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Abstract

As a by-product of the steelmaking industry rich in iron and zinc, electric arc furnace dust (EAFD) landfill disposal is restricted in
many countries due to the metal lixiviation risks. Several approaches have been examined to recycle or reuse EAFD.
Hydrometallurgical methods mainly include the preparation of pregnant acid leached solution (PLS) using inorganic acids
followed by selective metal recovery using different methods. We herein proposed a hydrometallurgical process initiated by
acid leaching and finalized by thermal treatment to produce nano-ZnO from EAFD. At the condition of this study, only 67% of
zinc was leached by sulfuric acid from EAFD into PLS while 98% of surplus leached iron was removed through precipitation by
sodium hydroxide. Additional purification of iron removed PLS was accomplished using di-2 ethylhexyl phosphoric acid to
extract Zn™2. The addition of ammonium hydroxide to purified PLS provided (Zn(OH),)3(ZnSO,4)(H,0)s as the final precursor
for nano-ZnO that ultimately transformed to nano-ZnO (60 + 6 nm particle size) at 850 °C. The achieved results were scrutinized

through various tests and analyses including TEM, XRD, SEM, EDS, FTIR, and TGA.

Keywords Electric arc furnace dust - Leaching - Purification - Nanoparticle - ZnO

1 Introduction

Electric arc furnace dust (EAFD) as a by-product of steel
accounts for 60% of generated waste in steelmaking indus-
tries. Since containing heavy metals (e.g., Fe, Zn, Pb, Cd, Cr),
the landfill storage of EAFD is restricted because of metal
lixiviation risk [4, 16, 19, 22, 24, 29, 32, 42]. In this case,
EAFD management requires an enclosed well-monitored
costly in- and output systems [24]; the management costs of
EAFD in Iran, for example, (solidification or stabilization)
exceeds 180 $/t. Depending on the ratio of galvanized scrap
utilized, zinc content in EAFD fluctuates between 7 and 40%
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that can represent an annual zinc production of 0.5-2 tons.
Due to the increasing price and various usages, zinc recovery
from EAFD is legitimate to work on [31].

Pyrometallurgical and hydrometallurgical methods or a
combination of both are considered as the main recycling
approaches to recover valuable materials from a mixture [11,
41, 44]. Hydrometallurgical recycling techniques are more
advantageous over pyrometallurgical approaches since being
more tolerable to recover low-grade elements and remove
impurities [3, 14, 19, 22, 27, 30, 41, 42]. The main challenge
in the hydrometallurgical recovery of zinc is to increase the
recovery level, particularly in low-grade zinc EAFD. The
most well-known EAFD leaching reagents include inorganic
acids (e.g., H,SO4, HCI, HNO3), organic acids (e.g., C¢HgO-),
and bases (e.g., NaOH) [10, 15] among which hydrochloric
acid and aqua regia displayed higher recovery rate with a
minor iron release [11]. After preparation of pregnant leach
solution (PLS) from the acid leaching process, different
methods can be applied to recover metals such as precipitation
[35,41], crystallization [26, 35], solvent extraction [1, 35], ion
exchange [18], and electrowinning [35].

Due to the superior properties, nano-ZnO structures can be
used in several applications including electronic sensors, solar
voltaic, transducer, batteries, antimicrobial products, and lu-
bricants [21, 25, 45]. Different approaches have been taken to
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Table 1 XRF microanalysis of EAFD

Oxides Wt% F6203 ZnO CaO SIOZ MgO Cl MnO PbO Nazo Kzo CuO CT203 503 P205 CO304 Aleg
422 229 112 35 33 39 2 1.4 2.7 2.8 036 033 22 024  0.026 0.93

fabricate nano-ZnO structures such as alkali-precipitation,
thermal decomposition, hydrothermal synthesis, colloidal
chemistry, and emulsion, sol-gel [9, 12, 13, 34]. Recently,
the synthesis of nano-ZnO particles from leached EAFD has
been practiced as a new waste management and recycling
approach [33, 38, 43]. In general, hydrometallurgical methods
containing wet chemicals followed by thermal treatments are
recommended to fabricate nanoparticles since being simple,
flexible, cheap, and less dependent on advanced equipment.

This study applies the same approach as the authors were
previously taken to fabricate nano-ZnO from zinc sulfate so-
lution (ZnSO,4 7H,0) [6]. However, the source and composi-
tion of PLS in this study were EAFD and
(Zn(OH),);(ZnS0O4)(H,0)s. Thus, a modified hydrometallur-
gical approach combined with thermal treatment was pro-
posed to assemble nano-ZnO from EAFD while the role of
iron impurity was negligible.

2 Materials and Methods
2.1 Materials

The EAFD samples were provided by the Iranian
National science foundation (under contract No.

90003855, Appendix) from the dust collectors of
Iranian Alloy-Steelmaking in Yazd. The chemical com-
position and mineralogical phases of EAFD were esti-
mated using X-ray fluorescence (XRF, PANalytical
AXIOS XRF spectrometer) and X-ray diffraction
(XRD, PHILIPS, X’ pert-MPD, Cu K& (A = 1.54 A),
40 kV, 30 mA, 10° to 80°, 3°/min). Table 1 and Fig. 1
present XRF and XRD results of the EAFD sample
used in this study. As can be seen from Table 1 and
Fig. 1, the provided EAFD contains moderate zinc level
while the main mineralogical compositions are com-
posed of ZnO, ZnFe,0O4, FeFe,04, Fe,03, SiO,, and
Ca(OH), [23]. Figure 2 displays the particle size distri-
bution (PSD) of EAFD specimen using Malvern
Mastersizer-S laser scattering analyzer (NICOMP 370,
USA) while the dso and doy particle sizes fluctuate be-
tween — 2 and — 18 pum.

The pure analytical materials used in this experimen-
tal study are sulfuric acid (H>,SOy4, 99%, Merck), sodi-
um hydroxide (NaOH, 99%, Merck), ammonium hy-
droxide (NH4OH, 99%, Merck), LIX 841 (2-hydroxy-5-
nonylacetophenone oxime), D2HEPA (di(2-Ethylhexyl)
phosphoric acid, 97%, Sigma-Aldrich), de-ionized water,
and ethanol (CH3;CH,OH) were purchased and used as
pure analytical reagents.
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Fig. 1 X-ray diffraction showing mineralogical phases of the EAFD
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Fig. 2 Particle size distributions of the starting EAFD
2.2 Experimental Methods

The experimental methods start with the preparation of PLS
containing zinc sulfate from EAFD using diluted sulfuric acid
as the lixiviant. Sodium hydroxide was also used to separate
iron from zinc ions. In the final stage before thermal treatment,
ammonium hydroxide reduction agent was used to prepare
Nano-ZnO. The morphology and chemical composition of
the precursor (sulfo-hydro-zincite) and as-prepared nano-
ZnO were determined by scanning electron microscope
(SEM, Tescan Vega-II) equipped with an energy dispersive
spectroscope (EDS). The detailed morphology of nanoparti-
cles was also evaluated using a Transmission Electron
Microscope (TEM, PHILIPS CM20) operated at 20 kV. The

elemental composition of the pregnant leach solution was also
evaluated using atomic absorption spectroscopy (AAS,
Perkin Elmer 4100) and ICP-MS (ICP-MS, X Series II,
Thermo Scientific). In addition, iron (Fe** and Fe’*) anal-
ysis was conducted by back-titration using potassium di-
chromate (K,Cr,05). To understand and compare the sur-
face chemistry of precursor and nanoparticles, Fourier-
transform infrared (FTIR) spectrometer was performed
with KBr pellet on a Bruker tensor 27 using RT-
DLATGS detector in the range of 400-4000 cm ' with
spectral resolution of 4 cm™' in transmittance mode.
Thermogravimetry/differential scanning calorimetry (TG/
DSC) test was performed (STA409PG) under N, flow, a
heating rate of 10 °C/min up to 1200 °C. The aim was to

EAFD Leaching Iron Removal: SX:
H,S04=55g/L NaOH=2M D2EHPA=50 %
P.D.=7%w/v pH=3.5 pH=3.5
T=90°C/ pH=1.0 T=285°C
S.R.= 700 rpm Dilution (%)=50%

7 /4

D

(0]

Fig. 3 Pure ZnSO, solution preparation from EAFD using D2HEPA

DI

Stripping: Zn=4200 ppm
H2SO4+=3M Fe=20 ppm
Va/Vo=1 Other ions<10 ppm
/4 /4
Strip. >/_\<
Pure
ZnSOy4
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Table 2  Elemental compositions of original and iron removed PLS
using NaOH

Element Cd Co Cr Cu Fe Ni Zn
PLS (ppm) 29.87 <0.05 <0.05 160.78 11191 4.82 8562

Purified PLS (pms) 15.73 <0.05 <0.05 63.36 90 2.16 4195

study the thermal decomposition temperature of impuri-
ties in the precursor of nano-ZnO (e.g., sulfates) [31, 40].

3 Results and Discussion
3.1 Leaching and Purification

Figure 3 displays the EAFD leaching process that ends with
ZnSO, preparation. High-level calcium bearing or metal oxide
minerals (e.g., CaO, Fe,03) increase the acid consumption
level during the leaching process [36]. Based on the obtained
results, the leaching process at 90 °C reduced the acid con-
sumption and minimized the iron release into the PLS while
the maximum zinc recovery (67%) took place atpH=1.0,3 M
H,S0y4, 7% pulp density (P.D., w/v), and stirring rate (S.R.) of
700 rpm. As can be seen from Table 2, a considerable amount
of iron as an impurity was leached to PLS that needs to be
removed. To eliminate iron from PLS and initiate the forma-
tion of ZnSO, solution, two reagents including jarosite and
sodium hydroxide are proposed [37]. However, sodium hy-
droxide was more efficient to remove iron (up to 98%)
through precipitation at pH=3.5, 50% diluted PLS, and T=
85 °C. Table 2 displays the ICP-MS analysis of the PLS be-
fore and after iron removal. Selective extract of Zn>* from iron
removed PLS was performed using two chemical reagents
including LIX 841 and D2HEPA while D2EHPA resulted in
a higher recovery rate (98.5%) at pH = 3.5, 20% D2HEPA/
80% Kerosene, and V,/V, = 1. However, using LIX 84I re-
agent to extract Zn>* at pH =9, 20% LIX 841/80% Kerosene,
and V,/V, = 1 resulted in 84% zinc recovery only. In the

NHsOH
Solution

White precipitation
(Zn(OH)2)3(ZnS0O4)(H20)s

ZnSOy4
Solution

Fig. 4 Flowsheet of nano-ZnO produced from ZnSO, solution
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stripping step, the recovered Zn** exposed to 3 M H,SO,
solution to prepare pure ZnSO, solution for the generation
of nano-ZnO.

3.2 Production of Nano-ZnO

Figure 4 displays the chemical procedure of nano-ZnO pro-
duction used in this research study. The prepared high con-
centration ZnSO, solution from the leaching section was di-
luted in 0.5 M H,SO, solution to be prepared for the generation of
nanoparticles [6]. The 0.5 M Zn”* solution was introduced into a
reactor with NH4OH dropping onto the solution with vigorous
stiring at 70 °C for 50 min until a white zinc hydroxy sulfate
complex, (Zn(OH),)3(ZnSO4)(H,0)s, precipitates. Thereafter, the
precipitated complex precursor was filtered, rinsed with deionized
water and ethanol, dried at 70 °C for 24 h, and finally calcinated in
a muffle furnace at 850 °C for 1 h to prepare the final nano-ZnO.
Table 3 displays the overall leaching efficiency of EAFD for the
fabrication of nano-ZnO as the final product. To evaluate the
efficiency of the method in the transformation of released zinc
from acid leached EAFD to nano-ZnO, the mass balance was
calculated using the following general formula [20]:

i (mo X W())

in which

C; the concentration of species (i)
V  the volume of aqueous leaching solution
the mass of the feed or starting materials
the compositions of species (i)

mo
Wo

In this case, the total zinc in leaching stage equals to 500 ml
x 7% (W/v) x 18.4% = 6.44 g that provides maximum zinc
leach recovery of 6.44 g X 67% =4.34 g. At the same time, the
total zinc in the diluted PLS was 4.12 g (1 M Zn** = 65.41
g/L) obtained from the stripping solution with 3 M H,SO4 =
29 g/L Zn**. With 98.5% recovery rate of Zn** about 4.06 g of
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Calcinations in
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Table 3 Mass balance of leached

zinc from the EAFD to the final Zn in EAFD (%) 18.4

product, nano-ZnO powder
Beaker volume (mL) 500
Total zinc in leaching stage (g) 6.44
Optimum zinc recovered (g) 434
Total zinc in the diluted PLS (g) 4.12
Recovery rate of Zn>* (%) 98.5
Total zinc transferred into the stripping solution (g) 4.06
stripping solution characteristic 3 M H,SO04; 29 g/L Zn**
Total precipitation yield (%) 96.72
Total Zn recovered as ZnO (g) 393
Total efficiency of the project (%) 61.00

the leached zinc was transferred into the stripping solution in
each SX cycle. Similarly, these calculations were performed
for all operational steps to complete Table 3.

3.3 Characterization of Nano-ZnO
3.3.1 Thermogravimetric Analysis (TG/DSC)

Regarding the fact that various intermediates have different
thermal decomposition temperatures the plotted TG/DSC
curves in Fig. 5 present four major weight loss in the precursor
of nano-ZnO or (Zn(OH),)3(ZnSO4)(H,0)s [39, 40].
Equations 1-3 propose the chemical reaction of the precur-
sor during thermal treatment. The first weight loss at approx-
imately 100 °C indicates the evaporation of free water from
the sample. The second weight loss between 200 and 300 °C
is related to the mineralogical chemisorbed water removal.
Small fluctuations of the DSC curve from 450 to 520 °C
may present the mineralogical alteration of the specimen. A
total weight loss of 25.9 wt.% observed in the TG curve

corresponds to the theoretical weight loss of
(Zn(OH),)5(ZnS04)(H,0)5 to zinc oxide. As such, pure ZnO
nanoparticles could be obtained at 850 °C through calcining
the intermediate precursor [6].

(Zn(OH),), (ZnS0O4)( H,0)5—ZnS04.3Zn(OH), + 5 H,0
(1)
2[ZnS04.3Zn(0OH),] —5Zn0 + Zn;0(S04), + 6H,O0  (2)

Zn30(S04),—3Zn0 + 280, + O, (3)
3.3.2 Morphological and Elemental Study

Figures 6a— display SEM photomicrograph of unannealed
pellet of (Zn(OH),)3(ZnSO,4)(H,0)s precursor while Fig. 6b
shows agglomerated as-synthesized ZnO nanoparticles. EDS
spectrum (Fig. 6d) displays the existence of zinc and oxygen
ions only as the indicators of pure zinc oxide that legitimates
the proposed calcination temperature. The obtained Zn/O
atomic weight ratio out of the EDS profiles of as-
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Fig. 5 TG/DSC curves for pure precursor of nano-ZnO
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Fig. 6 SEM-EDS photomicrographs of precursor (a, ¢) and ZnO-nanoparticles (b) and EDS spectrum (d)

synthesized ZnO samples was 0.93 (Zn = 48.12%, O =
51.88%) compared to 4.086 in ideal ZnO stoichiometry im-
plicating a 100% deviation in stoichiometric properties.

ICP-OES and wet chemical analysis confirmed the fabrica-
tion of high pure nano-ZnO (Table 4). There are still some
minor impurities available (~1%) in the produced nanoparti-
cles (e.g., iron, copper, nickel), which is negligible.

TEM micrographs in Fig. 7 confirm interconnections
between the nanoparticles as already displayed in SEM
results indicating the sintering influence of muffle-
furnace calcination temperature at 850 °C [17]. A re-
quired number of TEM images are used to evaluate
the nano-ZnO particle size distribution (PSD) linked
with Image J software. The PSD with the average of
65+2 nm is estimated and shown for fabricated nano-
ZnO in Fig. 7b. Agglomeration and electrostatic forces
between the particles can explain the difference in av-
erage particle size determined by SEM and TEM [7, 8].

3.3.3 Crystallinity of ZnO-Nanoparticles

Figures 8 and 9 display the X-ray diffraction patterns of nano-
ZnO precursor and ZnO nanoparticles while the ICDD

@ Springer

standard specification numbers of 01-078-0246 and 01-075-
1526 were extracted. The XRD pattern of well-crystalline
nanoparticles (Fig. 9) presents hexagonal wurtzite-type ZnO
with a lattice constant (a = 3.25 and ¢ = 5.21 A) with no
diffraction peaks linked with impurities.

Table 4 ICP-OES and wet chemical analysis of produced ZnO
nanoparticles
Composition Concentration
of the elements (%)
Zn 79.49
Fe 0.32
Cu 0.21
Cd 0.11
Ni 0.02
Ca 0.12
Na 0.11
Si* 0.04
S 0.10
Al 0.03
o 19.45

*Wet chemical method
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Fig. 7 As-synthesized ZnO-
nanoparticles: a TEM images; b
the PSD of the particles (mean
size = 65 + 2 nm)
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Fig. 8 XRD spectra of the as-prepared precursor
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Fig. 9 XRD patterns of ZnO nanoparticles generated at 850 °C

When XRD patterns of precursor and nanoparticles were
compared, it was found that the annealing process increased
the crystallinity of the ZnO powder considerably by intensi-
fying peak number 101 that implies the anisotropic growth
and a preferred orientation of the crystallites [28]. The crys-
talline size (D) was evaluated by using Debye—Scherrer’s for-
mula presented in Eq. 4. K, A, 3, and 0 represent grain shape
factor, X-ray wavelength, corrected full width at half maxi-
mum value, and the angle at the maximum peak respectively (
K=0.98, A=0.15418 nm) [8]. The average theoretical crystal-
lite size of the ZnO nanoparticles supposed to be 52 nm while
in this study increased to more than 65 nm as the consequence
of thermal treatment (Table 5).

D=KA/B cos O 4)

3.3.4 Surface chemistry

Figure 10 compares the FTIR spectra of nano-ZnO precursor
(A) and nano-ZnO (B). As displayed, most of the emerged
peaks in the precursor were disappeared or the intensity was
decreased in the nano-ZnO specimen that can be attributed to
the thermal decomposition of the precursor. The emerged
peaks at 448, 509, 601, 962, 1097, and 1122 cm” ! are stretch
vibration bands of SO4*~ ions present in mineralogical com-
positions of precursor while the stretching bands at 435 and
529 cm ™! present the vibration of Zn—O chemical bonds. The
emerged peaks at 602, 693 cm ™' indicate the presence of Zn—
OH bands present in the precursor sample [2, 6, 37].

The stretching bands at 1640, 3420, and 3446 cm ! present
the hydroxyl group and OH bending of water. The peaks at
2359, 2360 cm” ' imply the existence of the CO, stretch

@ Springer
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20 ()

vibration band [2, 5-7, 37]. The functional OH groups, CO»,
and the Zn—O metal bonding group can be considered as an-
other strong reason for the high purity of the ZnO product
since the presence of even very small traces of impurities
shows themself as the characteristic peaks in the FTIR
analysis.

4 Conclusion

The generation of nano-ZnO from EAFD was accomplished
in this study using a hydrometallurgical method. The purifi-
cation of acid leached EAFD was achieved using sodium hy-
droxide and di-2 ethylhexyl phosphoric acid reagents.
Preparation of (Zn(OH),);(ZnSO4)(H,0)s as the precursor
of nano-ZnO was completed by dropping ammonium hydrox-
ide to purified PLS solution while the fabrication of nano-ZnO

Table 5 X-ray powder diffraction data and the estimated size of
crystallites diffraction peaks

h k 1 d ca d meas. Crystallite size (A°)
1 0 0 2.7886 2.7880 573
0 0 2 2.6000 2.5957 512
1 0 1 2.4575 2.4555 356
1 0 2 1.9016 1.8985 601
1 1 0 1.6100 1.6162 860
1 0 3 1.4721 1.4710 292
2 0 0 1.3943 1.4011 531
1 1 2 1.3688 1.3712 594
2 0 1 1.3467 1.3539 455
0 0 4 1.3000 1.2976 704
2 0 2 1.2287 1.2348 388
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Fig. 10 The FTIR spectra of a precursor and b ZnO nanoparticles

was conducted using the thermal treatment on the precursor.  fabrication of nano iron oxide during the synthesis of nano-
Since iron oxide is a major component in EAFD that freely =~ ZnO to decrease the cost of operation by the addition of an-
releases to PLS, it is worthy to consider simultaneous  other value-added product.
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