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Abstract: Nanostructured ZnFe2O4 was synthesized by the heat treatment of a mechanically activated mixture of ZnO/α-Fe2O3. X-ray diffrac-
tion (XRD) and differential thermal analysis (DTA) results demonstrated that, after 5 h of the mechanical activation of the mixture, ZnFe2O4

was formed by heat treatment at 750°C for 2 h. To improve the characteristics of ZnFe2O4 for adsorption applications, the chemical activation
process was performed. The 2 h chemical activation with 1 mol·L−1 HNO3 and co-precipitation of 52%−57% dissolved ZnFe2O4 led to an in-
crease in the saturated magnetization from 2.0 to 7.5 emu·g−1 and in the specific surface area from 5 to 198 m2·g−1. In addition, the observed
particle size reduction of chemically activated ZnFe2O4 in field emission scanning electron microscopy (FESEM) micrographs was in agree-
ment with the specific surface area increase. These improvements in ZnFe2O4 characteristics considerably affected the adsorption performance
of this adsorbent. Adsorption results revealed that mechano-thermally synthesized ZnFe2O4 had the maximum arsenic adsorption of 38% with
the adsorption capacity of 0.995 mg·g−1 in a 130 mg·L−1 solution of As(V) after 30 min of agitation. However, chemically activated ZnFe2O4

showed the maximum arsenic adsorption of  approximately 99% with the adsorption capacity of  21.460 mg·g−1 under the same conditions.
These results showed that the weak adsorption performance of mechano-thermally synthesized ZnFe2O4 was improved by the chemical activa-
tion process.
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1. Introduction

Currently, the  increasing  use  of  heavy  metals  in  differ-
ent  industries  has  become  a  global  environmental  concern
for water  pollution  because  of  industrial  wastewaters.  Ar-
senic is a toxic heavy metal that enters water sources via the
wastewater  from  industries  that  produce  metals,  pigments,
textiles,  paper,  and  metal  adhesives  [1].  Nervous  system
problems,  dermal  system  diseases,  diabetes,  cardiovascular
system diseases, and hematological problems may be caused
by prolonged exposure to polluted arsenic-containing water
and foods [2]. Based on various studies, the adsorption pro-
cess has a cost-effective, efficient, and fast performance for
the removal  of  heavy  metals  from  aqueous  solutions  com-
pared with other routine techniques such as chemical precip-
itation,  ion  exchange,  reverse  osmosis,  coagulation,  and
flocculation, membrane  filtration,  and  electrochemical  re-
moval  [3].  Magnetic  nanostructured  adsorbents,  such  as

magnetite  and ferrites,  have attracted considerable  attention
in heavy metal adsorption studies because magnetic absorb-
ent can be separated from aqueous solutions by an external
magnetic  field  [4].  The  superior  characteristics  of  ferrites
have  resulted  in  considerable  attention  to  them  as  efficient
adsorbents for heavy metal removal from aqueous solutions.
Tu et al. [5] employed the hydrothermal method to prepare
zinc  ferrite  nanoparticles  with  high  efficiency  for  the
Mo(VI) removal/recovery process from water. Various stud-
ies have been conducted on arsenic adsorption with chemic-
ally synthesized ferrites.  As(III)  and As(V) removal by dif-
ferent  adsorbents  (e.g.,  Fe3O4,  Mn2O3,  and  hydrothermally
synthesized manganese ferrite [6]), the removal of these an-
ions  by  co-precipitated  manganese  ferrite  nanoparticles  [7],
and As(III)  adsorption  on  microwave  hydrothermally  syn-
thesized cobalt and manganese ferrite [8] have been reported.

Mechanical  activation  and  chemical  methods  are  the
most prevalent routes for ferrite synthesis. Based on various 
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studies, chemically  synthesized  ferrites  produced  by  differ-
ent  methods  (e.g.,  co-precipitation,  sol−gel,  hydrothermal,
solvothermal, and  thermal  composition)  have  superior  ad-
sorption  performance  compared  to  mechanically  or
mechano-thermally prepared  ferrites;  this  difference  is  at-
tributed to  the higher  distribution homogeneity,  higher  spe-
cific  surface  area,  and  lower  agglomeration  of  ferrite
particles synthesized by chemical routes [9−11]. Adsorption
is a surface reaction that is controlled by the number of act-
ive sites  on  the  surface  of  adsorbents.  Higher  specific  sur-
face results  in  more  active  sites  and  better  adsorption  effi-
ciency.  Druska et  al. [9]  prepared  zinc  ferrite  by  the
mechano-thermal  method  with  the  specific  surface  of  10.9
m2·g−1. Based on various studies chemically synthesized fer-
rites usually  have  higher  specific  surfaces.  These  ap-
proaches  include  hydrothermally  synthesized  cobalt  ferrite
with 85.4 m2·g−1 [12], co-precipitated manganese ferrite with
180.0  m2·g−1 [10], and  solvothermally  synthesized  zinc  fer-
rite with 70.0 m2·g−1 [13] specific surface areas. Because of
the  low  specific  surface  area,  mechanically,  or  mechano-
thermally synthesized ferrites are rarely used for heavy met-
al  adsorption.  However,  Hosseinzadeh et  al. [14]  prepared
magnetite by 45 h of mechanical milling of Fe2O3 in an ar-
gon atmosphere. The synthesized magnetite showed the ad-
sorption  capacity  of  approximately  12  mg·g−1 for  Pb2+ and
11  mg·g−1 for  Cd2+ ions.  This  mechanically  synthesized
magnetite had an inferior performance compared to co-pre-
cipitated  magnetite  with  the  adsorption  capacity  of  52.9
mg·g−1 for Pb2+ [15] and 35.46 mg·g−1 for Cd2+ in the pres-
ence of other ions [16].

The chemical  activation  process  may  be  useful  for  im-
proving the adsorption efficiency of ferrites but the effect of
this process on ferrites is unknown. However, the process is
widely  used  to  improve  the  red  mud  specific  surface  area
and  chemical  composition  [17].  The  chemical  activation
process  by  different  acids  partially  dissolves  red  mud
particles, which is accompanied by surface cavity formation
and an increase in the specific surface of red mud. Further-
more,  by adding an alkaline agent after chemical activation
in the acidic solution, the pH value in the precipitation zone
of dissolved compounds increases, and particles with a high-
er  specific  surface  area,  and  lower  size  distribution  are  re-
formed. Sahu et al. [18] used HCl-treated red mud for Pb2+

removal from water.  They reported a considerable decrease
in  the  particle  size  and  an  increase  in  the  specific  surface
area from 33.50 to 67.10 m2·g−1 owing to the acid treatment,
which led to better adsorption performance. It is well-known
that  red  mud  contains  various  metal  oxides  such  as  Fe2O3,
Al2O3,  SiO2,  and TiO2 [19]. Therefore,  the chemical activa-

tion process  may  be  useful  for  improving  the  effective  ad-
sorption characteristics of ferrites owing to their similar met-
al oxide nature. Another process for the chemical activation
of ferrites is to use H2SO4, HNO3, and HCl for the acid treat-
ment of ternary oxide of LiMnO2 (which has a spinel struc-
ture similar to that of ferrites) to prepare MnO2, as reported
by  Hunter  [20].  These  researchers  reported  that  the  acid
treatment  separated  alkali  ions  from  the  spinel  structure.
In addition, the partial dissolution of resultant MnO2 and its
re-precipitation produced  finer  particles  with  higher  homo-
geneity. Thus, this effect may be also observed in ferrite.

The effect of the chemical activation process on ferrites
has  not  been  investigated  yet.  Thus,  the  main  goal  of  this
study is  to  chemically  activate  mechano-thermally  synthes-
ized  zinc  ferrite  for  the  first  time.  In  the  second  step,  the
evaluation of chemical activation effect on zinc ferrite char-
acteristics  (e.g.,  surface  area,  saturated  magnetization,  and
particle distribution) will be investigated. The final step will
be to study the zinc ferrite performance for adsorbing As(V)
ions from a simulated acidic wastewater.

2. Experimental

To  synthesize  the  zinc  ferrite  powder,  high-energy  ball
milling  was  performed  on  a  mixture  of  ZnO  and  α-Fe2O3

(Merck, 99% purity) with a molar ratio of 1:1 (mass ratio of
1:2) as starting materials in air for 5 h in a planetary ball mill
(Model PM2400,  Asia  Sanaat  Rakhsh,  Iran)  with  the  rota-
tion speed of 300 r/min and the ball-to-powder mass ratio of
20:1.  Moreover,  4,  8,  and  10  hardened  steel  balls  with  19,
13, and 8 mm diameters were utilized in a 300 mL hardened
steel  vial  for  ball  milling.  The milling process  was stopped
for 15  min  in  1  h  intervals  to  prevent  the  temperature  in-
crease  in  vials.  Next,  180  mg  of  stearic  acid  (Sigma,  98%
purity) and 9 g of the ZnO and α-Fe2O3 mixture was used as
the process  control  agent  during  milling  to  avoid  the  ag-
glomeration  of  powders.  Differential  thermal  analysis
(DTA)  was  performed  on  non-activated  and  5  h  activated
mixtures  using  an  STA  504-Bahr  thermal  analysis  system
with  the  heating  rate  of  40°C·min−1 to  determine  the  final
temperature  of  the  reaction  in  mixtures.  The  un-milled  and
milled powders  were  heat-treated  at  DTA-determined  tem-
peratures for 2 h in an ATRA PC-15 furnace to synthesize a
nanocrystalline  zinc  ferrite  powder.  To  chemically  activate
synthesized  zinc  ferrite,  200  mg  of  zinc  ferrite  was  acid
treated with 200 mL of 1, 2, and 3 mol/L nitric acid for 2 h
at 80°C. Subsequently, the solution was added dropwise in-
to  200 mL of  a  high-concentration NaOH solution at  80°C
to re-precipitate zinc ferrite from Fe and Zn ions that exist in
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the acid treatment solution. To complete the re-precipitation
of zinc ferrite, the final solution was stirred for 1 h at 80°C.
After the magnetic solid-liquid separation of chemically ac-
tivated  zinc  ferrite  with  a  0.45  T  magnet,  the  final  powder
was washed with deionized water and dried at  70°C within
15 h.

The  structural  characteristics  of  various  samples  were
studied  by  X-ray  diffraction  (XRD)  using  a  Philips
PW3040/60 X-ray diffractometer at 40 kV and 100 mA with
a Cu Kα radiation. The microstructural characterization was
performed  via  field-emission  scanning  electron  microscopy
(FESEM) using  a  MIRA3  TESCAN  instrument.  The  Im-
ageJ  software  was  applied  to  calculate  the  average  particle
size  of  powders  via  the  image  analysis  method  based  on
FESEM micrographs; the reported numbers are the average
of  20−30 measurements  for  different  samples.  The  specific
surface area of samples was determined by a BEL-Belsorp II
instrument with nitrogen adsorption at 77 K based on Brun-
auer-Emmett-Teller  (BET)  isotherm.  Moreover,  a  vibrating
sample magnetometer (Meghnatis Daghigh Kavir Co., Iran)
was used to study the magnetic characteristics of samples at
room  temperature.  In  addition,  Fourier  Transform  Infrared
(FTIR)  spectroscopy  (ThermoElectron,  model  AVATAR,
USA) was used to  determine the  chemical  activation effect
on the adsorbent.

SO2−
4

Both  mechano-thermally  synthesized  zinc  ferrite  (here-
after called the MTZF sample) and chemically activated zinc
ferrite (hereafter called the CAZF sample) were evaluated as
the adsorbents of As(V) from simulated industrial wastewa-
ter.  All  adsorption  experiments  were  conducted  using  the
batch method. Thus, 130 mg·L−1 of As(V) and 4000 mg·L−1

of  solutions were simulated according to the chemical
analysis  of  wastewater  from  the  copper  extraction  industry
and used as the polluted solution for adsorption experiments.
The  pH  value  in  all  experiments  was  adjusted  to  3  to  be
close to  wastewater  intrinsic  pH  and  achieve  good  electro-
static attraction between As(V) anions and ferrite surfaces in
highly  acidic  solutions  [11,21−22].  Furthermore,  20  mL of
simulated  wastewater,  5,  10,  20,  30,  40,  and  50  g·L−1 of
MTZF, and 1, 2, 3, 4, 5, and 6 g·L−1 of CAZF were stirred
for  30 min to  investigate  the  effect  of  adsorbent  dosage on
As(V) adsorption.  The  effect  of  stirring  time  on  As(V)  ad-
sorption  was  studied  by  stirring  20  mL  of  simulated
wastewater with 1 g of MTZF and 0.1 g of CAZF for 5−120
min. After each experiment, the adsorbent was magnetically
separated from the liquid phase using a 0.45 T magnet and
filtration. The  As(V)  concentration  in  the  remaining  solu-
tions  was  determined  by  the  ICP-OES  (VARIAN  VISTA-
PRO, Optima7300DV) method with a detection limit  of 50

μg·L−1 for  arsenic  ions.  The adsorption capacity and As(V)
removal  percent  were  calculated  using  the  difference
between the initial and final As(V) concentrations.

3. Results and discussion

The XRD patterns  of  un-milled and milled samples  are
shown in Fig. 1. The pattern of the un-milled mixture shows
the peaks of α-Fe2O3 (JCPDS file number 01-085-0599) and
ZnO (JCPDS file  number  01-075-0576)  phases  only,  while
some of α-Fe2O3 and most peaks of ZnO disappeared for the
milled mixture. The pattern of the milled sample showed an
increase in the peak width and a decrease in the diffraction
intensities owing to the amorphous nature of the milled mix-
ture. Furthermore, peak broadening after ball milling may be
due to a decrease in the crystallite size and an increase in the
internal  lattice  strains.  These  parameters  for  both  samples
were  calculated  based  on  α-Fe2O3 via  the  Williamson-Hall
method [23]. After  5  h  of  ball  milling,  the  average crystal-
lite size decreased from 139 to 25 nm, and the lattice strain
increased from  0.09%  to  0.41%.  In  addition,  three  integ-
rated  peaks  in  the  2θ range  of  35°−38°,  56°−59°,  and
62°−65°  were  observed  in  this  sample.  The  three  major
peaks  of  ZnFe2O4 based  on  the  JCPDS  file  (01-089-1011)
are located at the diffraction angles of 35.280°, 62.243°, and
56.687°.  According  to  the  major  peaks  of  ZnFe2O4, the  in-
tegrated peaks in the milled sample pattern may be related to
the beginning of  the  following mechano-chemical  Reaction
(1):
ZnO+Fe2O3→ ZnFe2O4 (1)
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Fig. 1.    XRD patterns of the un-milled and 5 h milled powder
mixtures.
 

It is worth noting that other peaks of zinc ferrite may ex-
ist in the XRD pattern at very low intensities because of its
more  amorphous  nature  [24].  The  presence  of  α-Fe2O3 and
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ZnO peaks in the XRD pattern of milled sample proved that
the  formation  reaction  of  ZnFe2O4 cannot  be  completed  by
5 h  of  milling.  It  has  been  previously  reported  that  pro-
longed  milling  times  were  required  to  complete  the
mechano-chemical reaction  of  ferrites  under  similar  condi-
tions [25−26].

Fig. 2 shows the FESEM micrographs of un-milled and
milled samples. The morphology of the un-milled mixture is
presented  as  a  reference.  In  the  5  h  milled  sample,  the
primary shapes  of  starting  materials  changed  into  the  ag-
glomerates of fine particles made by ball mill grinding. It is
clear  that  a  considerable  decrease  in  particle  size  occurred
owing to milling. The heat treatment of un-milled and milled
mixtures  can  be  used  to  completely  form  nanocrystalline
zinc ferrite. Required temperatures for the zinc ferrite form-
ation reaction were determined based on DTA curves in Fig. 3

for  both  un-milled  and  milled  powder  mixtures.  The  DTA
curve for the un-milled mixture demonstrated an exotherm-
ic peak with  the  onset  and final  temperatures  of  approxim-
ately  830°C  and  1080°C,  respectively.  The  onset  and  final
peak  temperatures  for  the  5  h  milled  mixture  considerably
decreased to 550°C and 730°C, respectively.  It  is  clear that
the DTA peak for the 5 h milled mixture had a shorter tem-
perature range compared to the un-milled mixture, which in-
dicated that the mechanical activation process improved the
reaction kinetics and decreased the energy required for zinc
ferrite  formation  owing  to  a  decrease  in  the  particle  and
crystallite  size  and an increase  in  the  internal  lattice  strains
after milling  based  on  the  FESEM  micrographs  and  Willi-
amson-Hall calculations. In addition, the exothermic peak in
the temperature  range  of  approximately  100−360°C  be-
longed to the stearic acid decomposition reaction [27].

 
 

(a) (b)

500 nm 500 nm

Fig. 2.    FESEM micrographs for (a) un-milled and (b) 5 h milled samples.
 

The XRD patterns of heat-treated samples (Fig. 4) show
the complete  formation  of  zinc  ferrite  after  the  heat  treat-
ment (HT) of both un-milled and milled mixtures. The heat
treatment temperatures were selected according to the DTA
results. It is clear that the mechanical activation process res-
ulted  in  the  complete  formation  of  zinc  ferrite  at  750°C,
lower than the temperature of the un-milled primary mixture.

Fig.  5 shows the FESEM micrograph of  the 5 h milled
and  heat-treated  sample  at  750°C  (MTZF).  It  is  clear  that
high  agglomeration  and  particle  growth  are  made  by  heat
treatment  compared  with  the  milled  sample  (Fig.  2(b)).
From a quantitative viewpoint,  the average particle  size for
the 5 h milled and MTZF sample was calculated via the im-

age analysis technique as 33 and 65 nm, respectively, show-
ing a notable increase in the particle size owing to the heat
treatment.

The  specific  surface  area  of  the  MTZF  sample  was
measured by the BET method as  5  m2·g−1.  It  is  reported in
the  literatures  that  the  specific  surface  area  of  mechano-
thermally  synthesized  ferrites  usually  has  lower  amounts
compared  with  chemically  synthesized  ones  [9−10]. Fig.  5
shows  that  the  growth  and  high  agglomeration  of  particles
made by heat treatment in the MTZF sample negatively af-
fected  the  specific  surface  area  of  ferrite.  The  adsorption
process is highly dependent on available sites on the adsorb-
ent  surface.  Thus,  specific  surface  area  is  a  very  important
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characteristic of an adsorbent that influences adsorption effi-
ciency [10]. Based on these explanations, the low amount of
MTZF specific surface area may be a negative parameter in
this sample performance as  an adsorbent.  Therefore,  chem-
ical activation was used to improve the specific surface area
of the produced MTZF powder.

The  chemical  activation  process  is  accompanied  by  the
acidic dissolution of zinc ferrite based on Reaction (2):
ZnFe2O4+8H+→ Zn2++2Fe3++4H2O (2)

The  dissolution  percentage  of  MTZF  at  various  HNO3

concentrations is observed in Fig. 6. Based on the dissolved
Fe analysis, the leaching percentage after 2 h was calculated
to be approximately 52%, 78%, and 83% for the HNO3 con-
centrations of 1, 2, and 3 mol·L−1, respectively. On the basis
of the dissolved Zn analysis, with a mild increase compared
to the first calculation method, the leaching percentage was
calculated to be approximately 57%, 79%, and 84% for the
HNO3 concentrations  of  1,  2,  and  3  mol·L−1,  respectively.
The  observed  difference  between  the  leaching  percentages
calculated by the two methods is  due to the partial  conver-
sion  of  aqueous  Fe3+ to  solid  Fe2O3 (not  detectable  by  the
ICP-OES method) during the dissolution step based on Re-

action (3) [28−29]. Therefore, it  seems that dissolution per-
centage  determination  was  more  accurate  based  on
dissolved Zn.
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Fig. 5.    FESEM micrograph of the MTZF sample.
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ZnFe2O4+2H+→ Zn2++Fe2O3+H2O (3)

By adding the  chemical  activation solution to  the  high-
concentration sodium hydroxide solution, zinc ferrite re-pre-
cipitated based on Reactions (4)−(6) [30−32]. During the pH
increase,  Fe2O3 (which  was  formed  based  on  Reaction  (3))
was converted to  Fe(OH)3,  and this  hydroxide reacted with
zinc  ferrite  based  on  solid-state  Reaction  (6).  Thus,  Fe2O3

did not pose a problem for ferrite co-precipitation.
Zn2++2Fe3++8OH−→ ZnFe2O4+4H2O (4)

Zn2++2Fe3++8OH−→ Zn(OH)2+2Fe(OH)3 (5)

Zn(OH)2+2Fe(OH)3→ ZnFe2O4+4H2O (6)

It was predicted that chemical activation with more con-
centrated  acid  would  lead  to  a  final  product  with  superior
modified properties because more particles will be available
for re-precipitation in the second step of the chemical activ-
ation process.  However,  the  specific  surface  area  unexpec-
tedly decreased from 198 to 177, and 171 m2·g−1 for HNO3

concentrations of 1, 2, and 3 mol·L−1, respectively. Chemic-
al activation in more dilute acidic solution led to the re-pre-
cipitation  of  zinc  ferrite  with  a  higher  specific  surface  area
because  of  the  higher  supersaturation  during  precipitation
with the  high-concentration  NaOH  solution.  If  the  differ-
ence between the concentrations of NaOH and HNO3 is the
cause  of  supersaturation  during  re-precipitation,  it  can  be
concluded  that  a  higher  supersaturation  from  1  mol·L−1

HNO3 was  responsible  for  zinc  ferrite  formation  with  a
higher  specific  surface  area  during  the  chemical  activation
process. It  is  known  that  at  higher  supersaturation  condi-
tions,  nucleation  rate  will  overcome  the  growth  rate  [33],
and this  phenomenon  would  lead  to  the  formation  of  sedi-

ments with  finer  particles,  higher  homogeneity  in  distribu-
tion  and,  consequently,  higher  specific  surface  area.  The
FESEM images  of  chemically  activated  samples  demon-
strated  in Fig.  7 confirmed  the  BET  analysis  results. Fig.
5(b) shows the  agglomerated  particles  of  MTZF as  a  com-
parison  reference,  and Figs.  7(a)−7(d) show  the  images  of
chemically activated ferrites. It is clear that the sample pro-
cessed in  1  mol·L−1 HNO3 (shown in Fig.  7(a))  has  a  finer
and  more  homogenous  particle  distribution  compared  with
chemically activated ferrite samples (shown in Figs. 7(c) and
7(d)) that were produced in 2 and 3 mol·L−1 HNO3, respect-
ively. The average particle sizes were calculated via the im-
age  analysis  method  as  23,  27,  and  28  nm  for  1,  2,  and  3
mol·L−1 acid concentrations, respectively.

Fig.  7(b) shows another  FESEM  image  of  the  chemic-
ally  activated zinc ferrite  with  1  mol·L−1 HNO3 taken from
another area of the sample. It  is  observed that the activated
powder  has  a  dual  structure  that  includes  mechano-thermal
ferrite  remaining  from  the  previous  steps  and  partially  co-
precipitated ferrite during the chemical activation process. In
addition, this structure may be seen in other areas of samples
that were chemically activated with 2 and 3 mol·L−1 acids. It
is  observed  that  the  large  agglomerated  particles  of
mechano-thermal ferrite are located in marked areas, and the
finer  particles  of  new  ferrite  precipitated  on  the  surface  of
MTZF  particles.  As  explained  in  the  previous  paragraph,
lower acid  concentration  resulted  in  better  properties  of  fi-
nal ferrite; however, further concentration reduction may in-
crease  the  MTZF  volume  fraction,  which  has  unfavorable
microstructural and  magnetic  properties.  The  volume  frac-
tion of MTZF can be reduced to zero using an HNO3 solu-
tion with a concentration greater than 3 mol·L−1.  Thus, if  it
is  possible  to  obtain  desirable  results  using  a  more  diluted
acid,  it  is  not  logical  to  use  high-concentration  acids  that
cause health-related,  environmental,  and  instrumental  prob-
lems,  especially  near  the  boiling  temperature.  Therefore,  to
reach a balance between MTZF volume fraction, acceptable
microstructural characteristics,  and  environmental  consider-
ations,  chemically activated zinc ferrite  in 1 mol·L−1 HNO3

with  an  abbreviation  of  CAZF  was  chosen  as  the  suitable
adsorbent.

The  XRD  patterns  of  MTZF  and  CAZF  samples  are
shown  in Fig.  8.  It  is  clear  that  the  CAZF sample  exhibits
only zinc ferrite  peaks.  In  addition,  this  sample has  a  more
amorphous  structure  because  of  the  precipitation  during  its
synthesis route. Similar studies have noted the possibility of
goethite or iron(III)  hydroxide formation during the co-pre-
cipitation  of  ferrites  [34−35].  Whereas  in  this  study,  owing
to  the  low  amount  of  possible  impurities  and  based  on  the

 

90

80

70

60

50

Le
ac

hi
ng

 p
er

ce
nt

ag
e 

/ %

Leaching percentage of Zn

Leaching percentage of Fe

1 2 3
Acid concentration / (mol·L−1)

Fig. 6.    Percentage of zinc ferrite leaching at various acid con-
centrations calculated on the basis of the amounts of dissolved
Fe and Zn.

M.S. Azar et al., Effect of chemical activation process on adsorption of As(V) ion from aqueous solution by ... 531



XRD detection  limit,  there  are  no  observable  peaks  related
to goethite  or  iron(III)  hydroxide.  Moreover,  the  small  de-
gree of impurities may improve adsorption performance be-
cause  of  their  strong  heavy  metal  removal  capability  [36],
especially for arsenic [37].

Fig. 9 shows the FTIR spectra of the MTZF and CAZF
samples. The aim of this analysis was to investigate the pos-
sibility of the Fe(OH)3/FeOOH formation during the chem-
ical activation process because of uncertain XRD results that
indicated  that  these  Fe−OH  bond-containing  compounds
were absent in the CAZF sample. Based on Fig. 9, it is clear
that  there is  no notable difference between the two spectra,
which indicates that both samples have the same nature and
no new interaction is made in the zinc ferrite structure by the
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Fig. 7.    FESEM micrographs of chemically activated ferrites in (a, b) 1 mol·L−1, (c) 2 mol·L−1, and (d) 3 mol·L−1 HNO3.
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chemical activation  process.  To  identify  Fe−OH  interac-
tions in the sample, the −OH vibration band had to be evalu-
ated.  There  was  a  broad  peak  in  the  range  of  3000−3700
cm−1, and this approximate wave number range has been at-
tributed to the −OH stretching vibration [38−39]. The com-
parison  of  MTZF  and  CAZF  spectra  in  this  wavenumber
range  confirmed  that  electrostatic  interactions  owing  to
chemical  activation  affected  the  −OH  bands.  Besides,  the
band  at  3686  cm−1 was  identified  by  Kefirov et  al. [40]  as
the  −OH  stretching  vibration  peak,  and  both  MTZF  and
CAZF adsorbents exhibited a similar band at that wavenum-
ber.  Kefirov et  al. [40]  claimed that  the  peaks  at  1380 and
1400 cm−1 were attributed to Fe−OH and −FeOH2

+ ligands,
respectively. The  spectra  of  CAZF demonstrated  no  move-
ment  or  interaction  in  the  mentioned  wavenumber  ranges
compared with those in MTZF spectra. Therefore, the chem-
ical  activation  process  successfully  re-produced  zinc  ferrite
with  modified  characteristics,  and  the  formed  Fe(OH)3/
FeOOH during this step was negligible.
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During the adsorption process, solid-liquid separation is
a challenging step for  non-magnetic  nanostructured adsorb-
ents [4]. If the adsorbent has acceptable magnetic properties,
the solid-liquid separation can be performed by an external
magnetic  field  [41].  Therefore,  the  magnetic  properties  of
MTZF and CAZF adsorbents were measured by the vibrat-
ing sample magnetometer (VSM) method. The results of this
experiment  are  shown in Fig.  10. It  is  clear  that,  by apply-
ing  a  10000  Oe  magnetic  field,  the  magnitude  of  MTZF
magnetization reached approximately 2.0 emu·g−1 but it did
not  become  saturated.  In  addition  to  the  small  degree  of
magnetization,  the  small  hysteresis  loop  also  showed  the
weak magnetic properties of MTZF. The transition from in-
verse to normal spinel structure owing to the heat treatment
[26,42−43]  and  the  possible  presence  of  antiferromagnetic

Fe2O3 with  a  low  magnetization  of  0.4  emu·g−1 [44]  in
amounts  lower  than  the  XRD  detection  limit  [45]  are  the
reasons for the weak magnetic properties of MTZF. The un-
desirable  magnetic  characteristics  of  MTZF  disrupted  the
magnetic separation process. Furthermore, the small amount
of  specific  surface  area  and  high  agglomeration  of  MTZF
particles had  a  weakening  effect  on  the  adsorption  effi-
ciency of this adsorbent. Consequently, the chemical activa-
tion process was applied to improve the adsorption perform-
ance of mechano-thermally synthesized zinc ferrite.  Similar
to MTZF, the CAZF sample showed unsaturated magnetiza-
tion  owing  to  the  volume  fraction  of  MTZF  and
FeOOH/Fe(OH)3 impurities (even in low amounts) that have
weak  magnetic  properties  [46].  Nevertheless,  compared  to
MTZF,  the  amount  of  saturation  magnetization  (Ms) in-
creased  to  approximately  7.5  emu·g−1 in the  working  mag-
netic field range, and a larger hysteresis loop was observed.
The improvement of magnetic properties after chemical ac-
tivation  is  attributed  to  the  reduction  of  particle  size.  The
large surface-to-volume ratio in nanostructured particles can
apply a noticeable strain on surface structure,  which results
in  a  decrease  in  the  energy  difference  between  tetrahedral
and octahedral sites, promotes the change in cation distribu-
tion  through  the  displacement  of  Zn2+ and  Fe3+ between
those  sites,  and  creates  inversion  in  the  spinel  structure  of
ferrite [26,47].
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The  adsorption  performance  of  both  MTZF  and  CAZF
adsorbents  was  investigated  by  the  removal  efficiency  of
As(V) from simulated acidic  wastewater. Fig.  11 compares
the removal efficiency of As(V) by various dosages (defined
as S/L = the quality of adsorbent (S) in g/the volume of solu-
tion (L) in L) of MTZF and CAZF. These experiments were
conducted  at  the  solution  concentration  of  130  mg·L−1

As(V) and 30 min agitation time. Fig.  11(a) shows that  for
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the  MTZF  adsorbent  at S/L =  5  g·L−1,  only  approximately
5% of  ions  was  removed.  By increasing the  MTZF dosage
to S/L =  50  g·L−1,  the  As(V)  removal  percentage  finally
reached approximately 38% with the adsorption capacity of
0.995 mg·g−1.  By increasing the MTZF dosage to S/L = 50
g·L−1,  no  gradient  drop  was  observed  in Fig.  11(a).  This
means  that  the  adsorption  process  did  not  reach  saturation
level  possibly  owing  to  the  significant  constraint  in  MTZF
surface active sites because of the low specific surface area,
which makes the adsorbent-ions contact very difficult. Dur-
ing  adsorption,  it  is  possible  that  all  of  the  active  sites  of
MTZF are occupied by arsenic ions. Even if some sites are
not occupied, the insufficient adsorbent-ions contact leads to
very slow kinetics, under this condition, a considerable frac-
tion of ions cannot be removed after 30 min of agitation. By
increasing agitation time, an enhancement in adsorption ca-
pacity may be achievable [48−49]. Compared to MTZF, the
CAZF adsorbent  had  a  considerably  more  efficient  adsorp-
tion performance. Fig. 11(b) shows that for CAZF, approx-
imately 59% of  arsenic  ions was removed in the dosage of

S/L = 1 g·L−1. By increasing dosage,  a  noticeable improve-
ment  in  adsorption  capacity  is  observed.  Thus,  at S/L =  5
g·L−1,  approximately 98%, and at S/L = 6 g·L−1,  more than
99% of arsenic ions were adsorbed. At the best removal per-
centage,  the  adsorption  capacity  of  CAZF  increased  to
21.460  mg·g−1. These  results  show  the  superior  perform-
ance of this adsorbent compared to that of MTZF and, con-
sequently, the impressive positive effect of the chemical ac-
tivation process on the adsorption characteristics of zinc fer-
rite, which is related to a considerable increase in the specif-
ic  surface  area  and  a  decrease  in  the  particle  size  after  the
activation based on and FESEM micrographs (Figs. 5 and 7)
and BET results.

The  effect  of  agitation  time  on  the  adsorption  behavior
of  MTZF  and  CAZF  samples  is  demonstrated  in Fig.  12.
The results  confirm  the  considerable  enhancement  in  ad-
sorption  efficiency  owing  to  the  specific  surface  area  and
particle  size  improvement  made  by  the  chemical  activation
process. Fig.  12(a) shows that  during  the  first  10  min,  ap-
proximately  15% of  arsenic  ions  was  removed by 50 g·L−1
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of MTZF. By performing experiments up to 30 min, the re-
moval percentage was increased with a constant slope to ap-
proximately 38%.  The  more  prolonged  tests  were  accom-
panied by a  gradient  drop,  which indicated slower kinetics.
The observed gradient drop and decrease in adsorption rate
were  not  accompanied  by  an  increase  to  the  equilibrium
state. Thus, noticeable parts of active sites were occupied by
arsenic ions, which suggests that the diffusion of ions from
the solution into adsorption sites was difficult [50]; however,
a  decrease  in  the  adsorption  rate  was  caused  by  the  longer
diffusion path of the ferrite surface [51], which made the ad-
sorbent-ions contact very difficult. Finally, the removal per-
centage  of  approximately  56%  and  the  adsorption  capacity
of  approximately  1.453  mg·g−1 were  achieved  during  the
most  prolonged  experiment,  i.e.,  120  min  of  agitation.  For
CAZF,  5g·L−1 of this  adsorbent  successfully  removed  ap-
proximately 73% of arsenic ions in only 5 min. By increas-
ing the agitation time up to 20 and 30 min, the removal per-
centage reached approximately 95% and 99%, respectively;
then,  more  than  99%  of  arsenic  ions  were  adsorbed  on
CAZF.  The  adsorption  capacity  of  CAZF  under  the  best
conditions  increased  to  approximately  25.875  mg·g−1.  This
performance confirmed the phenomenal improvement in the
zinc ferrite  adsorption efficiency owing to the chemical  ac-
tivation process. These results introduce chemical activation
as a novel efficient process for the improvement of magnet-
ic  and  microstructural  characteristics  in  mechano-thermally
synthesized ferrites or other metallic oxides.

4. Conclusion

Nanostructured zinc ferrite was successfully synthesized
by the mechano-thermal method. Based on the DTA results,
zinc  ferrite  was  formed  in  the  temperature  range  of
550−730°C by 5 h of mechanical activation of the ZnO and
α-Fe2O3 mixture, while the formation reaction of zinc ferrite
from un-milled ZnO and α-Fe2O3 mixture was completed in
the temperature  range  of  830−1080°C.  XRD  results  con-
firmed that DTA-derived temperatures were efficient at zinc
ferrite synthesis.  It  is  clear  that  mechanical  activation  con-
siderably moderated the synthesis process including temper-
ature and heat  energy.  FESEM showed high agglomeration
in mechano-thermal zinc ferrite. The specific surface area of
this  ferrite  was  5  m2·g−1 owing  to  agglomeration,  and  the
saturated  magnetization  of  this  sample  was  2.0  emu·g−1.
These properties resulted in a weak adsorption performance
of  mechano-thermal  zinc ferrite.  The BET analysis  showed
that chemical activation with 1, 2, and 3 mol·L−1 HNO3 acid
decreased  specific  surface  values  from  198  to  177  and

171 m2·g−1, respectively. The more dilute acid exhibited bet-
ter specific surface area owing to higher supersaturation dur-
ing  re-precipitation,  which  allows  using  the  method  with
lower risk and environmental issues. Hence, chemically ac-
tivated zinc ferrite with 1 mol·L−1 HNO3 was chosen as the
second adsorbent. Compared to the mechano-thermally syn-
thesized sample, higher saturated magnetization (7.5 emu·g−1)
and  more  homogenous  and  fine  particle  distribution  were
observed  in  the  chemically  activated  sample.  Adsorption
results  showed  that  50  g·L−1 mechano-thermally synthes-
ized sample  achieved  the  maximum  arsenic  removal  per-
centage of approximately 38% with the adsorption capacity of
0.995 mg·g−1 in 30 min. However, 6 g·L−1 chemically activ-
ated sample  achieved the  removal  percentage  of  approxim-
ately  99%  with  the  adsorption  capacity  of  21.460  mg·g−1

during the  same  time,  and  with  longer  time,  complete  re-
moval was obtained. Finally, this study successfully demon-
strated a  practical  method  for  improving  magnetic,  micro-
structural,  and  adsorptive  properties  of  simple  and  cost-ef-
fective mechano-thermally synthesized zinc ferrite and pos-
sibly other  ferrites  that  typically  exhibit  weak  and  insuffi-
cient adsorptive characteristics.
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