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Electric arc furnace (EAF) dust is globally one of the biggest metal-containing waste fractions, with a composition that challenges the recycling of dust back to the steel process due to the high Zn and Pb content, which also
prevents it from being landﬁlled. The current study presents a process ﬂowsheet with zinc and lead removal from
EAF dust via citric acid leaching, lead removal by precipitation, and further solvent extraction (SX) of zinc for
recovery. The process produces fractions that can be directly routed back to a steel plant (leach residue), a zinc
electrowinning process (pregnant leach solution, PLS), and a lead smelter (lead sulfate, PbSO4 precipitate).
Moreover, zinc separation by solvent extraction from citric acid leach solution originating from EAF was performed successfully with minimal impurity content in the ﬁnal electrolyte, using di(2-ethylhexyl)phosphoric
acid (D2EHPA). The total lead removal from PLS was achieved with an addition of only 0.012 M sulfate ion
(from sulfuric acid) at room temperature. The optimization of zinc separation via SX was performed at a temperature range of 25–55 °C varying the D2EHPA concentration (10–25 vol-%) with diﬀerent O/A ratios. With an
optimized EAF SX process (pH = 5, t = 15 min, T = 25 °C, CD2EHPA = 20 vol-%, O/A = 1:1) and stripping process
(t = 15 min, T = 25 °C, CH2 SO4 = 1 M, O/A = 3:1), the zinc content in the electrolyte could be enriched up to
50 g/L, and the amount of impurities in the solution decreased down to a level where they have no adverse eﬀect
on the zinc electrowinning process and ﬁnal zinc recovery. Moreover, the iron-rich leach residue was also shown
to be chemically suitable as a raw material for the EAF process. With the proposed roasting-leaching-precipitation-SX-EW unit operation, EAF dust can be converted into three diﬀerent secondary raw material streams,
suitable for integration into state-of-the-art processes.

1. Introduction
The electric arc furnace (EAF) is predominantly used in steel production. When smelting scrap steel in an EAF, three output streams are
produced: iron matte, slag, and dust. The global production of EAF dust
in steel production is approximately 12 Mt/year [1,2] and therefore,
recycling it could bring new secondary raw material streams into steel,
zinc, and lead production. Landﬁlling such material should not be
promoted due to the toxic and carcinogenic nature of the dust. In addition, both the EC (European Commission) and the EU (European
Union) strongly regulate the amount of lead fed into EAF processes, as
well as its content in the ﬁnal product [3,4]. However, it was demonstrated earlier [5,6] that citric acid as a leaching medium can be used as
a lixiviant to treat EAF dust. Furthermore, citric acid is known to favor
zinc solubility over other heavy metals [7]. The earlier research [5,6]
produced a fully recyclable iron residue, but also a Zn-rich PLS

⁎

(pregnant leach solution), which requires further puriﬁcation in order
to produce secondary zinc and lead.
In primary production, zinc is recovered mainly via electrowinning
(EW) [8–11], where the feed electrolyte originates from the puriﬁed
leach solution of zinc-containing minerals [12–14]. The process is rather energy-intensive (3.0–3.3 kWh/kg) due to the high cell voltage
[8,13,15,16] and requires a great deal of chemicals with high consumption rates (0.5–2.2 M H2SO4 /kg) [12–14]. Moreover, the zinc EW
process requires a rather high (50–70 g/L) zinc content in the electrolyte [11,17–20] when minimizing the content of impurities [21–24].
The impurities in Zn electrolyte are often categorized into groups 1–3:
category 1 includes the worst impurities, i.e., Ge, Sb, Te, and Se; category 2 consists of worse impurities including As, Ni, Sn, Co, Ag, and
Fe; and category 3 includes bad impurities, i.e., Ga, Bi, Cd, Hg, In, and
Pb [25]. These impurities have an adverse eﬀect on Zn EW, for example
by increasing the energy consumption of the EW process by decreasing
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the hydrogen evolution overpotential or depositing on the cathode together with zinc, which reduces the purity of the ﬁnal zinc cathode
product. Therefore the zinc leach solution needs to be puriﬁed to a level
where category 1 impurities are below 0.01 ppm and category 2 impurities below 1 ppm [25].
The puriﬁcation of the leachate can be done via several diﬀerent
stages, e.g., cementation [26,27], precipitation [28–31], or solvent
extraction (SX) [17,32–37]. The most commonly used SX reagents for
Zn extraction are organophosphorus extractants, i.e., di(2-ethylhexyl)
phosphoric acid (D2EHPA), 2-ethylhexyl phosphonic acid mono-2-ethyl
hexyl ester (PC88A) and bis(2,4,4-trimethylpentyl)phosphinic acid
(Cyanex 272) [34,38–40]. Of these extractants, D2EHPA has been used
extensively to extract Zn along with other elements, e.g., Fe and V
[41–43]. Most of the primary zinc processes such as the HydroZinc
process of Teck Cominco, Canada [44,45], the ZINCEX process of
Técnicas Reunidas, Spain [44], the Skorpion Zinc plant of Anglo
American, Namibia [44,46] and MIM Holdings Ltd. (now Glencore)
[45,47] use D2EHPA as an extractant for Zn recovery in the SX process.
However, in primary Ni/Co processing (e.g., Murrin Murrin, Australia),
Cyanex 272 was preferred over D2EHPA for Zn extraction to avoid the
risks associated with cross-contamination [48]. Furthermore, D2EHPA
is known to extract Zn at lower pH (< 2) values compared to Cyanex
272 under similar experimental conditions [49], and Zn can also be
selectively stripped from D2EHPA in the presence of other impurities
such as Fe at low acid concentration [45]. Cyanex 572, which is a novel
commercial extractant and considered a mixture of phosphonic and
phosphinic acids [50,51], has been mainly used in the separation and
extraction of rare earth elements (REEs) until the time of writing
[51–53]. However, recent studies have shown that Cyanex 572 has the
potential to selectively extract Zn in the presence of other impurities
(Mn, Fe) from municipal solid waste incineration (MSWI) ﬂy ash
[54,55]. Both the organic reagents (D2EHPA and Cyanex 572) used in
present work are organophosphorus acidic extractants. Therefore, the
possible extraction reaction of divalent metal ions could be cation exchange mechanism. From literature, the extraction mechanism of divalent metal ions (M2+) like Zn or Mn, using D2EHPA and Cyanex 572
can be represented using Equation (1), [54–56], where HR represents
the organic extractant and MR2 represents the metal-extractant complex:

M2 + + 2HR (org.) ↔ MR2(org.) + 2H+

Table 1
Composition of the EAF dust citric acid PLS.
Zn
[mg/L]
20,080
Pb
[mg/L]
1029
Ba
[mg/L]
2.5
Sb
[mg/L]
< LOD

Fe
[mg/L]
632
Ti
[mg/L]
< LOD
Ni
[mg/L]
< LOD
Li
[mg/L]
< LOD

Ca
[mg/L]
2152
V
[mg/L]
< LOD
Sn
[mg/L]
< LOD
Ag
[mg/L]
< LOD

Mg
[mg/L]
197
Cu
[mg/L]
102
Co
[mg/L]
< LOD
Cd
[mg/L]
< LOD

Al
[mg/L]
183
P
[mg/L]
< LOD
Zr
[mg/L]
< LOD
K
[mg/L]
1453

Cr
[mg/L]
18
As
[mg/L]
< LOD
Mo
[mg/L]
< LOD
Na
[mg/L]
16,288

Mn
[mg/L]
504
S
[mg/L]
669
Bi
[mg/L]
< LOD
Si
[mg/L]
530

LOD = limit of detection

2. Experimental procedure
2.1. Materials
The roasted EAF dust employed in citric acid leaching was obtained
from the Ovako Imatra Oy Ab steel plant in Finland. The details about
the raw material and the pre-treatment (roasting), as well as citric acid
leaching, were published in the previous work [5,6]. Table 1 presents
the solution composition achieved after leaching of roasted EAF dust in
0.8 M citric acid [6], used as the raw material in the current study. As
can be seen, the contents of Zn and Na are rather high in comparison
with other elements present in the PLS. The Zn originated from the EAF
dust and the Na from the roasting step. The iron content presented in
Table 1 is the total iron content in the PLS whereas by redox potentiometric titration (with K2Cr2O7) [61] it was conﬁrmed that Fe(II)
content was only ~14 mg/L. Moreover, halogen species (e.g. Cl−, F−,
etc.) are known to occur at signiﬁcant amounts in the EAF dust and
other similar metallurgical residues as well [62-66]. Furthermore, only
Cl- was found from the employed raw material, EAF dust in small
quantities, ~1.5 wt-%. However, Cl- present in the EAF dust, and
therefore ending up to the PLS, were not analyzed from the solution
because thermodynamically it is likely that majority of it ends up into
the gaseous phase during NaOH roasting due to high vapour pressure at
low temperatures (< 300 °C) [63,67]. Additionally, no other halogens
were detected from the roasted EAF dust [6].
Low odor kerosene (Sigma-Aldrich, USA), 97% D2EHPA (SigmaAldrich, USA) and Cyanex 572 (Solvay, the Netherlands) were used in
solvent extraction (SX) experiments and 95% sulfuric acid (VWR
Chemicals, Belgium) in stripping experiments. Sodium hydroxide
powder, 99% NaOH (VWR Chemicals, Belgium) was used together with
sulfuric acid for pH modiﬁcation. All the employed chemicals were of
technical grade and the stripping and pH modiﬁcation solutions were
made in Milli-Q (Merck Millipore, USA) deionized water.

(1)

Globally, the main zinc-containing secondary raw materials are
galvanized steel and scrap brass [57,58]. Zinc recycling is predominantly conducted by employing a Waelz kiln reactor [57,59] but
other technologies have also been developed to treat such hazardous
material, e.g., the rotary hearth furnace (RHF) or in-process separation
(IPS) [60]. Another way to recycle zinc is the leaching of scrap galvanized steel in an alkaline medium followed by EW [58]. Furthermore,
EAF dust is also a major source for secondary zinc [58] and, in terms of
the circular economy, the usage of secondary raw materials is highly
recommended. However, as stated above, after the citric acid leaching
of EAF dust, a zinc-rich PLS is produced that still contains several impurities such as Fe, Pb, Na, Al, Ca, and Mn. Therefore, the PLS is not
suitable for direct zinc EW without further puriﬁcation and enrichment
steps.
Consequently, the current study develops the EAF dust recycling
process further. The work continues from the work of Halli et al. [5,6]
and focuses on the development of Pb removal and Zn solvent extraction. In this work, D2EHPA and Cyanex 572 are compared in terms of
recovering Zn from EAF dust citric acid PLS. Furthermore, the current
study addresses the challenges related to solution puriﬁcation and Zn
enrichment for further recovery of zinc, thus completing the process
ﬂowsheet for the novel citric acid treatment of EAF.

2.2. SX experiments
The experiments were carried out in a 100 mL separation funnel,
with shaking at 250 revolutions per minute (RPM) using a KS 3000i
control incubated shaker (IKA, Germany). In the optimized conditions,
both SX and stripping were also performed in a 500 mL separation
funnel in order to simulate upscaling. After ﬁnishing the experiment,
the separation funnels were allowed to settle for 5 min to allow phase
disengagement. The collected aqueous phases were analyzed by AAS or
ICP-OES. The metal extractions were calculated using Eqs. (2) and (3)
[68]:

CMRn ·Vorg
⎞
Extraction (%) = ⎜⎛
⎟ ·100
C
·V
MR
org + C Mn + ·Vaq ⎠
n
⎝

2

(2)
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CMn +·Vaq ⎞
Stripping (%) = ⎜⎛
⎟ ·100
C
⎝ MRT ·Vorg ⎠

Table 3
Quantitative Rietveld reﬁnement of the XRD histogram of the precipitate
formed at pH 2.

(3)

where CMRn and CMn + are the equilibrium concentrations of metal ions
in organic and aqueous phases, CMRT is the total concentration of metal
ions in the loaded organic phase before stripping, and Vorg andVaq are
the volumes of organic and aqueous phases, respectively. The pH of the
aqueous phase was adjusted by adding 18 M H2SO4 or 20 M NaOH solution. An S210 SevenCompact™ pH meter (Mettler Toledo, USA) was
employed when monitoring the pH. The distribution coeﬃcient (D) and
separation factor (β ) were calculated using Eqs. (4) and (5), respectively:

D=

CMRn
CMn +

(4)

D2
D1

(5)

β M2 =
M1

where D1 and D2 are the distribution coeﬃcients of elements 1 and 2,
respectively, in a speciﬁc solvent system. A McCabe-Thiele diagram of
zinc extraction from citric acid solution using D2EHPA was plotted by
varying the O/A (organic to aqueous) ratio from 1:5 to 5:1 at constant
time (15 min), pH (5), and temperature (25 °C).
The eﬀect of two diﬀerent acidic organophosphorus extractants
(Cyanex 572 and D2EHPA) on the extractions of Zn, Fe, and Mn from
PLS was studied in a pH range of 2 to 6. Table 2 presents the investigated parameters in the SX and stripping experiments. In each
experiment, only one parameter at a time was changed while keeping
the others constant.

PbSO4 (wt-%)

PbO (wt-%)

Na2O (wt-%)

Na2S2O3 (wt-%)

Rest (wt-%)

34.4

8.4

11.5

40.5

5.2

Fig. 1. Sulfate ion consumption when modifying the pH of EAF dust citric acid
PLS and the content of metals in the solution as a function of pH at room
temperature.

3. Results & discussion
3.1. Lead removal

2.3. Pb removal

Fig. 1 presents the sulfate ion consumption and Pb and Mn precipitation as a function of pH. The sulfate ion consumption (by sulfuric
acid addition) needed to achieve full Pb removal was 0.012 M (pH = 2).
Simultaneously 30% of Mn was removed. With further sulfate addition,
Mn precipitation was supported, with the addition of 0.09 M providing
over 60% of Mn precipitation (pH = 0). The sulfate precipitation was
carried out with sulfuric acid since, at the same time, the Na content in
the solution was also decreased prior to Zn EW. Moreover, the Na
content in the precipitate was rather high (Table 3, 52 wt-% Na vs.
42.8 wt-% Pb) compared to Pb. However, the solution samples were not
analyzed for Na because it causes no major challenges in Zn EW [25].
Quantitative Rietveld analysis [69,70] suggested that the precipitated lead that was formed had a composition of PbSO4, see Eq. (6).
However, Mn precipitate could not be detected by XRD due to the relatively small amount (~0.1 wt-%, calculated based on the Mn solution
analysis before and after the precipitation) compared to the other
precipitates. The suggested precipitate route is presented in Eq. (7).

As lead was the main impurity of the EAF citric acid PLS (the highest
content, ~1 g/L, in the PLS and harms zinc EW [24]), its removal was
performed by sulfate precipitation [31] from the PLS (Table 3). The pH
of the PLS was slowly adjusted at room temperature by droplets of 18 M
H2SO4 with a target pH of 0 under mixing of 200 rpm. The solution
samples were taken at intervals of 0.5 pH after 10 min stabilization.
According to the solution analysis, a pH value of 2 was conﬁrmed to be
the optimal pH in terms of minimizing chemical consumption while
maximizing lead removal.

2.4. Analysis
AAS (Atomic Absorption Spectroscopy, Thermo Scientiﬁc iCE 3000,
USA) for Zn, Pb, Mn, and Fe and ICP-OES (inductively coupled plasma –
optical emission spectroscopy, Perkin Elmer Optima 7100 DV, USA) for
other elements were employed to determine the solution compositions.
The dried residues were analyzed using XRD (X-Ray Diﬀraction, X’Pert
PRO Powder, the Netherlands).

Pb2 + (aq) + H2 SO4 (aq) = PbSO4 (s) + 2H+ (aq)

(6)

Table 2
Experimental parameters and their respective levels.
Solvent extraction

Stripping

Experimental parameters

Levels

Contact time (min)

1

2

5

10

15*

pH
Temperature (°C)
D2EHPA% (vol-%)
O/A ratio

1
25*
15
1:5

2
35
20*
1:2

3
45
25
1:1*

4
55
30
2:1

5*
–
–
5:1

* Value that was kept constant while other parameters were studied.
3

Experimental parameters

Levels

30

H2SO4 (M)

0.005

0.1

1*

2

6
–
–
–

O/A ratio

1:1*

2:1

3:1

4:1
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Fig. 2. Eﬀect of two extractants (A) D2EHPA and (B) Cyanex 572 on the extraction of Zn, Fe, and Mn as a function of pH ([Extractant] = 20%, T = 25 °C, O/A = 1:1,
t = 15 min).

Mn2 + (aq) + H2 SO4 (aq) = MnSO4 (s) + 2H+ (aq)

(7)

Table 4
Separation factors of Zn with respect to Fe and Mn using D2EHPA and Cyanex
572 in citric acid solutions.

The lead sulfate precipitate formed can be transferred to secondary
lead production where smelting of PbSO4 into lead bullion takes place
[71]. According to stoichiometry, to achieve 100% Pb and 30% Mn
removal at pH 2, the amount of sulfate ions required is only ~0.007 M.
Therefore, with the optimized parameters for Pb and Mn removal
(Fig. 1), approximately 0.012 M of excess sulfuric ions was needed to
fully remove all the Pb and 30% of the Mn from the PLS. This is around
1.8 times the stoichiometry, which can be explained by the precipitation of Na as Na2S2O3, Table 3.

pH

3
4
5
6

D2EHPA

Cyanex 572

βZn / Fe

βZn / Mn

βZn / Fe

βZn / Mn

2
43
63
2629

39
39
23
14

3
6
9
14

19
38
20
50

increasing the pH up to 5 resulted in similar separation eﬃciency for
both extractants. At pH 6, Cyanex 572 was able to separate Zn from Mn
more eﬀectively, although not from Fe. Therefore, D2EHPA was selected as the SX extractant and pH 5 deﬁned as the pH for Zn extraction.

3.2. Eﬀect of pH and extractant type
The puriﬁed PLS was subjected to a study of Zn separation. The
main goal in solvent extraction was to achieve higher separation between zinc and dissolved iron. After lead removal, the composition of
the Pb-free PLS was as presented in Table 1, excluding all lead and
~20% of Mn (~500 vs. ~400 mg/L), therefore, the remaining impurities in the PLS were Fe and Mn at signiﬁcant concentrations. Fig. 2
shows that extractions of Zn and Mn using D2EHPA (Fig. 2A) and Cyanex 572 (Fig. 2B) are favored with increasing pH as predicted by Eq.
(1) by cation exchange mechanism. Similar behaviors of Zn and Mn
extraction with acidic extractants are also reported in the literature
[32,34–37,44–47]. In contrast, Fe extraction was decreased signiﬁcantly when pH was increased from 1 to 6 using D2EHPA and Cyanex 572. The possible reason for this behavior could be the complex
formation of Fe with citrate ions. In literature, stability constant for Fecitrate complex is reported in the range of 11–15 [72,73] while similar
values for Zn and Mn complexes are reported in the range of 4.2–4.9
and 3.5–4.2 [72,74], respectively. Speciation diagrams of Fe-citrate
species in aqueous solution demonstrate that Fe could form very stable
neutral [73] or anionic [75] complexes in the pH range of 1–6 and free
iron species does not predominate at higher pH levels (> 1.5) [75].
This indicates that the formation of stable iron-citrate complexes could
be preferentially rejected by the acidic extractants and therefore, the
extraction of iron was decreased with increasing pH, Fig. 2. Furthermore, it was predicted in an investigation [76] that the addition of
citrate ions in solution favors the formation of free species of zinc
(Zn2+), suggesting that extraction of Zn ions will increase at elevated
pH levels via cation exchange mechanism (Eq. (1)).
The separation factors of zinc concerning Fe and Mn were calculated
and compared between D2EHPA and Cyanex 572 in the pH range of
3–6, see Table 4. It was observed that, in general, D2EHPA was found to
provide higher separation of zinc from iron compared to Cyanex 572.
Separation of Zn from Mn was higher by D2EHPA at low pH (3), while

3.3. Eﬀect of solvent extraction parameters
Fig. 3A shows that extraction of both zinc and manganese was fast
(approx. 1 min) and approximately the same regardless of the SX time
employed; however, the extraction of iron slowly increased with increased SX time (up to 15 min). Similar behavior for iron extraction has
also been reported earlier [41]. However, an SX duration of 15 min was
selected for the optimal conditions even though iron extraction increased when increasing the time.
The eﬀect of D2EHPA concentration, see Fig. 3B, was studied in the
range of 10 to 25 vol-%. The extraction of Zn, but also impurities (Fe
and Mn), rose with increasing extractant concentration. With the lowest
10 vol-% D2EHPA concentration, the extractions of Fe and Mn were
marginal but also only 50% of Zn could be extracted. A D2EHPA concentration of 20 vol-% was selected as the optimal concentration (Zn
90%, Fe 18%, Mn 38%) since the separation between Zn and Fe was the
highest. Comparable extraction behavior regarding Fe and Zn in a different base medium has also been reported by other authors [35,42,43].
As can be seen in Fig. 4, the temperature did not have a signiﬁcant
eﬀect on Zn extraction, and that of manganese also stayed approximately at the same level. While iron extraction decreased when raising
the temperature. Although, increasing temperature favors the separation between Zn and Fe, however, 25 °C was chosen as an optimum
temperature to keep the cost of the process low and to improve safety in
operations. Furthermore, Mn extraction was slightly favored by increasing the temperature, suggesting the extraction reaction of Mn with
D2EHPA in citric acid media is endothermically driven. In contrast,
there was a slight decrease in Zn extraction and a signiﬁcant decrease in
iron extraction observed, suggesting that the extraction reactions of Fe
4
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Fig. 3. Eﬀect of (A) time and (B) D2EHPA concentration on extraction of Zn, Fe, and Mn (T = 25 °C, O/A = 1:1, pH = 5).

Fig. 5. McCabe-Thiele diagram for extraction of Zn using D2EHPA in citric acid
media ([D2EHPA] = 20%, T = 25 °C, t = 15 min, pH = 5).

Fig. 4. Eﬀect of temperature on extraction of Zn, Fe, and Mn from citric acid
solution ([D2EHPA] = 20%, pH = 5, O/A = 1:1, t = 15 min).

and Zn with D2EHPA in citric acid media are exothermically driven.
3.4. McCabe-Thiele analysis
McCabe-Thiele analysis, see Fig. 5, shows that almost all the zinc
could be loaded into the organic phase using two theoretical countercurrent stages at an operating line (O/A ratio) of 1:1. An organic phase
loaded with ~20 g/L of zinc could be obtained from a feed solution
containing ~20 g/L of Zn, with a zinc recovery of over 99%.
For stripping studies, the organic phase was loaded with ~18.5 g/L
of zinc, ~100 mg/L of iron, and ~180 mg/L of manganese by a single
stage extraction at pH 5, room temperature, and unit phase ratio. First,
the stripping of zinc into sulfuric acid was carried out in a concentration
range of 0.005 to 2 M at room temperature and a stripping time of
15 min. Fig. 6 presents the results obtained after stripping Zn from the
loaded organic solution. As can be seen, the lowest H2SO4 concentration (0.005 M) resulted in very poor stripping eﬃciency compared to
higher acid concentrations where ~93% of zinc was successfully
stripped in a 1 M H2SO4 solution. Therefore, 1 M acid concentration was
chosen for further study. It is noteworthy that such a short stripping
time (15 min) did not provide any iron to the aqueous phase; all of the
iron (~100 mg/L) remained in the loaded organic phase. A similar slow
iron stripping rate has also been observed by other authors [43].
However, as the total iron content in D2EHPA is very low, the organic
solution can be recycled several times before the cumulative content of

Fig. 6. Eﬀect of H2SO4 concentration on stripping eﬃciency of Zn, Fe and Mn
(T = 25 °C, t = 15 min, O/A = 1:1).

iron in D2EHPA increases to such a level that it requires puriﬁcation.
Furthermore, iron stripping from D2EHPA is known to require a rather
strong acid concentration [77–79], but one experimental run conducted
5
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media at 40 °C with constant oxygen feed and agitation for 120 min [6].
After leaching, the solution is ﬁltered and the residue is transferred to a
pelletizing plant with suitable binder materials, e.g., bentonite [81], to
produce a suitable iron feed for an EAF process [6]. After ﬁltration, the
remaining solution is transferred to a lead precipitation unit process
followed by a secondary ﬁltration unit. The zinc-rich ﬁltrate is further
routed to solvent extraction and stripping units and ﬁnally, state-of-theart zinc electrowinning can be performed for the puriﬁed solution with
52 g/L of Zn and ~100 g/L of H2SO4 in the solution, suitable for Zn EW
process [11 16,19,20,22,23]. In the main process ﬂow, three diﬀerent
excess streams are produced, i.e., zinc-free aqueous solution after solvent extraction, zinc depleted organic solution after stripping process,
and spent zinc electrolyte. The zinc-free aqueous solution can be
transferred back to the citric acid leaching unit and mixed with fresh
0.8 M citric acid solution and the spent Zn electrolyte can be transferred
to the stripping stage mixed with fresh 1 M H2SO4. Zn depleted organic
solution or regenerated D2EHPA solution could be recycled back to
solvent extraction stage.
Fig. 7. McCabe-Thiele diagram for stripping of Zn using H2SO4 solution
(T = 25 °C, t = 15 min, [H2SO4] = 1 M).

4. Conclusions
A novel hydrometallurgical process ﬂowsheet for Zn, Pb recovery by
precipitation and solvent extraction from citric acid leach solution of
EAF dust was suggested. The proposed ﬂowsheet allows EAF dust to be
suitable raw material not only for secondary steel production but also
for secondary lead and zinc production. The conclusions of this study
from the diﬀerent stages are the following:

with 0.8 M citric acid at pH 5 with an O/A ratio of 1/1 at room temperature for 60 min resulted in 30% Fe stripping eﬃciency.
Similarly to Fig. 5 for Zn extraction, a McCabe-Thiele diagram for
zinc stripping was also plotted by varying the phase ratio (O/A) from
1:1 to 6:1, as shown in Fig. 7. It was determined that at an operating
line of 3:1 (O/A ratio), three theoretical countercurrent stages were
required to completely strip Zn from organic solution to 1 M H2SO4
solution, giving rise to ~55 g/L Zn solution. This kind of solution could
be eﬀectively processed by electrowinning for Zn recovery.
To simulate the predicted results at optimized conditions, a single
stage SX experiment (pH = 5, t = 15 min, T = 25 °C, CD2EHPA = 20 vol%, and O/A = 1:1) was performed followed by a single stage stripping
experiment (t = 15 min, T = 25 °C, CH2 SO4 = 1 M, and O/A = 3:1) to
produce a zinc-rich solution (Table 5), applicable for state-of-the-art
zinc electrowinning. As can be seen, the zinc enrichment ratio is over
2.5 (20000 mg/L vs. 51990 mg/L) and the content of all the other
elements has decreased. Moreover, the content of Mn has stayed at
approximately the same level (504 mg/L vs. 585 mg/L), although
manganese is known not to cause problems during Zn EW
[11,17,20,24,25,15,18,19,80]. Therefore, the composition presented in
Table 5 can be utilized in a state-of-the-art Zn EW process [18,19].

(1) From EAF dust citric acid PLS, lead was removed as lead sulfate
(PbSO4) by sulfate precipitation with the addition of sulphuric acid
at pH 2. The sulfate precipitation was found to be very eﬃcient for
Pb and somewhat selective for Mn too, with relatively low acid
consumption, 0.0012 M [SO4−]. Moreover, Zn losses were minimal
in the process.
(2) Further puriﬁcation of lead-free leach solution was performed by
solvent extraction where D2EHPA was found to surpass Cyanex 572
when comparing the selectivity of Zn over Fe at pH 2.
(3) McCabe-Thiele results indicated that at optimized solvent extraction conditions (pH = 5, t = 15 min, T = 25 °C, CD2EHPA = 20 vol%), Zn (~20 g/L) could be loaded completely in organic solution in
two counter-current stages at an operating line (O/A) of 1:1.
(4) The Zn loaded D2EHPA solution was further treated with sulfuric
acid and at optimized stripping conditions ([H2SO4] = 1 M,
t = 15 min, T = 25 °C, O/A = 3:1), Zn rich solution (~55 g/L)
could be produced in three counter-current stages at an operating
line (O/A) of 3:1.
(5) The puriﬁed Zn solution is suitable for direct integration in Zn
electrowinning process. Therefore, EAF dust what is considered
waste, can be transferred into three diﬀerent streams (Zn, Fe, and
Pb) of secondary metal production.

3.5. Process ﬂowsheet
Fig. 8 outlines a multistage recycling process for iron, lead, and zinc
from EAF dust including roasting, leaching, precipitation, and solvent
extraction followed by electrowinning. EAF dust is ﬁrstly roasted with
caustic soda (at a ratio of 2:1) and then leached in 0.8 M citric acid
Table 5
Composition of zinc electrolyte after optimized solvent extraction and stripping
circuits.
Zn
[mg/L]
51,990
Pb
[mg/L]
< LOD
Ba
[mg/L]
< LOD

Fe
[mg/L]
< LOD
Sn
[mg/L]
< LOD
Ni
[mg/L]
< LOD
Sb
[mg/L]
20

Ca
[mg/L]
580
Ga
[mg/L]
< LOD
Sn
[mg/L]
< LOD
Ag
[mg/L]
< LOD

Mg
[mg/L]
36
Ge
[mg/L]
< LOD
Co
[mg/L]
< LOD
Cd
[mg/L]
< LOD

Al
[mg/L]
< LOD
In
[mg/L]
< LOD
Se
[mg/L]
< LOD
K
[mg/L]
460

Cr
[mg/L]
< LOD
As
[mg/L]
< LOD
Si
[mg/L]
< LOD
Na
[mg/L]
66
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Mn
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585
S
[mg/L]
30,700
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[mg/L]
< LOD
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Fig. 8. Schematic of the proposed route for Fe, Pb, and Zn recovery from EAF dust. The blue box refers to previous ﬁndings [6] and green is the focus of this study.
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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