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Extraction of zinc from blast-furnace dust
using ammonium sulfate
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Abstract: The reaction between roasted zinc blast-furnace dust (BFD) and ammonium sulfate was
studied in the temperature range 250–450 ◦C using different molar ratios to determine the maximum
extraction of zinc. The reaction products are characterized. The composition of the untreated and roasted
BFD, and reaction products was investigated by chemical, thermal, X-ray diffraction and fluorescence
analyses. The decomposition of ammonium sulfate leads to the formation of (NH4)2S2O7, NH4HSO4 and
(NH4)3H(SO4)3. The main zinc reaction products are ZnSO4, ZnSO3, (NH4)2Zn(SO4)2, (NH4)2Zn2(SO4)3

and (NH4)2Zn4(SO4)5. The reaction mechanisms of these formations are discussed in detail. The identity
of these products depends essentially on the temperature as well as the molar ratios of the reactants. The
optimum conditions for the formation of soluble zinc compounds are molar ratio 1:8 of roasted zinc dust
(ZnO) and (NH4)2SO4 at 350 ◦C. Under these conditions, up to 95% of zinc was leached with 0.5 M sulfuric
acid.
 2004 Society of Chemical Industry
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1 INTRODUCTION
Zinc compounds are used as pigments for man-
ufacturing paints, inks, plastics, concretes, glasses
and papers,1 and are also used in medicine and
agriculture.2 The major ores of zinc are ZnS (which is
known as zinc blende in Europe and as sphalerite in the
USA) and ZnCO3 (calamine in Europe, smithsonite
in the USA). Such ores are less common in Egypt.
An alternative source of zinc is the blast-furnace dust
(BFD) produced during steel–iron-making processes.
Studies indicated that the BFD contains up to 60%
zinc.3–5 There are 300 tons of these zinc-rich. Fur-
nace dusts produced monthly in Egypt, which imposes
environmental and storage problems (M Shakour,
Egyption Iron and Steel Company, personal com-
munication).

Several processes have been developed for extracting
zinc compounds from waste and dust materials.6–13

These include: (a) leaching with NH3 and NH4CO3

or with NH4SO4,8,10 (b) hydrometallurgical leaching
with HCl, NaCl, CaCl2, FeCl3 solutions, or their
mixtures,11 (c) fuming process in the presence of
coke as a reducing agent,13 (d) treating with H2SO4

followed by NaOH12 and (e) leaching with acids
(H2SO4 or HCl).6,7,9

The present work was focused on the reaction
mechanisms taking place during the interactions
between ammonium sulfate and BFD at different
temperatures and the recovery of zinc from the

reaction products. X-ray, chemical, and thermal
analyses were used to characterize the products.

2 EXPERIMENTAL
2.1 Materials
Blast-furnace dust rich in zinc (10 kg) supplied from
the Iron and Steel Company, Helwan, Egypt was used
in this study. This dust was produced during the
steel-iron making process in the company.

2.2 Preparation of reaction mixtures
The supplied sample was finel pulverized to −100
mesh to provide a maximum reacting surface area,
and roasted in air at 850 ◦C for 3h. Five mixtures of
roasted zinc dust (ZnO) and (NH4)2SO4 with molar
ratios 1:1 (I), 1:2 (II), 1:4 (III), 1:6 (IV) and 1:8 (V)
were prepared by mixing the reactants, and heating
them gradually (10 ◦C min−1) for 3h to 250, 350 and
450 ◦C.

2.3 Techniques and measurements
The x-ray diffraction (XRD) analysis of different
reaction products was performed using a Philips
diffractometer (type PW 1399) employing Fe-filtered
CoKα radiation and Ni-filtered CuKα radiation. The
X-ray tube was operated at 36 kV and 16 mA and
the diffraction angle (2θ) was scanned at a rate of
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2 ◦C min−1. The X-ray fluorescence (XRF) analysis of
the zinc dust sample was carried out using a sequential
XRF instrument (ARL 9400). Thermal analysis was
determined using a Perkin-Elmer thermoanalyzer
(Delta series DTA and TG7). A heating rate of
10 ◦C min−1 up to 1000 ◦C in static air was used in
both the DTA and TG measurements.

2.4 Preparation of extract solutions
Weighed samples (0.05 g) of the reaction products
were agitated thoroughly in 100 cm3 of distilled water,
and in 100 cm3 of 0.5 M H2SO4 for 30 min followed
by filtration. The total volumes of the resulting
filtrates were made up to 250 cm3 and then measured
for zinc concentrations using an atomic absorption
spectrometer (Spectr AA 220 model, Varian).

3 RESULTS AND DISCUSSION
3.1 Investigation of the studied BFD
The X-ray diffraction patterns of the untreated
BFD (Fig 1) indicate the presence of hydroz-
incite [Zn5(CO3)2(OH)6, Zn4(CO3)(OH)6·H2O)],
hemimorphite (Zn4Si2O7(OH)2·H2O), smithsonite
(ZnCO3), sphalerite (ZnS), gypsum (CaSO4·2H2O),
calcite (CaCO3), maghemite (γ -Fe2O3), and mullite
(3Al2O3·2SiO2).

The TG and DTA traces (Fig 2) suggest three
endothermic and one exothermic effects correspond-
ing to four weight losses: 7.54% at 125 ◦C, 12.41%
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Figure 2. DTA and TG curves of untreated BFD (a) and ammonium
sulfate (b).

at 310 ◦C, 2.63% at 535 ◦C and 3% at 825 ◦C. The
total observed weight loss was 25.61%. The first heat
event can be attributed to dehydration of gypsum.14

The second weight loss, observed at 310 ◦C is asso-
ciated with the dehydroxylation and decarbonation of
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Figure 1. X-ray diffraction patterns of untreated BFD (a) and BFD roasted at 310 ◦C (b), 525 ◦C (c), 825 ◦C (d), for 3 h using CoK ∝ radiation and an
iron filter.
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hydrozincite,15,16 smithsonite17 and hemimorphite18

minerals according to the following equations:

Zn5(CO3)2(OH)6
310◦C−−−→5ZnO + 2CO2 + 3H2O (1)

Zn4(CO3)(OH)6.H2O
310◦C−−−→4ZnO + CO2 + 4H2O (2)

ZnCO3
310◦C−−−→ZnO + CO2 (3)

Zn4Si2O7(OH)2.H2O
310◦C−−−→2Zn2SiO4 + 2H2O (4)

The above reactions are consistent with the XRD
traces for the heated sample at 310 ◦C (Fig 1), which
indicates the absence of hydrozincite, smithsonite and
hemimorphite. The third weight loss at 535 ◦C may
be due to the formation of zincite (ZnO) in more
crystalline form. This hypothesis was confirmed from
the pronounced increase in the peak height of the X-
ray diffraction patterns of zincite as the temperature
was raised to 535 ◦C (Fig 1).

The final loss of sample weight, observed at
825 ◦C, is attributed to the thermal decomposition
of sphalerite19 and calcite14 as follows:

ZnS + 1.5O2
825◦C−−−→ZnO + SO2 (5)

CaCO3
825◦C−−−→CaO + CO2 (6)

This accords with the XRD patterns (Fig 1), which
show the presence of CaO and increased intensity of
ZnO peaks.

On the basis of these findings the BFD sample was
roasted at 850 ◦C to obtain a more stable Zn form
(ZnO) which is more susceptible towards ammonium
sulfate attack at low temperatures. The XRD of the
roasted BFD at 850 ◦C (Fig 1) indicates the presence
of well developed ZnO as the major phase with
small amounts of anhydrite (CaSO4), calcium silicate
(Ca2SiO4), maghemite (γ -Fe2O3), calcium oxide
(CaO), willamite (Zn2SiO4), and mullite (3Al2O3·
2SiO2).

Chemical analyses of untreated and roasted Zn-rich
dust samples by XRF are listed in Table 1.

3.2 Thermal decomposition of ammonium
sulfate
The thermal characterization of the reactant ammo-
nium sulfate is considered as a guide that helps in the
investigation of the proper reactions which may take

place between ammonium sulfate and different con-
stituents of the zinc dust at different temperatures. The
thermal decomposition of ammonium sulfate leads to
the formation of different reactive species, depending
mainly on the thermal treatments.20,21

The TG curve of ammonium sulfate (Fig 2) can
be subdivided into two steps. These steps range
from 220 to 310 ◦C and from 310 to 375 ◦C, with
weight losses of 17.11 and 81.87%, respectively.
The salt was found to lose ammonia and water at
250 ◦C, forming (NH4)2S2O7 (Table 2), whereas it
lost another molecule of ammonia at 300 ◦C leading to
formation of (NH4)3H(SO4)2 and NH4HSO4. These
findings agree with previous studies,22–24 and can be
represented by the following equations:

2(NH4)2SO4
250◦C−−−→(NH4)2S2O7 + 2NH3 + H2O(7)

2(NH4)2SO4
300◦C−−−→2NH4HSO4 + 2NH3 (8)

3(NH4)2SO4
300◦C−−−→NH4HSO4 + (NH4)3H(SO4)2

+ 2NH3 (9)

The pyrosulfate is chemically unstable and decom-
posed at 350 ◦C (Table 2) to SO3 and NH4HSO4. Its
decomposition can be represented by the following
equation:

(NH4)2S2O7
350◦C−−−→NH4HSO4 + SO3 + NH3 (10)

3.3 XRD investigation of the interaction
between ammonium sulfate and roasted BFD
The XRD results of the reaction products formed
during the interactions between ammonium sulfate
and the roasted BFD samples with molar ratios 1:1,
2:1, 4:1, 6:1, and 8:1 at 250, 350, and 450 ◦C are
presented in Table 3. The products were found to
depend on the molar ratios and temperatures. At

Table 2. Crystalline phases formed during the thermal decomposition

of ammonium sulfate at different temperatures

Temperature (◦C) Crystalline phases

200 (NH4)2SO4
250 (NH4)2SO4, (NH4)2S2O7

300 (NH4)2S2O7, (NH4)2SO4, (NH4)3H(SO4)2

350 NH4HSO4, (NH4)3H(SO4)2
400 NH4HSO4, (NH4)3H(SO4)2

450 NH4HSO4, (NH4)3H(SO4)2 (traces)

Table 1. XRF analysis of untreated and roasted Zn-rich dust samples

% weight

Sample ZnO CaO SiO2 Fe2O3 SO3
− F Al2O3 MnO MgO Cl K2O LOI∗ Total

Untreated 49.6 6.58 5.20 4.35 3.01 1.51 3.24 0.33 0.21 0.1 0.06 25.61 99.80
Roasted at 850 ◦C 59.45 10.80 9.96 8.93 1.46 0.95 6.90 0.70 0.46 — 0.12 — 99.73

∗ , Loss on ignition.

J Chem Technol Biotechnol 79:397–402 (online: 2004) 399



HI Saleh, KM Hassan

250 ◦C ammonium sulfate was partially decomposed
into ammonium pyrosulfate (eqn (7)). These species
reacted with ZnO in the BFD, forming ammonium
zinc sulfate according to the following equations:

2(NH4)2SO4 + ZnO
250◦C−−−→(NH4)2Zn(SO4)2

+ 2NH3 + H2O (11)

(NH4)2S2O7 + ZnO
250◦C−−−→(NH4)2Zn(SO4)2 (12)

The sulfur trioxide resulting from thermal decom-
position of ammonium pyrosulfate (Eqn (10)) reacted
with zinc oxide found in the BFD and formed ZnSO4,
which is consistent with the XRD results of mixture I
listed in Table 3. The resulting ZnSO4 reacted instan-
taneously with the various species of thermal decom-
position of ammonium sulfate leading to the formation
of different ammonium zinc sulfate25,26 species at
350 ◦C (Table 3) according to the following equations:

ZnO + SO3
350◦C−−−→ZnSO4 (13)

ZnSO4 + 2NH4HSO4
350◦C−−−→(NH4)2Zn(SO4)2

+ H2O + SO3 (14)

2ZnSO4 + 2NH4HSO4
350◦C−−−→(NH4)2Zn2(SO4)3

+ H2O + SO3 (15)

4ZnSO4 + 2NH4HSO4
350◦C−−−→(NH4)2Zn4(SO4)5

+ H2O + SO3 (16)

ZnSO4 + (NH4)3H(SO4)2
350◦C−−−→(NH4)2Zn(SO4)2

+ H2O + NH3 + SO3 (17)

2ZnSO4 + (NH4)3H(SO4)2
350◦C−−−→(NH4)2Zn2(SO4)3

+ H2O + NH3 + SO3 (18)

Table 3. The crystalline phases detected in the reaction products for

mixtures I–V at different temperatures

Detected crystalline phases at:

Mixture 250 ◦C 350 ◦C 450 ◦C

1:1 (I) a, b, f, g, h, i, k,
l, m, p

a, e, f, h, k, l, n e, f, h, i, k, l, x

1:2 (II) a, b, f, g, h, i, k,
l, m, p

a, b, c, d, e, f, h,
k, l, n, o, v, w,
z

e, f, h, k, l, x

1:4 (III) a, b, f, g, h, i, k,
l, m, p

b, c, d, h, k, n,
o, v, w, z

e, f, h, k, l, x

1:6 (IV) a, b, f, g, h, i, k,
l, m, p

b, c, d, h, k, n,
o, v, w, z,

e, f, h, k, l, x

1:8 (V) a, b, f, g, h, i, k,
l, m, p

b, c, d, h, k, n,
o, v, w, z,

e, f, h, k, l, x

(a) (NH4)2Zn(SO4)2, (b) (NH4)2Zn(SO4)2·6H2O, (c) (NH4)2Zn4(SO4)5,
(d) (NH4)2Zn2(SO4)3, (e) ZnSO4, (f) CaSO4, (g) CaO, (h) ZnSiO4,
(i) ZnO, (k) 3Al2O3·SiO2, (l) γ -Fe2O3, (m) (NH4)2SO4, (n) NH4HSO4,
(o) (NH4)3H(SO4)2, (p) (NH4)2S2O7, (v) ZnSO3, (w) (NH4)2SO4·Fe2

(SO4)3, (x) Fe2(SO4)3, (z) (NH4)2Ca2(SO4)3.

4ZnSO4 + (NH4)3H(SO4)2
350◦C−−−→(NH4)2Zn4(SO4)5

+ H2O + NH3 + SO3 (19)

At the same temperature (350 ◦C), ZnSO3 was also
detected (Table 3), which was probably formed as a
result of the evolution of SO2 from SO3 reduction
by ammonia.27 In addition (NH4)2Ca2(SO4)3

28 and
(NH4)2SO4·Fe(SO4)3

22 were also formed in the reac-
tion mixtures, specially when the ammonium sulfate
concentration increased (Table 3). The mechanisms
suggested for the formation of these species are shown
below:

3NH4HSO4 + 2CaO
350◦C−−−→(NH4)2Ca2(SO4)3

+ NH3 + 2H2O (20)

4NH4HSO4 + 0.5Fe2O3
350◦C−−−→(NH4)2SO4 · Fe(SO4)3

+ 2NH3 + 1.5H2O (21)

2(NH4)3H(SO4)2 + 2CaO
350◦C−−−→(NH4)2Ca2(SO4)3

+ 4NH3 + SO3 + 3H2O (22)

2(NH4)3H(SO4)2 + 0.5Fe2O3 + 0.75O2
350◦C−−−→(NH4)2

SO4 · Fe(SO4)3 + 4NH3 + 3H2O (23)

On raising the temperature to 450 ◦C, ZnSO4,
CaSO4 and Fe2(SO4)3 were formed in all mixtures
(Table 3). Their formations are probably due to
the thermal decomposition of ammonium zinc,25,26

calcium,29 and iron sulfates22 respectively.

3.4 Extraction of zinc from the roasted BFD
The interaction between the BFD and ammonium
sulfate therefore results in the production of several
zinc compounds, which can be extracted by means of
cold water and 0.5 M H2SO4. The percentage of zinc
extraction increased from 66% to 95% with increasing
the molar ratio between reactants. It was also increased
by elevating the reaction temperature from 250 ◦C to
350 ◦C, followed by a pronounced decrease at higher
temperatures (Fig 3). The percentage of zinc in the
water and acid extractants increased from 18 to 73%
and from 65 to 95%, respectively (Fig 3). The decrease
in the extraction efficiency observed at 450 ◦C is
probably due to the formation of ZnSO4, which is less
soluble than the (NH4)2Zn(SO4)2, (NH4)2Zn2(SO4)3,
and (NH4)2Zn4(SO4)5 formed at lower temperatures.
The amount of Zn extracted by distilled water is
less than that extracted by 0.5 M H2SO4. This may
be attributed to differences in the solubilities of zinc
compounds.

3.5 Recovery of zinc as hydroxide
The dust (15 g) was mixed with 97.2 g of ammonium
sulfate, with molar ratio ZnO: (NH4)2SO4 of 1:8.
The product mixtures (98.45 g) formed at 350 ◦C/3 h
were added to 500 cm3 of 0.5 M H2SO4, stirred,
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Figure 3. Effect of reaction temperatures on the extraction of zinc
from reaction mixture products of roasted BFD and ammonium
sulfate with molar ratios 1:1 (I), 1:2 (II), 1:4 (III), 1:6 (IV), and 1:8 (V) by
cold water (a) and 0.5 M H2SO4(b).

left for 2 h, and then filtered to yield an insoluble
precipitate (2.73 g). This precipitate is composed
of ZnO, Zn2SiO4, CaO, Ca2SiO4, 3Al2O3·2SiO2

and Fe2O3 (Fig 4(a)). The filtrate (pH = 1.64) was
treated with 48 cm3 of ammonia solution (25%
NH3), which raised the pH to 5.5 and resulted
in the precipitation of undesirable impurities. These
impurities weighed 5.56 g and include aluminum, iron,
calcium hydroxides and calcium sulfate, which were
confirmed by XRD analysis (Fig 4(b)). The pH of
the filtrate was raised to 7 by adding 27 cm3 of NH3

solution. This resulted in the formation of a white
precipitate (9.5 g), which was dried at 70 ◦C for 3 h.
The precipitate was examined by XRD and found to
consist of Zn(OH)2·0.5H2O (Fig 4(c)). This agrees
with previous studies.30 The residual solution was
concentrated prior to crystallization where ammonium
sulfate (40 g) was obtained in a pure form (Fig 4(d)).

CONCLUSIONS
(1) The untreated BFD consists mainly of hydroz-

incite, hemimorphite, smithsonite, and sphalerite
while the roasted BFD at 850 ◦C includes zincite
with small quantities of willamite.

(2) The thermal analysis of the BFD suggests
a four-step process corresponding to the (i)
dehydration of gypsum, (ii) dehydroxylation and
decarbonation of hydrozincite, hemimorphite, and
smithsonite, (iii) formation of zincite, and (iv)

(d)
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Figure 4. X-ray diffraction patterns of different precipitates from the reaction products treated with ammonium solution at different pH values:
(a) insoluble materials, (b) undesirable impurities at pH = 5.5, (c) zinc hydroxide, at pH = 7.0 and (d) ammonium sulfate.
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thermal decomposition of sphalerite and calcite,
respectively.

(3) (NH4)2Zn(SO4)2, (NH4)2Zn2(SO4)3, (NH4)2Zn4

(SO4)5, ZnSO4, and ZnSO3 were formed dur-
ing the interactions between ammonium sulfate
and roasted BFD depending on molar ratios and
temperatures.

(4) The maximum extraction of zinc as hydroxide was
95% using 0.5 M H2SO4 and 73% with distilled
water.
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