffraction patterns confirmed the stability of the cat
alyst phase after sintering and after the decomposition of H2O2. Mössbauer spectra of the raw and used 
catalysts demonstrate the stable values of isomer shift. This fact confirms the chemical stability of the 
hematite catalyst. The degree of the H2O2 decomposition was found to increase with increasing residence 
time in the catalytic reactor. The prepared hematite catalyst was tested for the removal of oxytetracycline 
in a continuous flow mode. The efficiency of oxytetracycline removal increases with the increasing con
centration of H2 O2 . The effect of the inlet concentration of H2 O2  on the inactivation of E. coli was also 
studied. It was found that the outlet bacterial count gradually decreases with the increase of the inlet 
H2 O2  concentration. The larger the inlet bacterial loading, the larger the H2 O2  concentration is required 
to attain an acceptable bacteria count at the reactor outlet. At neutral pH, the surface of the catalyst is 
positively charged (pHPZC = 8.09) and E.coli bacteria are electrostatically attracted to the hematite surface. 
This contributes to their accelerated inactivation by hydroxyl radicals formed on the catalyst surface. 
Thus, the fixed-bed flow-through reactor filled with hematite is promising for the degradation of organic 
pollutants and water disinfection.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

W ater purification and disinfection are one of the key chal
lenges of humanity. About 1.8 billion people use contaminated 
w ater that is unfit for human consumption [1,2]. The main sources 
of bacterial and organic pollution are municipal, hospital, and 
industrial wastewaters. The number of cases of bacterial infections 
reaches two million per year. The pathogenicity of bacteria largely 
depends on the structure of their outer shell cellular wall [3]. So- 
called Gram-positive bacteria have a straight thick cell wall, while 
Gram-negative bacteria have a multilayer cell wall [4]. It is the 
Gram-negative bacteria that often cause infectious diseases.
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Escherichia coli is a common Gram-negative bacterium found in 
the aquatic environment. E. coli usually occurs in the digestive tract 
o f animals and humans and is not harmful to healthy organisms. 
However, even non-pathogenic strains of E. coli may cause an 
infectious disease with a weak immune system [5]. The most com 
mon w ater disinfectants are chlorine gas and ozone, but both have 
disadvantages. Molecular chlorine reacts with organic m atter to 
form toxic by-products. Ozone, on the other hand, requires com 
plex equipment, is unstable, and is expensive. For this reason, 
hydrogen peroxide is considered a promising reagent for disinfect
ing water.

Hydrogen peroxide is a usual oxidizing agent in advanced oxi
dation processes (e.g., Fenton processes) for the treatm ent of 
industrial wastew aters [6 -1 1 ] . The well-known Fenton oxidation 
is highly efficient and easy to use [12]. However, homogeneous 
Fenton oxidation has disadvantages related to the required acidic
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pH and th e  form ation  o f  iron hydroxide by-products. Instead, 
heterogeneous Fenton ox id ation  w ith  iron-contain ing  solid c a ta 
lysts looks b e tte r  due to th e  easy  sep aration  and reu se o f  th e  c a ta 
lyst [1 3 ,1 4 ] . As in th e  case  o f th e  hom ogeneous Fenton catalyst, the  
in teraction  o f  hydrogen peroxide w ith  iron ions at th e  cata lyst su r
face leads to  th e  form ation  o f  hydroxyl radicals cap ab le o f  d estroy
ing various organic p ollutants and m icroorganism s [1 4 ,1 5 ] . The 
heterogeneous Fenton cata lysts do not require low  pH conditions, 
reducing op erating  costs and en viron m en tal issues [1 2 ] . During 
heterogeneous Fenton oxidation, only sm all am ounts o f  iron ions 
are leached  from  th e  cata lyst su rface [1 6 ] .

Among iron oxides, h em atite  Fe2 O3  a ttracts a tten tio n  due to its 
abundance, low  cost, and stab le  ca ta ly tic  activ ity  [ 1 7 - 1 9 ] . The c a t
a ly tic  perform ance o f  th e  h em atite  cata lysts depends m ainly on 
several factors, such  as co n cen tratio n  o f  surface activ e cen ters, 
th e  size o f th e  available pores, th e  ch em ical and th erm al stability  
o f  th e  stru cture [2 0 ,2 1 ] . The m echan ism  o f  H2O2 cata ly tic  d ecom 
p osition on th e  hem atite  su rface is still under study [ 2 2 - 2 6 ] . The 
m ain reaction  o f  th e  ca ta ly tic  cycle  is th e  gen eratio n  o f hydroxyl 
radicals by oxid ation  o f ferrous ions p resent on th e  h em atite  
su rface:

= F e 2+ + H2 O2  — = F e 3+ + HO* + HO— (1)

Ferrous ions are form ed v ia  th e  red uction  o f ferric ions by H2 O2 :  

= F e 3+ + H2 O2  — = F e 2+ + HOO* + H+ (2)

The reaction  (2 )  is m uch slow er and th erefo re  lim its th e  overall 
reaction  rate  [2 3 ] . The form ed hydroxyl radicals HO* are highly 
reactive species th a t effectively  d estroy  organic m olecules w hile 
hydroperoxyl radicals HOO* are less effectiv e oxidants. Hydroxyl 
radicals can  also react d irectly  w ith  hydrogen p eroxide :

HO* + H2O2 —— HOO* + H2 O (3)

It is w orth  noting  th at literatu re  reports use th e  Fenton oxid a
tion  m ainly in b a tch  m ode. However, ba tch  reactors have som e d is
advantages, like d ifficu lties in sep arating  th e  cata lyst from  the 
aqueous m edium  [2 7 ] . On th e  o th er hand, th e  flow -through reac
tors w ith  heterogeneous Fenton cata lysts can  effectively  d ecom 
pose organic pollutants and in activate  p athogenic 
m icroorganism s [ 2 8 - 3 1 ] . Punathil e t  al. [32] used an iron catalyst 
supported w ith  activated  carbon in a fixed bed reacto r to  degrade 
m eth ylen e blue. M unoz e t  al. [33] used m agn etite  Fe3O4 as a c a ta 
lyst to  rem ove cy lindrosperm opsin cyanotoxin  from  p h arm aceu ti
cal w astew ater. Xu e t  al. [34] studied th e  m agn etic co m p osite  
cata lyst contain ing sep io lite  and Fe3 O4  as a fixed-bed  cata lyst to 
degrade b isphenol A. Vu e t al. [35] studied m esoporous co m p osite  
Fe2O3 SiO2 as a fixed-bed  cata lyst to  rem ove tartrazine. Zolfaghari 
e t al. [36] studied th e  continuous flow  reacto r filled w ith  the 
heterogeneous bio -Fen ton  cata lyst Fe3 O4 /TiO2  on th e  graphite 
oxide su rface to  rem ove th e  m alach ite  green  dye. L iterature reports 
do not ind icate th e  significant leaching o f  iron ions from  th e  c a ta 
lyst surface. However, th e  long use o f a b a tch  reacto r for th e  oxid a
tion  o f organic pollutants can  lead to  th e  accu m u lation  o f organic 
acids, poisoning o f th e  catalyst, and its corrosion.

The h em atite  has b een  rep orted  to  have inn ate  an tibacteria l 
properties [ 1 6 ,3 7 -4 1 ] . Several studies confirm  th e  an tibacteria l 
effect o f  hem atite  in d isin fection  processes [4 2 ,4 3 ] . Fe2O3 has been  
reported  to be  effectiv e against G ram -p ositive b acteria  [4 4 ] . 
N um erous studies are aim ed to use h em atite  for d isinfecting 
w ater. For exam ple, Bhushan e t  al. [45] synthesized  an  a -F e 2O3/ 
Co3O4 nan ocom p osite and d escribed  its antim icrob ial properties 
against E. coli, B. subtilis, S. aureus, and S. Typhi. The bactericidal 
activ ity  o f  th e  obtained  m aterial w as explained  by th e  synergistic 
action  o f  bo th  oxides. Rufus e t  al. [42] synthesized  an  an tibacteria l 
h em atite  sam ple using a “g reen” m ethod  w ith  th e  use o f A n ac-

ard iu m  occ id en ta le  ex tract. E sch er ich ia  co li and S ta p h y lococcu s a u r 
eu s  w ere inactivated  successfu lly . The biocide te s t  was perform ed 
using th e  agar-w ell diffusion m ethod. A sim ilar m ethod  w as used 
to  assess th e  an tib acteria l properties o f a -F e 2O3 oxid e [4 3 ] . In hibi
tio n  zones o f  16  and 1 4  m m  w ere observed  for S. au reu s  and E. coli, 
respectively .

O xytetracycline is an  industrial an tib io tic  used to co m b at a 
w ide range o f  pathogenic m icrobes in intensive livestock, poultry 
and fish farm ing [4 6 ] . OTC is harm ful w h en  released  into th e  en vi
ronm ent as it favors th e  p ro liferation  o f a n tib io tic-resistan t genes 
[4 7 ,4 8 ] . OTC m olecu le contain s four rings w ith  a nu m ber o f func
tional groups [4 9 ] . The conventional w astew ater trea tm en t m eth 
ods can no t effectively  rem ove OTC due to its in trinsic resistan ce to 
b acteria l degradation. For th is reason, a lot o f  research  is aim ed at 
developing efficien t and environm entally  friendly technologies for 
OTC rem oval a t source. The m ost studied m ethods are adsorption, 
ozonation  and p h otocata ly tic  ox id ation  [5 0 ,5 1 ] . Advanced oxid a
tio n  w ith  hydrogen peroxide or p ersulfate also show s prom ise 
due to  th e  use o f  inexpensive oxidants and a m inim al am ou n t o f 
by-produ cts form ed [5 2 ,5 3 ] . Iron-contain ing com pounds have 
b e en  found to effectiv ely  catalyze oxid ation  o f OTC by hydrogen 
p eroxide [5 4 ,5 5 ] . The oxidizing action  o f hydrogen peroxide is 
m axim al in th e  op tim al co n cen tratio n  range, above w hich  th e  side 
reaction  o f hydrogen peroxide w ith  hydroxyl radicals intensifies 
[5 0 ] . The m ain pathw ays o f OTC ox id ation  are  hydroxylation, o x i
d ation  o f  a lcohol and phenolic hydroxyl groups, d em ethylation, 
decarbo nylatio n  and dehydration [5 0 ,5 6 ] . It is w orth  noting that 
m ost o f th e  research  w as conducted  in b a tch  m ode, w hich  is not 
con v en ien t for large-scale  applications.

The aim  o f  this w ork is to evaluate a fixed-bed  flow  reacto r 
filled w ith  h em atite  as a heterogeneous Fenton catalyst. M odel 
w ater p ollutants w ere th e  an tib io tic  ox y tetracy cline and E scheri
ch ia  co li bacteria . The e ffect o f  hydrogen peroxide con cen tratio n  
on  th e  rem oval o f  ox y tetracy clin e  and th e  in activatio n  o f E scheri
ch ia  co li w as assessed .

2. Materials and methods

2.1. C h em ica ls  an d  m icroorg an ism s

R eagent grade iron oxid e Fe2O3 and hydrogen peroxide (3 1 .5  %) 
w ere ob tain ed  from  SferaSim  (U kraine). O xytetracycline (OTC) was 
ob tain ed  from  Klebrig Co. ltd. (China). The m odel b acteria  w ere 
G ram -negative, non-sp ore-form ing bacteria  E sch erich ia  co li (ATCC 
35 2 1 8 ).

2.2. C ata lyst p rep a ra tio n  an d  ch arac ter iza tion

The h em atite  pow der w as pressed into p ellets o f  1 cm  in d iam 
e te r  (a t pressure 2  kN) and sin tered  a t 9 0 0  °C for 6 h. The sintered  
pellets w ere crushed and sieved to  ob ta in  granules o f  irregular 
form s w ith  sizes from  0 .2  to 2  m m . The obtained  Fe2 O3  granules 
w ere stab le  in hydrogen peroxide solutions and did not show  sp on
taneou s leaching o f  iron ions. The follow ing labeling  w as used 
throughout th e  stu d y : th e  as-ob ta in ed  sam ple w as labeled  as 
‘‘raw -Fe2O3”; th e  sin tered  granulated  sam ple w as labeled  as 
‘‘sin tered-Fe 2 O3 ”, and th e  cata lyst granules recovered  after th e  c a t
a ly tic  reaction  w as labeled  as ‘‘u sed-Fe 2 O3 ”.

The phase com p ositions o f th e  cata lyst sam ples w ere d e te r
m ined using a Shim adzu X R D -7000  d iffractom eter (Ö -  20 schem e) 
equipped w ith  a Cu-Ka rad iation tu b e  (k  = 1 .5 4 1 8  À) op erating  at 
3 5  kV and 4 0  mA. The full p attern  Rietveld refinem ent w as p er
form ed using FullProf softw are.

The m ean size o f  th e  Fe2 O3  particles has b e en  estim ated  from  
th e  Scherrer equ ation :D  =  0 .8 9 2 / b co s 0, w here k is th e  X -ray



w avelength; ß is th e  line broadening in radians, and Ö is th e  Bragg 
angle. ß w as calcu lated  accord ing to th e  G aussian pro

file: b2 =  ß2xp -  b L t, w here ßexp is line broadening a t half th e  m ax
im um  in tensity  (FW H M ) and ß inst is th e  instru m ental broadening 
(determ ined  from  th e  lanthanum  h exaboride LaB6 standard). The 
FWHM o f th e  2 1 0 -K a1 reflex  for th e  LaB6 standard  defines ß inst for 
th e  d iffraction system  and was equ al to  0 .046°.

57Fe M össbauer sp ectra  w ere obtain ed  using th e  M S1104E m  
sp ectrom eter w ith  th e  con stan t acceleratio n  and m oving absorber 
(57Co source w ith  an  activ ity  o f  abou t 10  mCi). Sp ectra w ere 
recorded a t room  tem p eratu re in th e  transm ission  geom etry. 57Fe 
th in  absorber d em onstrates a linew idth  o f  0 .2 9  mm/s. The isom er 
sh ift w as calibrated  accord ing to  a -F e  a t room  tem p eratu re. The 
velocity  resolu tion  w as abou t 0 .0 0 8  mm/s per channel. The resu lt
ing sig n al-to -n o ise  ratios w ere g reater than  3 1 . The hyperfine 
p aram eters w ere obtain ed  from  th e  M össbauer sp ectra  using Uni- 
vem M S 7 .01  softw are. The sp ectra  analysis w as m ade under the 
assum p tion  o f th e  sam e w idth o f  all spectrum  lines.

The m orphology and elem en tal com p osition  o f th e  sam ples 
w ere exam ined  using a R E M M A -102-02  scanning e lectro n  m icro
scope equipped w ith  a tu n gsten  catho d e w ith  an  accessory  for 
energy dispersion analysis. The acce leratin g  voltage w as approxi
m ately  2 0  kV.

The point o f  zero ch arge (pHPZC) o f  hem atite  granules w as m ea
sured by th e  pH drift m ethod. Solutions o f  sodium  ch loride (0 .1  M) 
w ith  d ifferent pH values w ere prepared. The pH value w as ad ju sted  
by adding a so lution  o f  hydrochloric acid (pH < 7) and sodium  
hydroxide (pH g reater than  7). T hen 0 .3  g o f  h em atite  sam ple 
w as added to  10  mL o f each  solution. The solutions w ere stirred 
for 4  h a t room  tem p eratu re and left for 2 4  h. The final pH values 
w ere plotted  as pHfinal vs pHinitial. The pHPZC value o f  th e  catalyst 
su rface w as d eterm ined  as th e  point o f  in tersectio n  o f  th e  exp eri
m ental curve w ith  th e  line pHinitial = pHfinal.

2 .3 . Testing th e  c a ta ly tic  activ ity  o f  h em a tite  in b a tc h  an d  f lo w  m o d e s

In th e  b a tch  m ode, th e  ca ta ly tic  d ecom p osition  o f hydrogen 
peroxide w as tested  a t 2 0  °C using a 1 0 0  mL beaker under co n tin 
uous stirring a t 1 0 0 0  rpm . The initial H2O2 co n cen tratio n  was 
1 0 0  mM. The dosage o f  th e  Fe2O3 cata lyst was 2  g/L. The reaction  
m ixtu re w as sam pled using a syringe filter and residual co n cen tra 
tions o f  H2O2 w ere m easured a t 2 4 0  nm  using a ULAB 102-U V  sp ec
trop hotom eter. Continuous m easurem en ts o f  th e  o x id a tio n - 
red uction  potential (ORP) w ere carried  ou t using a com bined  p lat
inum/silver ch loride e lectrod e w ith  a P H 800 laboratory ben ch to p  
pH m eter (Apera Instrum ents).

The continuous flow  tests w ere perform ed in th e  tu b ular reac
tors filled w ith  th e  sin tered -Fe2O3 cata lyst granules. The flow 
through reactors w ere polym eric tubes capped w ith  m in eral w ool 
filters and stoppers. T hree reactors w ere tested  having d ifferent 
lengths and internal d iam eters (Table 1 ). The d ifferent internal vo l
um es o f th e  reactors resulted  in d ifferent tim es o f  co n tact w ith  the

Table 1
Reactor dimensions and details of catalytic experiments.

parameter reactor A reactor B reactor C

internal diameter of the tube, mm 3.5 12 12
column length, mm 200 290 650
empty reactor volume, mL 1.9 32.8 73.5
mass of catalyst (Fe2 O3 ), g 0.5 57 144
size of catalyst particles, mm 0.2 ... 2.0 0.2 ... 2.0 0.2 ... 2.0
bulk catalyst density, g/cm3 5.1 5.1 5.1
fluid flow rate, mL/min 4.5 4.5 4.5
residence time (RT), min 0.5 4.7 10.5
H2 O2 concentration, mM 2 ... 5 2 ... 5 2 ... 5

catalyst. The resid ence tim e (RT) w as calcu lated  by th e  follow ing 
form ula [5 7 ] : RT =  Vj c , w here Vr is th e  volum e o f  th e  fixed-bed 

reacto r (mL), Vc is th e  volu m e o f th e  h em atite  cata lyst (mL), j  is 
th e  flow  rate (mL/min).

2.4. O xytetracycline d eg ra d a tio n  tests

Hydrogen p eroxide solution and ox y tetracy clin e so lution  w ere 
sim ultaneously  fed to  th e  reacto r by p erista ltic  pum ps w ith  th e  
to ta l flow  rate o f  4 .5  mL/min. The exp erim en ta l runs w ere carried 
ou t a t room  tem p eratu re (2 0  °C). The oxid ative degradation o f 
ox y tetracy clin e w as studied using d ifferent in let con cen tratio ns 
o f  hydrogen p eroxide ( 1 0 - 2 0  m M ) and OTC ( 2 - 6  mg/L). The ou tlet 
co n cen tratio n  o f OTC w as d eterm ined  by sp ectrop hotom etry  using 
ULAB 102-U V  sp ectrop h otom eter w ith  quartz cu vettes o f  2 0  m m  
op tical path. UV sp ectru m  o f OTC co ntain s tw o peaks appropriate 
for its q u antita tiv e d eterm ination  (Fig. 1a). The peak at 2 7 8  nm  
overlaps th e  sp ectru m  o f  H2O2 w hich  is also p resent in th e  solution 
( Fig. 1b). How ever, th e  OTC peak at 3 5 6  nm  is free from  this in ter
feren ce. Sam ples o f  th e  reaction  m ixtu re w ere analyzed in trip li
ca te  and th e  results w ere averaged.

|The effects o f  OTC and H2O2 co n cen tratio ns on  degradation e ffi
ciency  w ere d escribed  by th e  response su rface m ethod  (RSM ). The 
m odeling w as carried  ou t using th e  softw are D esign-Expert (ver.
8 .0 .6 .. The used levels o f th e  independent variab les form  a 3 x 5 
m atrix  (Table 2 ).

2.5. B acteria l in activ a tion  tests

B acteria  E scher ich ia  co li  w ere plated  on  an  agar m edium  under 
sterile  conditions and grow n a t 3 7  °C for 2 4  h. The grow n colonies 
w ere used to  prepare a bacteria l suspension, w hich  w as norm al
ized according to  th e  turbidity  standard. Serial d ilutions o f  th e  b a c
teria l su spension  w ere m ade by adding 0.1 mL o f  th e  bacterial 
su spension  to  0 .9  mL o f  saline. The resulting so lution  w as added 
to  1 L o f  d istilled  w ater to ob ta in  th e  desired  co n cen tratio n  ranging 
from  1 0 3 to 1 0 5 CFU/L. The co ncen trations o f hydrogen peroxide 
solution, used  for b acteria l inactivation, w ere 10, 2 5 , 50 , 100, 
15 0 , and 2 0 0  mM . Hydrogen peroxide solution and bacteria l d is
persion w ere sim ultaneously  fed to  th e  reacto r by p eristaltic 
pum ps w ith  th e  to ta l flow  rate  o f  4 .5  mL/min. All exp erim en ts have 
b e en  perform ed at room  tem p eratu re (2 0  °C). B acteria  rem aining 
in th e  reactor effluent w ere co llected  using a m em brane filter. 
The filter was placed on Endo m edium  and kept at 3 7  °C for 
2 4  h. The Endo m edium  contain s lactose w hich  is ferm ented  by 
E sch er ich ia  c o li . The form ed red co lonies w ith  a ch aracteristic  
m eta llic  sh een  have been  counted . The control bacteria l su sp en
sion w as th e  one th at did not flow  through th e  reactor. Log in acti
v ation  w as calculated  using th e  equ atio n  ( 4 ) :

L og  in a c t iv a t io n  =  log(N in =Nout), (4)

w here Nin and Nout are th e  bacteria l co ncen tratio ns (CFU/L) at 
th e  in let and th e  o u tle t o f  th e  ca ta ly tic  reactor, respectively . The 
inactivation  percentage (%) w as calcu lated  using th e  equ atio n  ( 5 ) :

% in a c t iv a tio n  =  [1 -  N out=Nin] x 100%  (5)

3. Results and discussion

3.1. C haracter iza tion  o f  th e ca ta ly st

3.1.1. XRD
X -ray  d iffractom etry  w as used to  assess th e  phase com position  

and stab ility  o f  th e  cata lyst sam ples. Fig. 2 a show s th e  XRD p at
tern s o f th e  raw -Fe 2 O3 , sin tered -F e 2 O3 , and u sed-Fe 2 O3 . All Bragg



Table 2
The levels of the independent variables used in the RSM modeling.

independent variable levels

[OTC], mg/L 2; 3; 4; 5; 6
[H2 O2 ], mM 10; 15; 20

average crystallite size of the used-Fe2 O3  is decreased. The sinter
ing treatm ent does not change the lattice parameters a  and c  (the a 
value is equal to 5.03 À, while the c  value is equal to 13.74 À). The 
lattice parameters a  and c  did not change after the catalytic decom
position of H2 O2 .

peaks of the XRD patterns correspond to the only rhombohedral 
structure of a-Fe2O3 (PDF# 8 7 -1 1 6 4 ). The presented data show 
that the hem atite phase remained stable after sintering and after 
the catalytic decomposition o f H2 O2 .

The full width at half maximum (FWHM) o f diffraction peaks 
was found to decrease after sintering (Fig. 2 b). However, FWHM 
again increased after the use of hem atite catalyst in the decompo
sition of H2O2 (Fig. 2 b). The changes in FWHM mean that the aver
age crystallite size is changed. The average crystallite sizes of the 
raw-Fe2O3, sintered-Fe2O3, and used-Fe2O3 samples w ere calcu
lated according to the Scherrer equation. The crystallite size values 
were found to be 41, 47, and 35 nm, respectively. The increase in 
crystallite size after sintering can be explained by considering that 
the raw hem atite sample contains surface OH groups formed from 
adsorbed w ater molecules. During sintering, the surface OH groups 
are lost and crystallite boundaries becom e more ordered. The 
opposite changes occur during the catalytic decomposition of 
H2 O2 . The formed hydroxyl radicals lead to the hydroxylation of 
the hem atite surface. As a result o f the partial amorphization, the

3.1.2. M össbauer spectroscopy
Fig. 3 shows the room-tem perature Mössbauer spectra of the 

hem atite samples obtained in transmission mode. All the spectra 
w ere optimally adjusted by using only one sextet component. 
Table 3 summarizes the results of the spectra fitting. The slightly 
decreased quadruple splitting after sintering corresponds to 
increased crystal symmetry. This parameter is not changed for 
the used hem atite catalyst (used-Fe2 O3  sample). The evolution of 
the hyperfine field and line width values agree with the decreasing 
particle sizes inferred from the XRD data. At the same time, the 
stable values of isomer shift confirm the chemical stability of the 
studied hem atite catalyst.

3.1.3. SEM
The morphology of a catalyst surface plays an important role in 

catalytic reactions. The surface of the hem atite Fe2 O3  catalyst was 
analyzed by scanning electron microscopy. Fig. 4  shows the surface 
o f hem atite samples before and after sintering at 900 °C. It can be 
seen that the raw hem atite particles are not uniform in shape and 
form large agglomerates. After sintering, a significant difference in

Fig. 2. (a) XRD patterns of the studied hematite samples; (b) the comparison of the (104) peaks for the hematite samples using Rietveld refinement.

Fig. 1. (a) UV-vis spectra of OTC solutions with indicated concentrations; (b) UV spectra of H2 O2 solutions with indicated concentrations.



Fig. 3. Mössbauer spectra obtained at room temperature for the studied hematite 
samples.

m orphology is observed. The fluffy surface o f  th e  raw -Fe 2 O3  sam 
ple b e cam e sm ooth  in th e  sin tered-Fe2O3 sam ple. This observation  
is in full ag reem ent w ith  th e  above exp lan ation  o f  th e  therm al 
dehydration o f th e  hem atite  surface. The sin tered-Fe2O3 particles 
assum ed a spherical, slightly  elongated  shape. The m orphology o f 
th e  h em atite  cata lyst a fter th e  ca ta ly tic  reaction  w as also in vesti
gated. No visible changes in m orphology w ere observed after the 
cata ly tic  Fenton oxid ation  ( Fig. 4 ). Both th e  shape and size o f the 
hem atite  particles rem ain  stable.

3.1.4. EDS
The m ethod  o f  energy-d ispersive X -ray  sp ectroscop y revealed  

th e  e lem en tal com p o sition  o f  th e  hem atite  catalyst. Fig. 5 show s 
th e  EDS sp ectra  o f  th e  raw -Fe 2 O3 , sin tered-Fe 2 O3 , and used-Fe 2 O3  

sam ples. In all th ree  cases, th e  exp erim en tally  d eterm ined  co n 
ten ts o f O and Fe atom s are close to  th e  ones theo retica lly  p re
dicted. No additional peaks o f o th er e lem en ts w ere detected , 
w hich  ind icates th e  purity o f th e  hem atite  phase.

3.2. C a ta ly tic  d eco m p o sit io n  o f  hyd rog en  p ero x id e

3.2.1. C atalytic activ ity  in b a tc h  m o d e
Com parative tests o f th e  raw -Fe 2 O3  and sin tered-Fe 2 O3  c a ta 

lysts w ere carried  ou t in batch  m ode. Fig. 6 a show s th e  k inetic 
curves o f H2 O2  d ecom p osition  in th e  presence o f  th e  raw -Fe 2 O3  

and sin tered -F e 2 O3  catalysts. The d ecom p osition  o f  H2 O2  w ith ou t 
a cata lyst is very slow  ( Fig. 6a). Both th e  raw -Fe 2 O3  and sin tered- 
Fe2 O3  sam ples a cce lera te  th e  d ecom p osition  o f H2 O2 , w ith  th e  for
m er on e having higher ca ta ly tic  activ ity . The d egree o f  d ecom p osi
tion  o f  H2O2 after 2 4 0  m in w ith  th e  raw -Fe2O3 cata lyst is 16 .8  %

Table 3
Hyperfine interaction parameters obtained from the Mössbauer spectra fitting (IS -  
isomeric shift; Qs -  quadrupole splitting; H -  hyperfine field; G -  line width).

sample Is, mm/s Qs, mm/s H, kOe G, mm/s

raw-Fe2O3 0.3675 -0.212 514.3 0.280
sintered-Fe2 O3 0.3662 -0.206 515.3 0.312
used-Fe2 O3 0.3662 -0.206 515.0 0.302

w hile  th a t w ith  th e  sin tered-Fe2O3 cata lyst is 3 .8  % ( Fig. 6 a). The 
k inetic  lines in Fig. 6 a are  w ell-fitted  by th e  first order k inetic 
m odel (Fig. 6 b). The corresponding values o f reaction  rate  co n 
stants are presented  in Fig. 6 b.

Fig. 6 c  show s th a t th e  ox id atio n -red u ctio n  potential (ORP) o f 
H2 O2  so lutions d ecreases gradually ov er th e  reaction  tim e. This 
trend  can  be  explained  by th e  d ecom p osition  o f H2 O2  and th e  co r
responding d ecrease in th e  form ation o f  reactive oxygen species 
(ROS). Iron oxides Fe2O3 and Fe3O4 are w ell know n as effectiv e c a t
alysts for th e  d ecom p osition  o f  hydrogen peroxide [5 8 ] . W ith  th e  
particip ation  o f  th e  cata lyst surface, hydrogen peroxide H2 O2  

d ecom poses, generating  free radicals [5 9 ] . The ORP d ata ( Fig. 6 c) 
confirm  th at th e  raw -Fe 2 O3  is a m ore activ e cata lyst th an  th e  
sin tered -F e 2 O3 . However, th e  advantage o f  sin tered  h em atite  is 
its stab le  granular form , required  for use in a flow -through reactor.

3.2.2. C atalytic activ ity  in th e  flo w  m o d e
The fixed bed reacto r exp erim en ts w ere carried  ou t using th e  

granulated  sin tered-Fe 2 O3  catalyst. The studied param eters 
included th e  co n tact tim e and concen trations o f in let solutions. 
The co n tact tim e  resulted  from  th e  reacto r geom etry  (Table 1 ). 
The d ifferent void volum es o f reactors resulted  in d ifferent resi
d ence tim es w hile  th e  flow  rate w as constan t. Fig. 7 a, 7b, and 7c  
show  UV sp ectra  o f  th e  solutions passed through th e  flow  reactors 
A, B, and C. Fig. 7 d, 7e, and 7 f  show  th e  calcu lated  values o f  th e  
d egree o f  H2O2 d ecom position . The d ata clearly  show  th at th e  e ffi
ciency  o f  H2 O2  d ecom p osition  increases w ith  th e  increasing  co n 
ta c t tim e. Reactor A provides a d egree o f H2 O2  d ecom p osition  as 
low  as 18 .5  % (Fig. 7 d). The reactors B and C provide q u ite  higher 
degrees o f H2 O2  d ecom p osition  equal to  8 0 .8  % ( Fig. 7 e) and 9 3  % 
( Fig. 7 f), respectively . T hese d ifferences resu lt from  m uch longer 
tim es o f  co n tact w ith  th e  cata lyst su rface (Table 1 ). Both reactors 
B and C require som e tim e (ap p ro xim ately  3 0  m in) to  a tta in  a 
stab le  d egree o f  H2 O2  d ecom p osition  ( Fig. 7 e and 7f). Probably, 
th e  cata lyst su rface requires som e tim e to  b e fully hydroxylated. 
Fig. 7 d, 7e, and 7 f  show  also th e  e ffect o f  H2 O2  co n cen tratio n  on 
th e  d ecom p osition  efficiency. As th e  co n cen tra tio n  o f  H2 O2  

increases, th e  d egree o f H2 O2  d ecom p osition  naturally  d ecreases.
The stab ility  o f  th e  sin tered-Fe2O3 cata lyst w as tested  in reacto r 

C fed w ith  a 2  mM solution  o f hydrogen peroxide. During 2 7 0  h, th e  
efficiency  o f H2 O2  d ecom p osition  d ecreased  from  82 .5  % to  7 5 .8  % 
( Fig. 8 ).

3.3. O xidative d eg ra d a tio n  o f  oxy tetracy c lin e

OTC is w idely  used te tracy clin e  antib io tic, w hich  found its 
broad ap plication  in aqu aculture [4 9 ] . Recently  oxytetracycline 
w as found in th e  rivers and soils [6 0 ] . The presence o f  ox y tetracy 
clin e  in th e  environm ent has negative conseq uences, due to  its 
ab ility  to  d irectly  a ffect m icroorganism s and p rom ote an tib io tic  
resistan ce. T herefore, th e  rem oval o f  OTC from  environ m en t is o f 
great p ractical significance. Reactor C w as used to  study th e  oxid a
tiv e degradation o f ox y tetracy cline (OTC). Again, th e  prim ary reac
tio n  is th e  d ecom p osition  o f H2O2 catalyzed  by th e  Fe2O3 surface. 
The form ed hydroxyl radicals HO* are pow erful ox idants and react 
rapidly w ith  OTC. It is w orth  noting th at hydrogen p eroxide w ith 
ou t cata lyst does not cause any significant d egradation o f  OTC 
( Fig. 9 a). In addition, th e  unchanged sp ectra  o f OTC in Fig. 9 b - f  ind i
ca te  th a t OTC w ith ou t H2 O2  was not degraded a fter co n tact w ith  
th e  h em atite  cata lyst surface. On th e  o th er hand, sp ectra  o f  th e  
reaction  m ixtu re o f OTC w ith  H2 O2  w ere su bstan tially  changed 
( Fig. 9 b-f). The observed  decay in th e  UV bands ch a racteristic  o f 
th e  OTC ( Fig. 9 ) ind icates th a t th e  m olecu lar skeleton  o f  OTC is 
destroyed. Obviously, th e  hem atite  su rface catalyzes cleavage o f 
H2 O2  accord ing to  th e  Fenton reaction . The form ed hydroxyl radi
cals react w ith  OTC resulting in hydroxylation, oxidation, decar-



Fig. 4. SEM micrographs of the studied hematite catalyst samples at the magnifications x 4000 and x 10000.

Fig. 5. Energy dispersive spectra and elemental composition of the studied Fe2O3  catalyst samples.
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Fig. 6. H2 O2 decomposition in the presence of the raw-Fe2 O3  and sintered-Fe2 O3  catalysts: (a) changes in H2O2 concentration versus reaction time; (b) transformed kinetic 
lines according to the first-order kinetic model; (c) changes of oxidation-reduction potential. The experimental conditions: initial concentration of H2O2 was 100 mM; the 
volume of H2 O2 solution was 80 mL; catalyst dose was 160 mg.

bonylation  and d em eth ylation  [5 0 ,6 1 ] . The m ost probable sites for 
hydroxylation (adding a hydroxyl group) are th e  phenyl ring and 
double bonds in th e  cy cloh exen e rings [6 1 ] . The ox id atio n  takes

place m ainly by th e  abstractio n  o f hydrogen a tom  from  th e  se c 
ondary alcoh ol groups resulting  in th e  k etone group. D ecarbonyla- 
tio n  results in form ation  o f  cyclop enten e ring and tw o-step



Fig. 7. (a,b,c) UV-spectra of the effluent solutions at inflow H2O2 concentration of 2 mM; (d,e,f) Impact of H2O2 concentration on the efficiency of H2 O2 decomposition in the 
flow reactors.
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Fig. 8. Stability test of sintered-Fe2O3 catalyst.

d em ethylation  o f d im ethylam ine group results in prim ary am ine 
group [5 0 ,6 1 ] . Fig. 10  show s th a t th e  degradation ex te n t rem ains 
qu ite stab le  over tim e. This fact confirm s th e  stab le  op erating 
m ode o f th e  studied h em atite  catalyst.

The decom position o f OTC w as investigated  depending on the 
concentrations o f  th e  reactants a t the reactor inlet. These relation
ships w ere quantified  using th e  response surface m ethodology 
(RSM). RSM m odeling provides m athem atical equations that 
describe relationships betw een  th e  param eters o f  in terest (so- 
called response variables) and th e  experim ental param eters (e x 
planatory variables). In th e  present study, th e  response variab le is 
the degree o f  oxytetracycline rem oval w hile th e  explanatory vari
ables are  initial H2 O2  and OTC concentrations a t th e  reactor inlet. 
The w hole design consisted  o f 15 exp erim ents (Table 2 ). Four m ath 

em atical m odels w ere tested  to  describe th e  ex ten t o f  oxytetracycline 
degradation. The com parison results are  sum m arized in th e  Support
ing Inform ation. The tw o -factor in teraction  m odel (2FI) w as found to 
adequately  describe th e  ex ten t o f  oxytetracycline degradation:

OTC d e g r a d a t e d , % = 62.89 + 3.56 • Ch2o2 — 8.96 • Co t c  + 1.26 • Ch 2 o 2 • Co t c

(6)

The sta tistica l ch aracteristics o f  th e  tw o -facto r in teraction  
m odel (6 )  are  presented  in th e  Supporting Inform ation. Fig. 1 1 a 
show s th e  corresponding respon se surface diagram . The predicted 
ox y tetracy clin e rem oval efficiency  fits w ell w ith  th e  exp erim en tal 
values ( Fig. 1 1 b).

Fig. 1 1 a depicts th e  effects o f  th e  co ncen trations o f  both  reac
tan ts a t th e  reacto r in let on th e  degradation efficiency. As th e  co n 
cen tra tio n  o f  hydrogen peroxide increases, th e  d egree o f 
ox y tetracy clin e rem oval natu rally  increases ( Fig. 1 1 a). The obvious 
cau se is th e  increase in th e  am oun t o f g enerated  hydroxyl radicals. 
In contrast, an  increase in o x y tetracy cline co n cen tratio n  has th e  
op p osite effect. The h igher th e  co n cen tratio n  o f  oxytetracycline, 
th e  low er th e  percentage o f  o x y tetracy clin e degradation 
( Fig. 1 1 a). Both o f th ese  e ffects are  qu antified  by th e  coefficients 
a t th e  co ncen trations o f H2 O2  and OTC in Eq. ( 6 ) . The third  co effi
c ien t ind icates a m od erate positive synergy b e tw een  H2 O2  and 
OTC. The higher th e  concen tratio ns o f  H2 O2  and oxytetracycline, 
th e  h igher th e  d egree o f OTC degradation. The sp ectra  in Fig. 9  sug
gest th a t significant am ounts o f  H2 O2  rem ain  in th e  outgoing so lu 
tions. This fact suggests th a t th e  d egree o f oxytetracycline 
degradation m ay b e further increased  w hen using larger catalyst 
m ass or lon ger resid ence tim e.

3.4. Inactiv ation  o f  b a c te r ia  E. Coli using th e c a ta ly tic  d eco m p o sit io n  o f  
H2O2

Reactive oxygen species (ROS) are  w ell know n to  d estroy  b a c te 
rial cell w alls [ 6 2 - 6 4 ] . This approach can  b e  used for w ater d isin 
fection  [6 5 ,6 6 ] . H em atite  cata lyst can  d ecom pose hydrogen



Fig. 9. (a) UV-vis spectra of the OTC and H2O2 mixtures without the hematite catalyst ([H2 O2 ] = 20 mM); (b)-(f) UV-vis spectra of the reaction mixtures at the outlet of the 
reactor C together with the OTC spectrum. The inlet concentrations of OTC and H2O2 are indicated. Flow rate = 4.5 mL/min; temperature = 20 °C.

Fig. 10. The extent of OTC degradation versus time at different concentrations of H2O2 and OTC at the reactor C inlet: (a) 10 mM H2 O2 ; (b) 15 mM H2 O2 ; (c) 20 mM H2 O2 . Flow 
rate = 4.5 mL/min; temperature = 20 °C.

Fig. 11. (a) Response surface plot showing the degree of oxytetracycline removal depending on the concentrations of hydrogen peroxide and oxytetracycline at the reactor C 
inlet. (b) The predicted degree of oxytetracycline removal versus the experimental values.



peroxide H2 O2  w ith  concen trations up to  6 mol/L, cau sing th e  for
m ation  o f radicals. The form ed aggressive hydroxyl and hydroper- 
oxyl radicals are  good d isin fectan ts [1 3 ] . In th e  p resent study, the 
heterogeneous h em atite  cata lyst w as tested  for w ater d isin fection  
using rath er low  con cen tratio ns o f hydrogen peroxide. The aim  
w as to m ain tain  low  ou tlet co n cen tratio ns o f  H2 O2  to m inim ize 
th e  possible danger for hum ans. Fig. 12 show s exam ples o f the 
qu an tification  o f  bacteria  by co lony counting.

Fig. 1 3 a and 13b  show  th e  q u antita tiv e results o f  bacteria l inac
tivation . The m odel suspensions contained  live E. co li  cells o f  1 0 3, 
104, and 1 0 5 CFU/L at th e  reacto r inlet. The co n cen tra tio n  o f  hydro
gen peroxide from  10  to  2 0 0  m M  w as used. In th e  a bsen ce  o f  a c a t
alyst, th e  b acteria  w ere not inactivated  com p letely  by hydrogen 
peroxide alone, as confirm ed  by control exp erim en ts. As the 
H2 O2  co n cen tratio n  increases, th e  b acteria  count a t th e  ou tle t grad
ually d ecreases ( Fig. 1 3 a). The larger th e  in let bacteria l loading, the 
larger H2 O2  co n cen tratio n  is required  to  a tta in  an accep tab le  b a c

teria l co unt in th e  purified w ater (ap p roxim ately  1 0 1-10°CFU/L). 
It is qu ite obvious th a t th e  inactivation  o f  a h igher am ount o f b a c
teria  requires a larger am ount o f  reactive oxygen species to  be  g en 
erated  [6 7 ] . For th e  co m p lete  inactivation  o f  bacteria  a t 1 0 3 CFU/L, 
th e  in let H2O2 co n cen tratio n  should b e  1 5 0 - 2 0 0  mM. At larger 
in let bacteria l loadings, th e  b acteria  counts w ere d ecreased  by 
log values o f  about 2 .4  ( Fig. 1 3 a). Fig. 1 3 b show s th e  percentage 
o f  bacteria l inactivation. W ith  a low  initial bacteria l count o f  1 0 3 
CFU/L, 9 9  % inactivation  efficiency  is achieved  w ith  2 5  mM H2 O2 . 
W ith  a high bacteria l cou nt o f  1 0 5 CFU/L, 9 9  % in activatio n  requires 
1 0 0  mM hydrogen peroxide. The presented  d ata show  th at th e  
used flow  reactor C w ith  Fe2 O3  ca ta lyst provides an effectiv e w ay 
for w ater d isinfection .

Inactivation  o f  bacteria  by ROS in flow  m ode requires th e  m ax 
im ization  o f th e  co n tact area  b e tw een  th e  cata lyst and th e  b acteria  
in so lution  [6 8 ,6 9 ] . This approach w as used for th e  inactivation  o f 
b acteria  and SARS-CoV-2 viruses by th e  hem atite-cata lyzed

Fig. 12. Images of membrane filters with cultured bacterial colonies.

C (H20 2), mM c  (H20 2), mM pH (initial)

Fig. 13. The bacteria inactivation with the use of reactor C: (a) the bacterial count at the reactor C outlet depending on the bacterial count and H2O2 concentration at the inlet 
(flow rate = 4.5 mL/min; temperature = 20 °C); (b) the disinfection efficiency expressed in %; (c) the determination of the point of zero charge (pHPZC) of the sintered hematite 
granules.



Fig. 14. Mechanism of E. coli inactivation by ROS generated by the decomposition of hydrogen peroxide on the hematite catalyst in a fixed-bed reactor.

d ecom p osition  o f H2O2 [7 0 ] . Apart from  oxidizing properties o f 
hydroxyl radicals, th e  d irect co n tact action  o f th e  h em atite  surface 
also provides som e bacteria l inactivation  [6 8 ] . Usually, bacteria  cell 
m em branes carry a ch arge th at cau ses an  e lectro sta tic  a ttractio n  to 
solid surfaces [7 1 ] . Cell w alls o f  G ram -p ositive b acteria  (e.g., S. au r
eu s , S trep tococcu s m u ta n s ) have a positive su rface charge due to  te i- 
ch oic acid  (a  p h osp hate-contain in g  polym er) [7 2 ] . G ram -negative 
b acteria  (e.g., P. aeru g in osa , E. co li)  have a negative su rface charge 
due to  th e  d issociated  carboxyl and phosp hate groups o f  cell w all 
lipopolysaccharides. If th e  solid surface and th e  bacteria l m em 
brane have op posite charges, e lec tro sta tic  a ttractio n  keeps th e  b a c
teria  on th e  surface. If th e  charges have th e  sam e sign, e lectro sta tic  
repulsion w ill prevent b acteria l reten tion . In th e  p resent case, the 
charge o f E. co li shells is negative w hile  th e  charge o f  th e  h em atite  
cata lyst su rface depends on th e  solution pH. The point o f  zero 
charge o f  th e  tested  h em atite  cata lyst w as determ ined  exp erim en 
tally  ( Fig. 1 3 c). The point o f  zero charge w as found to  b e  8 .09 . In 
o th er w ords, th e  cata lyst su rface is positively  charged a t a pH 
belo w  8 .09 . In neutral solutions, E. co li is e lectro sta tica lly  a ttracted  
to th e  h em atite  cata lyst surface. This Coulom bic a ttractio n  co n 
tribu tes to accelerating  th e  inactivation  o f  b acteria  by reactive ox y 
gen species form ed on th e  h em atite  surface. Fig. 14  show s the 
general m ech an ism  o f  E. co li inactivatio n  v ia  hydrogen peroxide 
d ecom p osition  in th e  fixed-bed  reactor. ROS form ed on th e  h em a
tite  cata lyst su rface destroys bacteria l cell w alls and provides the 
effectiv e inactivation  o f E. c o li .

ov er tim e. Catalyst stab ility  w as tested  by XRD, M össbauer sp ec
troscopy, SEM, and EDS. The X -ray  d iffraction  patterns confirm ed 
th a t th e  peaks correspond to th e  rhom bohedral stru cture  o f a -  
Fe2O3, w hich  ind icates th e  stab ility  o f  th e  cata lyst phase after th e  
ca ta ly tic  process. The average cry sta llite  size o f  th e  hem atite  before 
and a fter annealing  w as 41 nm  and 4 7  nm, respectively . A fter th e  
hetero -Fen to n  ca ta ly tic  reaction , th e  average cry sta llite  size was 
reduced to  35  nm . SEM revealed  no changes in m orphology after 
th e  ca ta ly tic  hetero -Fen ton  reaction . EDS data confirm ed  th e  p res
en ce  o f only O and Fe elem en ts in th e  sto ich iom etric  ratio. The 
fixed-bed  ca ta ly tic  reactor has b e en  proved to  be  su itab le  for th e  
oxid ative degradation o f  oxytetracycline. The OTC degradation p er
cen tag e  has been  reached  up to  75  % using 2 0  m M  H2 O2  solution. 
The relationship  o f  th e  OTC degradation w ith  th e  initial co n cen tra 
tions o f reactan ts w as d escribed  using R esponse Surface M ethod ol
ogy. The b acteria  inactivation  w as studied depending on th e  inlet 
co n cen tratio n  o f  hydrogen peroxide and th e  initial concen tration  
o f  v iable cells. It w as found th at th e  o u tle t bacteria l cou nt gradu
ally  d ecreases w ith  th e  increase o f th e  in let H2 O2  concen tratio n  
from  10  to  2 0 0  mM . The larger th e  in let bacteria l loading, th e  lar
g er th e  H2 O2  co n cen tra tio n  is required  to  a tta in  an  accep tab le  b a c
teria  cou nt a t th e  reacto r ou tlet (approx. 1 0 1-10°CFU/L). The 
co m p lete  inactivation  o f  bacteria  a t 1 0 3 CFU/L needs th e  inlet 
H2 O2  co n cen tra tio n  o f 2 0 0  mM. The general in feren ce is th a t th e  
d ecom p osition  o f  hydrogen peroxide on  a hem atite  cata lyst m ay 
b e  used for th e  degradation o f organic p ollutants and w ater 
d isinfection .

4. Conclusions

This w ork describes a m ethod  o f  w ater d isin fection  by the 
d ecom p osition  o f  H2 O2  in  a fixed bed reactor using heterogeneous 
Fenton oxidation. Among advanced ox id atio n  processes, Fenton 
oxid ation  has th e  advantage o f being  sim ple in use. Hydrogen p er
oxide is an inexpensive oxidizing agent th a t is conven ien t to  store 
and handle. The proposed flow  reacto r w as filled w ith  Fe2 O3  g ran 
ules providing th e  necessary  ca ta ly tic  activity . The heterogeneous 
Fenton cata lyst w as prepared and tested  to  decom p ose H2 O2 , inac
tiv ate  b acteria  E. coli, and degrade oxytetracycline. In co n trast to 
th e  hom ogeneous Fenton catalyst, th e  proposed fixed-bed  reactor 
has th e  advantage th a t it m aintains a stab le  cata ly tic  p erform ance
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