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Abstract: A novel method for recovering zinc from zinc ferrite by reduction roasting–ammonia leaching was studied in this paper. The reduction
thermodynamic of zinc ferrite by CO was analyzed. The effects of roasting parameters on the phase transformation and conversion rate of zinc fer-
rite, and the leaching behavior of zinc from the reductive roasted samples by ammonia leaching, were experimentally investigated. The mineralo-
gical phase compositions and chemical compositions of the samples were characterized by X-ray diffraction and chemical titration methods, re-
spectively. The results showed that most of the zinc ferrite was transformed to zinc oxide and magnetite after weak reduction roasting. 86.43% of
the zinc ferrite was transformed to zinc oxide under the optimum conditions: CO partial pressure of 25%, roasting temperature of 750°C, and
roasting duration of 45 min. Finally, under the optimal leaching conditions, 78.12% of zinc was leached into the solution from the roasted zinc fer-
rite while all iron-bearing materials were kept in the leaching residue. The leaching conditions are listed as follows: leaching duration of 90 min,
ammonia solution with 6 mol/L concentration, leaching temperature of 50°C, solid-to-liquid ratio of 40 g/L, and stirring speed of 200 r/min.
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1. Introduction

At present, there are almost 9 million tons of zinc-leach-
ing  residue  annually  produced  around  the  world  and  about
0.8 million tons of zinc-containing electric arc furnace (EAF)
dust  annually  produced  in  China.  Zinc-leaching  residue  and
zinc-containing EAF dust are the by-products of the zinc hy-
drometallurgical process and electric furnace steelmaking, re-
spectively  [1–2].  The  produced  and  stacked  zinc-leaching
residue and EAF dust occupy large areas of land, cause seri-
ous environmental  problems,  and  waste  valuable  zinc  re-
sources  [3].  Thus,  it  is  essential  to  recover  zinc  resources
from  EAF  dust  and  zinc-leaching  residue  for  the  supply  of
zinc production and environmental protection.

Generally, zinc mainly exists in the form of zinc ferrite in
zinc-leaching  residue  and  zinc-containing  EAF  dust.  Zinc
ferrite  (ZnO·Fe2O3)  is  insoluble  in  mild  acidic  or  alkaline
conditions  due to  its  stable  crystalline  structure.  In  addition,
some research  has  indicated  that  zinc  ferrite  could  be  dis-
solved  under  pressurized  and  hot  acid  leaching  conditions.

However, a large number of iron oxides were also dissolved,
which increased the complexity of subsequent iron precipita-
tion processes  and made the  recovery of  iron more  difficult
[4].

Several methods  have  been  developed  to  treat  zinc  fer-
rite to solve this problem. One route is the conversion of in-
soluble  zinc  ferrite  into  soluble  zinc-containing  compounds
after roasting with additives, so that zinc and iron could then
be  separated  and  recovered  through  the  following  methods:
In  general,  the  used  additives  included  acid  additives
(sulfate), alkaline  additives  (calcium oxide),  and  neutral  ad-
ditives  (halogenide)  [5–7].  Zinc  ferrite  can  be  decomposed
into  zinc  sulfate  (ZnSO4)  and ferric  sulfate  (Fe2(SO4)3)  after
sulfidation roasting; the decomposition products can then be
selectively extracted by water [8–9]. Furthermore, during the
calcified roasting process, zinc ferrite was converted into zinc
oxide and calcium ferrite;  the zinc could then be selectively
leached by either ammonia or alkaline leaching [10–12]. Ad-
ditionally, zinc ferrite was decomposed into zinc chloride and
ferric  oxide  after  halogenation  roasting  with  ferric  chloride 
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(FeCl3), so that zinc and iron could then be separated by wa-
ter  washing  according  to  their  differing  solubilities  [13].
However, a large amount of harmful gas was produced dur-
ing the chloride roasting process, which limited its industrial
application on a large scale.

As  for  the  separation  of  zinc  from  the  production  after
conversion,  acid  leaching,  alkaline  leaching,  and  ammonia
leaching are considered as three conventional leaching meth-
ods.  Although  these  three  methods  have  different  principles
and reactions, the fundamental purpose is the transfer of zinc
into  the  solution  while  iron  and  other  substances  remain  as
solid residue as much as possible. As mentioned above, acid
leaching  faces  a  high  iron  concentration  in  solvents.  Havlik
et  al.  [14]  found  that  a  low  concentration  of  sulfuric  acid
could not only achieve the low amount of dissolved iron, but
could also achieve a low zinc-leaching efficiency. Halli et al.
[15] proposed  recycling  EAF  dust  with  organic  acid  leach-
ing  after  NaOH  roasting.  Under  the  optimized  conditions,
100% of Zn vs.  only 10% of Fe could be leached. Alkaline
leaching has a better  selective extraction than acid leaching.
Chairaksa-Fujimoto et  al.  [12]  leached  zinc  oxide  from  the
CaO treated dust using NaOH solution and without any not-
able  dissolution  of  iron  and  calcium.  Ammonia  leaching  is
widely  used in  hydrometallurgy of  non-ferrous  metal.  Yang
[16] prepared  high-purity  zinc  from  a  secondary  zinc  re-
source in ammonia-ammonium aqueous solution,  and found
the solubility of zinc reached the top when [NH3]/[NH4Cl] =
1.  Wang et  al.  [17]  found  that  the  leaching  process  of  zinc
oxide  ore  by  NH3–NH4Cl solution  was  controlled  by  diffu-
sion of  particle  apertures,  and  the  model  of  reactions  con-
formed  to  the  shrinking  core  model.  Xia  and  Pickless  [18]
studied the behavior of  decomposition of zinc ferrite  in Na-
OH solution  and  found  the  dissolution  reaction  was  as  fol-
lows:
ZnFe2O4 + 2[OH−] = ZnO2−

2 + Fe2O3 + H2O (1)

Zeydabadi et al. [19] introduced a way of extracting zinc
from blast furnace flue dust following by sulfuric acid leach-
ing, purification  with  ammonium  jarosite,  extraction,  strip-
ping,  and  electrodeposition.  Turan et  al.  [20]  introduced  a
multiple  method  to  recycle  zinc  and  lead  from  zinc  plant
residue by roasting with H2SO4, water leaching, and, finally,
NaCl leaching.  About 86% Zn and 89% Pb were recovered
under optimal conditions.

In  addition,  a  reduction  roasting  process  was  applied  to
decompose zinc ferrite. Zinc ferrite could be decomposed to
ZnO and Fe3O4 after reduction roasting. The reduction roast-
ing–sulfate  leaching  process  for  recovering  zinc  from  zinc-
containing  leaching  residue  was  reported  by  researchers

[21–22].  However,  the  problem  of  dissolving  zinc  and  iron
simultaneously has not been solved due to the poor leaching
selectivity  of  zinc  sulfate  solution.  Moreover,  the  zinc  and
iron resources in the leaching residue could be separated and
recovered  by  magnetic  separation  after  reduction  roasting
[23–27]. Nonetheless, the separation of ZnO and Fe3O4 in the
roasting  products  could  not  completely  be  achieved,  which
led  to  a  low  iron  recovery  rate.  Therefore,  the  reduction
roasting–ammonia leaching process proposed in this study is
aimed at investigating the characteristics of the reduction be-
havior of  zinc  ferrite  and  ammonia  leaching  of  the  produc-
tion after roasting.

2. Experimental

2.1. Materials

The key to recovering zinc from zinc-containing dust and
zinc-leaching residue is to extract zinc from zinc ferrite. The
extraction of zinc from real dust will be easy if the zinc ex-
traction from zinc ferrite can be achieved. Zinc ferrite, an ar-
tificial ore  produced  by  EAF steelmaking  or  zinc  hydrome-
tallurgy, does not exist  in nature.  Synthesis of zinc ferrite is
carried out by roasting the compounds of zinc oxide and fer-
ric oxide.  The  pure  zinc  ferrite  used  in  this  study  was  syn-
thesized by the following steps: First, the analytical purity re-
agents  ZnO and Fe2O3 powder were thoroughly mixed with
1:1 in a molar ratio in an agate mortar. Then, the mixture was
placed into a corundum crucible and roasted in a muffle fur-
nace at 1200°C for 4 h. The roasted mixture was leached by
hydrochloric acid with a concentration of 1 mol/L for 1 h at
room  temperature  to  remove  the  unreacted  oxides.  The
leaching residue was roasted in the muffle furnace at 1200°C
for  1  h.  Finally,  the  second  roasted  product  (<75  μm)  was
dried at 105°C for subsequent analysis and experiments. The
X-ray powder  diffraction  patterns  of  synthetized  zinc  ferrite
powder  are  shown  in Fig.  1.  It  can  be  seen  that  the  main
phase of synthetized zinc ferrite was ZnFe2O4, and no impur-
ity phase could be observed. The main peaks of the synthetic
zinc ferrite in Fig.1 had the same 2θ scales as the zinc ferrite
in EAF dust and zinc-leaching residue [21,28]. The total zinc
and total iron of this synthetized zinc ferrite were 26.94wt%
and 46.61wt%,  respectively,  which  was  close  to  the  corres-
ponding  theoretical  values  of  zinc  ferrite,  27.12wt%  and
46.33wt%. This signified that the synthetized zinc ferrite had
enough purity for the following investigation.

2.2. Reduction roasting

Fig.  2 illustrates the schematic  diagram of  the shaft  fur-
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nace with silicon carbide heating elements and an automated
temperature control system. The synthetic zinc ferrite powder
(2.5 g) was mixed with a small amount of water and pressed
to  form  cylindrical  pellets  (ϕ10  mm  ×  10  mm).  Ten  dried
pellets were placed into the quartz tube, and the furnace was
heated  to  the  designated  temperature.  After  flushing  with
high-purity  N2 gas  (>99.999%)  for  20  min,  the  quartz  tube
was lowered into the shaft  furnace and kept in the hot zone
of  the  furnace.  The  N2 gas  was  then  replaced  by  the  mixed
gas of CO (>99.99%) and CO2 (>99.99%) to conduct the re-
duction  of  zinc  ferrite.  After  the  required  roasting  duration
was achieved, the gas was changed to N2 gas until the roas-
ted zinc ferrite cooled to room temperature. The flow rate of
gas was kept at 8 L/min. At last, the roasted pellets were re-
moved from the quartz tube for analysis and subsequent am-
monia leaching experiments.

In addition, the aim of the reduction roasting was to de-
compose  and  transform  the  insoluble  zinc  ferrite  to  soluble

ZnO and Fe3O4 so that the zinc and iron could be selectively
leached  and  separated  by  subsequent  ammonia  leaching.
Theoretically,  it  can  be  inferred  that  the  more  zinc  ferrite
transforms  to  zinc  oxide  during  the  reduction  roasting,  the
more zinc and iron can be recovered by later ammonia leach-
ing. Therefore,  the  results  of  reduction  roasting  were  evalu-
ated by the following indices:

The conversion ratio of zinc oxide (ω) could be obtained
as in Eq. (2).

ω =
γ1 (Zn)
γ2(Zn)

×100% (2)

γ1 (Zn)
γ2 (Zn)

where  is the mass percentage of zinc in the form of
zinc  oxide  in  the  reduced  sample,  wt%;  is the  per-
centage of total zinc in the sample, wt%.

The percentage of ferrous content in total iron content (η)
could be obtained as in Eq. (3).

η =
γ(Fe2+)
γ(TFe)

×100% (3)

where γ(Fe2+)  is  the  percentage  of  ferrous  in  the  reduced
sample,  wt%; γ(TFe)  is  the  percentage  of  total  iron  in  the
sample, wt%.

2.3. Ammonia leaching

The  ammonia  leaching  experiments  of  the  reduction-
roasted samples were carried out, and the schematic diagram
of  the  apparatus  is  illustrated  in Fig.  3.  During the  leaching
process,  the  reduced roasted  powder  (≤75 μm) was  dried  at
110°C for 3 h. The leaching experiments were carried out in
a  250  mL  beaker  in  a  water  bath  at  constant  temperature.
100  mL  leaching  solution  was  prepared  in  the  250  mL
beaker  sealed  with  plastic  film  according  to  the  preset  total
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Fig. 1.    XRD patterns of synthetized zinc ferrite.
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Fig.  2.      Schematic  diagram of  the  shaft  furnace  for  reduction
experiments.  1—Gas  cylinder;  2—Pressure  reducing  valve;
3—Gas flowmeter;  4—Mixer;  5—Elevator;  6—Heating   ele-
ments;  7—Sample;  8—Shaft  furnace;  9—Thermocouple;
10—Quartz tube; 11—Gas outlet; 12—Perforated screen plate;
13—Ground quartz cover; 14—Alcohol burner.
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Fig. 3.      Schematic  diagram of  the  leaching  experiment  equip-
ment.  1—Frequency  converter  stirrer  bracket;  2—Agitator;
3—Stainless steel impeller; 4—Plastic film; 5—Beaker; 6—Stir-
ring  blades;  7—Constant  temperature  water  bath;  8—Sample
and ammonia mixture; 9—Constant temperature flume.
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ammonia concentration  and  the  ratio  of  ammonia  and  am-
monium. Then, a certain amount of reduced roasted powder
was placed into the beaker. The agitator started stirring when
the required experimental temperature of the water bath was
reached.  After  the  required  leaching  duration  ended,  the
leachate was separated from the residue by vacuum filtration
and analyzed.

The leaching ratio of zinc (R), which is the maximal the-
oretical  value of  zinc-leaching rate by ammonia leaching,  is
calculated as in Eq. (4):

R =
( C×V
G×W

)
×100% (4)

where C is the concentration of zinc in the filtrate, g/L; V is
the volume of filtrate, L; G is total mass of the sample, g; W
is the zinc content of the sample.

2.4. Characterization techniques

Potassium  dichromate  titration  for  total  Fe,  and  ferrous
and EDTA titration for Zn were performed for the chemical
analysis of  reduction  products  and  leaching  residue  accord-
ing  to  the  Chinese  standard  GB/T  6730.65–2009,  GB/T
8151.1–2012, and GB/T 6730.8–2016.

The mineral phase compositions of the samples were de-
termined  by  XRD  (Japan,  TTR-III,  D8  Advance)  with  a
graphite monochromator and Cu-Kα radiation in the range of

20–80° at a scanning rate of 10°/min. The content of zinc in
the  leachate  was  determined  by  inductively  coupled  plasma
mass  spectrometry  (ICP-MS)  (Thermo  Fisher  Scientific,
ICAP7400 Radial).  In  addition,  the content  of  zinc oxide in
the  roasted  products  was  analyzed  by  leaching  with  5vol%
acetic  acid  at  100°C  for  1  h  to  extract  zinc  oxide,  which
could be determined by ICP-MS method subsequently [29].

3. Thermodynamic analysis

For this  step,  the  reduction  thermodynamic  of  zinc  fer-
rite during the reduction roasting process was calculated us-
ing FactSage  7.0.  The  temperature  range  for  the  thermody-
namic calculations was from 500 to 1100°C. The results are
listed in Table 1.

Eq.  (5)  in Table  1 shows  that  zinc  ferrite  (ZnFe2O4)  is
easily  reduced to  ZnO and Fe3O4.  Moreover,  it  can  be  seen
that  the formed Fe3O4 and ZnO can be reduced to FeO, Fe,
and Zn  under  a  strong  reduction  atmosphere  and  high  tem-
perature. Therefore, in order to clear the effects of reductive
atmosphere and temperature on the reduction thermodynam-
ic, the equilibrium phase compositions of the zinc–iron–oxy-
gen system were calculated at different temperatures and dif-
ferent reductive  atmospheres  according  to  the  equations  lis-
ted in Table 1.

CO CO+CO2

The  equilibrium  phase  compositions  of  the  zinc–iron–
oxygen  system  at  different  partial  pressures  of  CO
(P /P ) and temperatures are shown in Fig. 4. There
are five phase areas in Fig. 4, including ZnFe2O4(s), Fe3O4(s) +
ZnO(s), FeO(s) + ZnO(s), Fe(s) + ZnO(s), and Fe(s) + Zn(g).
To achieve successful separation in the subsequent ammonia
leaching process, the target area of reduction roasting of zinc
ferrite should be Fe3O4(s) + ZnO(s), as marked in Fig. 4. As
the temperature increased, the upper limit of CO partial pres-
sure of the shadow area in Fig. 4 showed a gentle decrease.
Thus,  the  higher  roasting  temperature  required  a  lower  CO
partial pressure  and  had  a  better  kinetic  condition.  Accord-
ing to the reduction production (Fe3O4(s) + ZnO(s)) and kin-

∆G⊖Table 1.     –T calculations of relevant reactions

Equation No. Chemical reaction ∆G⊖  / (KJ·mol–1) ∆G⊖T / K (  = 0)
(5) 3ZnFe2O4 + CO = 3ZnO + 2Fe3O4 + CO2 ∆G⊖  = 10.658 − 0.0556T 191.7
(6) Fe3O4 + CO = 3FeO + CO2 ∆G⊖  = 11.426 − 0.0215T 531.4
(7) FeO + CO = Fe + CO2 ∆G⊖  = −12.454 + 0.0225T 553.5
(8) Fe3O4 + 4CO = 3Fe + 4CO2 ∆G⊖  = −25.937 + 0.046T 563.8
(9) ZnO + CO = Zn + CO2 (500°C < T < 900°C) ∆G⊖  = 67.455 − 0.0208T —
(10) ZnO + CO = Zn + CO2 (900°C < T < 1100°C) ∆G⊖  = 155.17 − 0.1175T 1320.6
∆G⊖Note:  is the Gibbs free energy, T is the temperature.
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etics,  the  roasting  temperature  and  partial  pressure  of  CO
were performed at the range of 600 to 900°C and 5% to 30%
respectively  during  reduction  roasting  experiments  in  this
study.

4. Results and discussion

4.1. Reduction roasting of zinc ferrite

4.1.1. Mineralogical variation after the reduction roasting
According to the above thermodynamic analysis, the de-

composition of zinc ferrite during the reduction roasting pro-
cess  can be controlled to  form ZnO and Fe3O4 by adjusting
the temperature and partial pressure of CO. The XRD results
of reduced samples under various roasting temperatures, par-
tial pressures of CO, and roasting durations are shown in Fig. 5.

The  effects  of  roasting  temperature  were  studied  at  a
fixed  CO  partial  pressure  of  25%  and  roasting  duration  of
60 min. Fig. 5(a) shows that the characteristic peaks of zinc
oxide  (ZnO)  were  observed  when  the  roasting  temperature
reached 600°C, and its  intensity presented a rising tendency
with  increasing  roasting  temperature.  Furthermore,  the  peak
position  of  zinc  ferrite  (ZnFe2O4)  moved  to  magnetite
(Fe3O4)  [30].  The  results  were  consistent  with  the  previous
report [31]. As the roasting temperature reached 800°C, FeO
was detected  in  the  samples.  However,  FeO  very  easily  re-
acted  with  ZnO  to  form  a  new  kind  of  spinel  phase
(Fe0.85−xZnxO)  at  900°C,  which  was  hard  to  dissolve  in  acid
and  alkaline  [32].  Thus,  in  order  to  avoid  the  formation  of
Fe0.85−xZnxO, we  found  that  the  reduction  roasting  temperat-
ure should be kept below 800°C.

Figs.  5(b) and 5(c) show the  effects  of  the  partial  pres-
sure of CO and roasting duration on the phase compositions
of reduced samples, respectively. Similarly, when the reduc-
tion  potential  becomes  stronger,  the  decomposed  product
compositions  of  the  zinc  ferrite  obeyed the  following route:
ZnFe2O4 → ZnO + Fe3O4 → ZnO + FeO/Fe0.85−xZnxO.

CO CO+CO2

The effect of the partial pressure of CO was investigated
at a fixed temperature of 750°C and duration of 60 min. Fig.
5(b) shows that the FeO formed when P /P  reached
30%.  The  effect  of  roasting  duration  was  investigated  at  a
fixed temperature of 750°C and CO partial pressure of 25%
and the results were showed in Fig. 5(c). Fig. 5(c) shows that
ferrous  oxide  and  a  new  spinel  phase  appeared  when  the
roasting duration was up to 120 min.

CO CO+CO2

These  results  were  consistent  with  the  thermodynamic
analysis and indicated that selective reduction of zinc ferrite
could be achieved by controlling reduction conditions: roast-
ing temperature, P /P , and roasting duration.

4.1.2. Effect of reduction roasting on the behavior of iron
According to Eq. (5) in Table 1, the theoretical percent-

age of Fe2+ in the total iron was 33.3wt% when the zinc fer-
rite  (ZnFe2O4)  completely  decomposed  to  ZnO  and  Fe3O4.
The  percentage  of  Fe2+ in  the  total  iron  of  the  samples  was
chosen as an index to evaluate the results of reduction roast-
ing. The target iron phase in the selective reduction produc-
tion could be estimated by the percentage of Fe2+ in Total Fe.
The value of η in magnetite was 33.3wt%; therefore, it could
be regarded as an over reduction if the value of η were over
33.3wt%.  Otherwise,  it  could  be  regarded  as  an  insufficient
reduction.

As shown in Fig. 6(a),  the value of η increased with in-
creasing roasting  temperature  under  different  reduced atmo-
spheres  and  a  constant  roasting  duration  of  60  min.  This
could be explained as the increase in roasting temperature ac-
celerating the reduction of  zinc ferrite  [33]. Fig.  6(b) shows
the effect of roasting duration on the value of η at 750°C in
25% CO partial pressure. The values of η increased dramat-
ically from 3.89wt% to 27.71wt% as the roasting duration in-
creased from 0 to 30 min. Also, the value of η is 32.62wt%,
which was the closest point to 33.3% when the roasting dur-
ation  reached  75  min,  meant  that  most  of  the  ZnFe2O4 de-
composed to ZnO and Fe3O4.

Furthermore,  the  values  of η which  were  closest  to
33.3wt% in different reduction roasting conditions are listed
in Table 2. It should be noted that when CO partial pressure
was  <  15%,  the  value  of η could  not  reach  33.3wt%,  even
though the roasting temperature was up to 900°C.
4.1.3. Effect of reduction roasting on the behavior of zinc

The aim of reduction roasting of zinc ferrite in this study
was  to  decompose  zinc  ferrite  to  zinc  oxide  and  magnetite.
Therefore,  the conversion rate  of  zinc is  an important  index
to  evaluate  the  result  of  reduction  roasting.  The  effects  of
roasting  temperature,  roasting  duration,  and  partial  pressure
of  CO on  the  conversion  rate  of  zinc  ferrite  after  reduction
roasting are shown in Fig.7.

Fig. 7(a) shows that most of the curves had an increasing
trend with increasing roasting temperature when the temper-
ature was  below  750°C.  The  conversion  ratios  of  zinc  de-
creased with a further increase in roasting temperature from
750 to 900°C except for the curve of 5% CO partial pressure.
It  is  well  accepted  that  increasing  roasting  temperature  and
partial pressure of CO can promote reduction reactions. Ac-
cording to Eq. (5), the reduction of zinc ferrite resulted in the
increase in conversion ratio of zinc. However, the FeO would
form under strong reduction conditions so as to decrease the
conversion  ratio  of  zinc  at  higher  temperatures  and  higher
partial  pressure  of  CO.  Combining  the  XRD  patterns  in
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Fig.  5.      XRD patterns  of  reduction  roasting  samples  at  different  roasting  temperatures  (a),  CO partial  pressures  (b),  and roasting
durations (c). 1—ZnO; 2—ZnFe2O4; 3—Fe3O4; 4—FeO; 5—Fe0.85−xZnxO.
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Fig.  5,  the  formed FeO from over  reduction of  Fe3O4 could
react with ZnO to generate a kind of solid solution with spar-
ing solubility in the leaching solution and led to a lower zinc
conversion ratio [27].

The effect of roasting duration on the zinc conversion ra-
tio was studied under conditions of 750°C with 25% CO par-
tial  pressure,  as  shown in Fig.  7(b).  The conversion ratio of
zinc  increased  rapidly  with  increasing  roasting  duration  and
reached 86.43% at  45  min.  However,  there  was  a  slow  de-
creasing  trend  in  the  conversion  ratio  of  zinc  ferrite  with  a
roasting duration > 45 min. It could be explained by the gen-
eration of  solid  zinc  solution (Fe0.85–xZnxO) under  the  longer
roasting duration.

In summary, the optimum reduction roasting parameters
should be a roasting temperature of 750°C, CO partial pres-

sure of 25%, and a roasting duration of 45 min. The maxim-
um conversion  ratio  of  zinc  ferrite  could  reach  86.43% un-
der optimal conditions.

4.2. Ammonia leaching of reduction-roasted product

4.2.1. Effect of leaching condition
Ammonia  leaching  is  widely  used  in  zinc  extraction.

Some researchers [16] have found that the NH3–NH4Cl am-
monia system has an excellent ability to dissolve zinc oxide
from  zinc  ores  as  [NH3]/[NH4Cl]  =  1.  In  this  step,  the
NH3–NH4Cl solution was applied to selectively dissolve zinc
in the solution and to leave the iron in the residue. Therefore,
the  successful  separation  of  zinc  and  iron  in  the  reduced
products  could  be  achieved.  The roasted  zinc  ferrite  sample
was  prepared  under  a  roasting  temperature  of  750°C  for
45  min  with  a  CO  partial  pressure  of  25%.  The  effects  of
total ammonia  concentration,  leaching  time,  leaching  tem-
perature, solid-to-liquid ratio (S/L), and stirring speed on the
zinc-leaching rate are shown in Fig. 8.

As shown in Fig. 8(a), the zinc-leaching rate had a sharp
increase from  27.43%  to  71.53%  with  increasing  total  am-
monia concentration from 3 to 6 mol/L under the following
leaching conditions: a 40 g/L of solid-to-liquid ratio, 60 min
of  leaching  time,  a  25°C  of  leaching  temperature,  and  a

Table 2.    Values of η closest to 33.3% under different reduc-
tion roasting conditions

Reduction
duration / min

Reduction
temperature / °C

CO partial
pressure / %

η / wt%

60 900 15 31.84
60 850 20 34.20
60 800 25 33.83
60 750 30 32.45
75 750 25 32.62
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200  r/min  of  stirring  rate.  In  addition,  the  further  increase
from  6  to  8  mol/L  in  total  ammonia  concentration  had  no
significant  influence  on  the  zinc-leaching  rate,  which  meant
that the total ammonia concentration of 6 mol/L was enough
for extraction of zinc oxide from the roasted products in our
study. Fig. 8(b) reveals that leaching temperature had a con-
tinuous  positive  influence  on  the  zinc-leaching  rate.  The
leaching  rate  increased  gradually  from  66.53%  to  77.26%
when  the  leaching  temperature  increased  from  25  to  70°C,
whereas  the  rate  grew  slowly  at  leaching  temperatures  >
50°C. In fact, in the context of industrial production, a high-
er leaching  temperature  would  cause  higher  energy  con-
sumption, and higher volatility of ammonia would more seri-

ously  corrode  equipment.  Furthermore,  it  can  be  seen  from
Fig.  8(c) that the zinc-leaching rate almost  reached its  max-
imum  of  78.12%  within  90  min,  but  only  79.77%  for
180 min,  which indicated that  most  of  the zinc oxide in the
roasting  products  was  extracted.  Previous  investigations
showed  that  the  fine  granularity  of  reduced  products  has  a
large specific surface area and the NH4

+ easily adheres to the
surface  of  particles.  Therefore,  the  dissolution of  zinc  oxide
was rapid [34–35]. As displayed in Fig. 8(d), the solid-to-li-
quid ratio had a negative effect on the zinc-leaching rate. The
zinc-leaching rate decreased rapidly from 78.12% to 58.78%
as  the  solid-to-liquid  ratio  increased  from  40  to  200  g/L.
Therefore, The solid-to liquid ratio of 40 g/L was chosen in
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order  to  obtain  a  higher  zinc-leaching  rate. Fig.  8(e) indic-
ates  that  the  zinc-leaching  rate  increased  from  70.56%  to
79.13% when stirring speed increased from 50 to 300 r/min.
This was  because  the  increasing  stirring  speed  could  in-
crease the diffusion efficiency of zinc oxide and decrease the
required level of activation energy in the dissolution reaction.

In conclusion, the optimal leaching conditions should be
as  follows:  leaching  temperature  of  50°C,  total  ammonia
concentration of 6 mol/L, leaching time of 90 min, 40 g/L of
solid-to-liquid ratio, and a stirring speed of 200 r/min. Under
optimal  operating  conditions,  a  78.12%  zinc-leaching  rate
was achieved.

4.2.2. Leaching residue analysis
The XRD patterns of the leaching residue that  were ob-

tained  in  the  ammonia  leaching  process  under  the  optimal
conditions  are  shown in Fig.  9.  They indicate  that  the  main
crystalline phases of the leaching residue were Fe3O4 and Zn-
Fe2O4.  Moreover,  a  small  amount  of  zinc  oxide  (ZnO)  was
found in the leaching residue.  In addition,  the peaks of zinc
oxide  become  weaker  in  the  patterns  after  leaching,  which
meant that  almost  all  zinc  oxide  was  dissolved  in  ammoni-
um-ammonia  solution.  It  also  can  be  inferred  that  the  main
reason for the limitation in the recovery ratio of zinc during
the ammonia leaching was the under-composed ZnFe2O4.

5. Conclusions

This study  thermodynamically  and  experimentally  con-
firmed  that  zinc  ferrite  (ZnFe2O4) could  be  selectively  con-
verted  into  ZnO and  Fe3O4 by  reduction  roasting  using  CO
gas.  Increasing reduction atmosphere,  roasting duration,  and
temperature, to some extent, are conducive to the decompos-
ition of zinc ferrite. However, when these parameters exceed
their optimum levels, a part of Fe3O4 or/and ZnFe2O4 will be
over-reduced  to  FeO.  The  formed  FeO  can  then  react  with
ZnO to form the insoluble phase of Zn(Fe0.85–xZnxO), which is
harmful  to  subsequent  zinc  extraction.  Under  the  optimal
conditions of reduction roasting, CO partial pressure of 25%,
and  a  roasting  temperature  and  duration  of  750°C  and  45
min,  respectively,  the  conversion  ratio  of  ZnFe2O4 reaches

86.43%. Zinc oxide can be extracted effectively from the re-
duction-roasted product with the ammonia leaching process.
Zinc-leaching  rate  increases  with  increasing  total  ammonia
concentration, leaching  temperature,  leaching  time,  and  stir-
ring  speed,  whereas  it  decreases  with  increasing  solid-to-li-
quid ratio. A 78.12% zinc-leaching rate can be achieved un-
der  these  optimal  leaching  conditions:  leaching  temperature
and duration of 50°C and 90 min, respectively, total ammo-
nia concentration of 6 mol/L, a solid-to-liquid ratio of 40 g/L,
and a stirring speed of 200 r/min.
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