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Abstract: The species of arsenic in secondary zinc oxide generated from fuming furnace were investigated. The results revealed that
there are mainly three types of secondary zinc oxide based on three arsenic species. The main phase of As is As,Os in type I, zinc
arsenite (Zn(AsQ,),) in type Il and lead arsenate (Pb(As,Og), PbsAs,Oy) in type IIL, respectively. Selective leaching of zinc oxide of
type Il was carried out. The leaching rate of As kept at 65%—70% with 30 g/L NaOH and L/S ratio of 3 at 20 °C for 1 h, while the

losses of Pb and Zn were both below 1%.
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1 Introduction

Arsenic contamination is a worldwide problem, and
the safe treatment of arsenic is becoming a focus. The
current method to treat arsenic is to transform arsenic
into insoluble compounds by solidification, rather than to
recover as a product [1].

Arsenic exists in the forms of realgar (AssS,;) and
orpiment (As,S;) in nature, however, it normally
co-exists with other metalliferous deposits, such as iron
pyrite, galena and chalcopyrite [2,3]. Abundant arsenic is
enriched in flue dust in the process of roasting and
smelting. The arsenic-bearing dusts are fine particles,
containing a mass of metal values, such as Zn, Cu, Pb
and Sb, which are very attractive for their economic
values [4,5]. The treatment of dusts can be classified into
two ways. One is hydrometallurgical process, in which
As and metal values are leached out by acid, alkaline or
bacteria [6—9]. The solidification of arsenic and the
recovery of metal values are achieved by precipitation,
solvent extraction and ion-exchange process [10—14].
The other is the combined hydrometallurgical and
pyrometallurgical process [15].

Although there are many reports on the treatment of
arsenic, little concern was given to arsenic phases. It
normally takes As,O; as the only arsenic species in dust
[16,17]. CONTRERAS et al [18] reported that the

interactions of arsenic with other elements in the
vaporization might result in the formation of new arsenic
species, such as Cd;(AsOy),, As;SbOg and As,SbyOg. The
removal of arsenic strongly depends on the species of
arsenic. Secondary zinc oxide was a representative dust,
which was generated in zinc and lead production by
reduction—roasting method from fuming furnace or
rotary kiln. Several methods were reported on the
treatment of secondary zinc oxide, such as caustic soda
roasting—leaching [19], oxidation hydrolysis [20],
sulphating roasting—leaching [21] and ammonia leaching
[22]. However, the industrial application of these
processes was limited due to low removal of arsenic or
poor economic values, as well as formation of secondary
pollutant. Therefore, a sampling plan of secondary zinc
oxide from the production site was established for
characterizing arsenic species and exploring the
interaction between metal values and arsenic in
vaporization process. The removal of As from secondary
zinc oxide was also investigated.

2 Experimental

2.1 Materials

15 samples with each secondary zinc oxide of 15 kg
were collected from Shaoguan Smelter during research
periods (May, 2004—November, 2007), which were
named Z1 to Z15. All samples were analyzed to determine
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their physical and chemical properties. It was found that
the compositions of secondary zinc oxide and the arsenic
phase can be classified into three types. Sample Z1 to Z8,
sample Z9 to Z12, and sample Z13 to Z15 belonged to
type I, type II and type III, respectively. Thus, three
representative samples, named Z1, Z9 and Z13, were
chosen as experimental materials.

Reagent of NaOH was analytical pure and deionized
water was used in the experiment.

2.2 Experimental procedures
2.2.1 Occurrence forms of arsenic

The composition, phase and microscopic
characteristics of the three samples were characterized by
chemical composition analysis, chemical phase analysis,
X-ray diffraction (XRD) and scanning electron
microscopy (SEM/EDS) analysis.
2.2.2 Leaching experiment of secondary zinc oxide

All leaching experiments were conducted in a 1 L
beaker fully enclosed with a thermometer fixed for
monitoring temperature and gas exhaust pipe as cooling
system to prevent solution from evaporation. The beaker
was immersed in a water bath. In each experiment, 100 g
secondary zinc oxide was mixed with leaching reagent to
form proper slurry and then stirred at 500 r/min and
certain temperature. After leaching and vacuum filtration,
the solid residue was washed by hot water three times,
then dried; the filtrate and wash water were collected
together for further treatment. Finally, the solid residue
was recycled to sintering burden process to recover zinc
and lead, and the leach solution was oxidized by
hydrogen peroxide and precipitated with lime.

2.3 Analysis and characterization

X-ray diffractometer (Siemens D5000, Cu K,, A=
1.542x107"" m) was employed to qualitatively analyze
the phase of samples and leach residue. The total arsenic
content in leach residue was determined by the sodium
hypophosphite  reduction—iodometric method. The
contents of As(IIl), As(V) in the leach solution were
determined by extracting—iodometric method and the
contents of Zn and Pb were determined by EDTA
complex titration or ICP-MS (IRIS Interpidll XSP,
Thermo Electron Corporation) method when they are
present in trace amount. The morphologies and particle
size of secondary zinc oxide were observed using a
JSM—-6360LV apparatus. The micro area component was
measured by energy dispersive X-ray spectrometric
microanalyzer (EDX- GENESIS 60S).

3 Results and discussion

3.1 Characteristic of secondary zinc oxide
The chemical composition of samples is listed in

Table 1. It is shown that the content of As varies slightly
around 6%; however, samples Z1 and Z9 contain more
than 50% Zn and only 5%—10% Pb, and sample Z13
contains 30% Zn and 20% Pb.

Table 1 Chemical composition of secondary zinc oxide

samples

Sample w(Pb)/% w(Zn)/% w(As)/%w(Ge)/% w(F)/% w(Cl)/%
Z1 11.8 51.2 7.1 0.034  0.18 0.31
Z9 571 5680 5.87 0.026 0.25 0.13
Z13  20.82 3224 627 0018 021 0.21

Figure 1 shows the XRD patterns of secondary zinc
oxide samples. As can be seen, arsenic in sample Z1
mainly exists as As,Oz in comparison to ZnAs,O4 and
PbsAs;O9 or Pb(As,Og) in samples Z9 and Z13,
respectively.

Z1

. *— 7n0
*+— As05

a— 7n0
= — Ph,04
»— Zn(AsOs)

Z13 v v— 7ZnO
— pb.;ASqu
*— Pb(As204)

H x— PbO,

10 20 30 40 50 60 70 80
20/(°)

Fig. 1 XRD patterns of secondary zinc oxide samples

The chemical phase analysis results are shown in
Table 2. The arsenic species are consistent with XRD
analysis results. For samples Z9 and Z13, the total As
amount detected by chemical phase analysis is a little
lower than that detected by chemical composition
analysis.

SEM micrographs of the samples are shown in
Fig. 2. There is great difference in morphology and
particle size among the samples. For sample Z1, the
coarse polyhedral particles in micro-size are massive and
well crystallized, which are supposed to be ZnO particles.
The minimal spherical nano-particles adhered to the
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Table 2 Chemical phase analysis results of secondary zinc
oxide samples (mass fraction, %)

Sample As;O; As)Os  Pb/Zn(AsO,),  Zny/Pby(AsOy),
Z1 6.96 0.05 0.40 0.03
Z9 0.32 0.08 5.21 0.12
Z13 0.09 0.21 1.14 4.87
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Fig. 2 SEM images of secondary zinc oxide: (a) Sample Z1;
(b) Sample Z9; (c) Sample Z13

coarse ZnO particles are assumed to be As,Os;. Both
samples Z9 and Z13 possess spherical and polyhedral
particles, but the average particle size of sample Z9 is
finer than that of sample Z13. It can be inferred that the
formation mechanism of spherical particles is melting
and solidification of Pb-bearing compounds with low
melting point, while the polyhedral particles are formed
by the crystallized growth of ZnO.

The EDS analysis spectra of secondary zinc oxide
are shown in Fig. 3. As can be seen from Fig. 3, only Pb
and Zn peaks are present in sample Z1. Therefore, As is

dispersed with Pb and Zn phases, or exist as ultrafine
As,0; particles.

The EDS analysis results of sample Z9 show that
there exist two kinds of particles: one is grey powder,
and the other is white one. According to EDS point
scanning analysis, Zn is the main composition of grey
powders, which is assumed to be ZnO particles, while
the white one is rich in Pb and As.

The EDS analysis results of sample Z13 show that
the white spherical particles contain more Pb and As,
which is consistent with the XRD analysis result that the
main As phase in sample Z13 is lead arsenate. Those
particles with Zn and O as major elements are assigned
to ZnO.

In conclusion, arsenic in secondary zinc oxide does
not always exist as As,0O;. The interaction with Pb and
Zn would result in the formation of lead and zinc
arsenite, or arsenate, which is greatly different from
generally acknowledged recognition. According to
arsenic species, secondary zinc oxide can be classified
into three types: Type I with the main phase of As,O;,
and type II and type III with zinc arsenite (Zn(AsO,),)
and lead arsenate (Pb(As,0¢), PbsAs,0y), respectively.

The reasons for producing different types of
secondary zinc oxide are as follows. Firstly, acidic
oxides As,03 and As,Os tend to react with ZnO and PbO
in thermodynamics according to reactions (1) and (2).
Secondly, production atmosphere has significant
influence on the formation of Zn and Pb complex oxides.
Generally, it is favorable to the combination of complex
oxide in oxidative atmosphere and dissociation in
reductive atmosphere.

ZHO+ASzO3:Z1’1(ASOZ)2, AG2982_49.68 kJ/mol (1)
PbO+As,05—Pb(As$,04), AGaos=—124.28 kI/mol  (2)

Although secondary zinc oxide is generated by the
reductive volatilization under the weak reductive
atmosphere, the composition fluctuation of raw material
can change the atmosphere because of the variation of
oxygen consumption for different elements. Zn would
consume almost three times as many oxygen as Pb, thus,
even controlling the same production conditions, the
actual atmosphere may be totally different. As seen from
Table 1, there is a distinctive difference between Pb and
Zn contents in the three samples. Therefore, the
composition fluctuation of raw materials results in the
diversification of secondary zinc oxide.

Undoubtedly, the diversification of secondary zinc
oxide affects the leaching behavior of As. There are little
reports about the removal of As from arsenite, or
arsenate, and only the similar research of the treatment of
chromated copper arsenate was reported [23,24]. Since
the study of type I and type III has been well developed
[25,26], it is necessary to investigate the removal of As
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Fig. 3 EDS analysis spectra of secondary zinc oxide: (a), (a’) Sample Z1; (b), (b") Sample Z9; (c), (c') Sample Z13

in type II secondary zinc oxide. The leach behavior of As
from type II secondary zinc oxide was thus studied in
this study.

3.2 Foundation of leaching arsenic from type Il

secondary zinc oxide

To investigate the leachability of type II secondary
zinc oxide, the equilibrium concentration diagram of
type 1l secondary zinc oxide was plotted. The main
phases in type Il secondary zinc oxide are Zn(AsO,),,
ZnO and Pb,0;. The Gibbs free energy of Zn(AsO,), is
equal to the sum of Gibbs free energy of formation of
corresponding cation, anion and complex [27]. Thus the
Gibbs free energy of Zn(AsO,), was estimated to be

—847.1 kJ/mol, and the K, value of this insoluble
product was 10 7.

Dissociated As(III), Zn(I) and Pb(II) might exist in
aqueous solution in the following forms: AsO", AsO3,
HAsO,(aq), H,AsO;, H;AsO3, H,AsOY, Zn*,
ZnOH", Zn(OH)y(aq), Zn(OH)3, Zn(OH)AZf, Pb*",
PbOH", Pb(OH),(aq), Pb(OH); and Pb(OH)¢ [28].

Based on the thermodynamic calculations, the
equilibrium concentration logarithm diagram of type II
secondary zinc oxide was plotted and is shown in Fig. 4.
The total concentration of As(II), Zn(II) and Pb(Il) at
different pH values are described by curves. The regions
enclosed by curves are stable regions of Zn(AsO;),, ZnO
and Pb,0s, respectively.
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Fig. 4 1g c—pH plot for type II secondary zinc oxide

When system pH<6.2, the stability order is
Zn(As0,),>Zn0O>Pb,05; when 6.2<pH<9.0, the order is
Zn0>Zn(As0,),>Pb,05; and when pH>9.0, the order is
Zn0O>Pb,03>Zn(AsO,),. Therefore, the separation of As
and metal values could be achieved by selective alkali
leaching, especially when system pH is above 9. For
example, when pH wvalue is 10.5, the theoretical
concentrations of As, Zn and Pb in solution are 1.92,
0.000029 and 0.045 g/L, respectively. Zn(AsO,), can
dissolve effectively, leaving ZnO and Pb,O; in residue,
meanwhile, high recovery of metal values is ensured.
After liquid and solid separation, the leach residue is
returned to pyrometallurgical process for recycling Zn
and Pb. The leach solution is returned to leaching step
after arsenic precipitation.

3.3 Selective leaching of type Il secondary zinc oxide

Alkali leaching experiment was carried out to
remove arsenic and recover metal values. The aim of this
process is to leach more As and less Pb and Zn as much
as possible. Zinc and lead in leach solution were counted
as loss of metal values.

Both water leaching and alkali leaching systems
were studied. Alkali leaching was conducted with 10 g/L
NaOH solution at 70 °C for 2 h. Water leaching was
carried out under the same conditions with only water as
the leaching reagent. The effect of leaching system on
the leaching rate of As is shown in Fig. 5.

As can be seen from Fig. 5, the leaching rate of As
both increases with the increase of leaching reagent
amount. However, the leaching rate of As improves
dramatically in alkali leaching. At 70 °C, the leaching
rate of As with 300 mL water is 1.24%, while that is
11.42% with 300 mL of 10 g/L NaOH solution. The
difference essentially derives from the effect of pH value
on the leaching rate of As. According to Fig. 4,
Zn(AsQ,), is relatively stable in the pH range of 6—11,
and it is favorable to leach Zn(AsO,), beyond this range.

35 -
= — With water

| *— With 10 g/L NaOH solution

(V5]
=

Leaching rate of As/%

SM
0 \ . . . s .

200 400 600 800 1000 1200 1400 1600
Amount of leaching reagent/mL

Fig. 5 Effect of leaching reagents on leaching rate of As

Given the efficiency and selectivity for leaching system,
alkali leaching is chosen for the following experiment.

The effect of leaching time on the leaching rate of
As and metal values was studied with 50 g/ NaOH
solution and liquid/solid ratio (L/S) of 4 at 80 °C. The
results are shown in Fig. 6.
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Fig. 6 Effect of leaching time on leaching rate of As and metal
values

It can be seen from Fig. 6 that 77% of As is leached
out in 1 h and the leaching rate is improved slightly with
the increase of leaching time. Meanwhile, the leaching
time has little effect on the loss of metal values, thus the
dissolution balance of Zn and Pb in aqueous solution is
easily reached. Since As partially exists as encapsulation
or inclusion phase, the leaching time of As is longer than
that of metal values. Therefore, the leaching time is
determined to be 1 h.

The effect of temperature on the leaching rate of
arsenic and metal values was studied with 50g/L. NaOH
solution and L/S of 4 for 1 h. The results are shown in
Fig. 7.

As seen from Fig. 7, the leaching rate of As
increases slightly with the increase of temperature, while
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Fig. 7 Effect of leaching temperature on leaching rate of As and
metal values

the loss of Pb and Zn increases rapidly. The leaching
rates of As, Pb and Zn at 20 °C are 62.18%, 1.8% and
0.6% respectively, but are 75.03%, 4.2% and 1.6% at 80
°C, correspondingly. In consideration of the cost and
energy comsuption, 20 °C was determined to be the
optimum leaching temperature with alkali leaching.

The effect of NaOH concentration on the leaching
rate of As and metal values was studied with L/S ratio of
4 at 20 °C for 1 h. The results are shown in Fig. 8.
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Fig. 8 Effect of NaOH concentration on leaching rate of As and

metal values

As seen from Fig. 8, the leaching rate of As
improves rapidly with the increase of NaOH
concentration from 10 g/L to 30 g/L. Further increase of
NaOH concentration has little effect on the leaching rate
of As, but the leaching rates of Pb and Zn increase
dramatically. As seen from Fig. 4, Zn(AsQO,), existing in
type Il secondary zinc oxide dissolves in priority, thus
the leaching rate of As increases with the increase of
NaOH concentration. However, the rest of arsenic
encapsulated by ZnO or Pb,0O; is difficult to dissolve,
which can be only leached out after the dissolution of

ZnO and Pb,0;, resulting in the loss of metal values
increasing rapidly and the leaching rate of As increasing
slightly. The leaching rates of As, Pb and Zn with 30 g/L
NaOH are 66.33%, 1.71% and 0.43%, respectively, in
comparison to 82.04%, 9.49% and 4.66% with 80 g/L
NaOH. Given the leaching rate of As and the loss of
metal values, 30 g/LL NaOH was determined.

The effect of liquid/solid ratio (L/S) on the leaching
rate of As and metal values was studied with 30 g/L
NaOH at 20 °C for 1 h. The results are shown in Fig. 9.

85 20
= — Leaching rate of As
g0k *— Loss rate of Zn "
e — Loss rate of Pb d16 =
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Fig. 9 Effect of L/S ratio on leaching rate of As and metal
values

The leaching rates of As, Zn and Pb are improved
with the increase of L/S ratio. The leaching rates of As,
Pb and Zn at L/S ratio of 10 are 81.24%, 10.39% and
4.76%, respectively, in comparison to 62.29%, 0.92%
and 0.45% at L/S ratio of 3, correspondingly. The
leaching rate of As increases less than 1.5 times when
L/S ratio increases more than three times (from 3 to 10),
which demonstrates that the arsenic occurance in type 11
secondary zinc oxide is partially inclusion. Further
decrease in L/S ratio is unfavorable for the dispersion of
leaching system, therefore, L/S ratio of 3 is chosen.

Based on the results above, the optimum leaching
conditions for removing arsenic from type Il secondary
zinc oxide were determined as follows: 30 g/ NaOH
solution, L/S ratio of 3, temperature of 20 °C, leaching
time of 1 h. The scale-up test was carried out at the
optimum conditions using 2.5 kg type Il secondary zinc
oxide. The results are shown in Table 3, and the XRD
pattern of leach residue is presented in Fig. 10. The
results of scale-up test indicate that the leaching rate of
As kept at 65%—70% and only less than 1% Pb or Zn is
lost. As seen from Fig. 10, only ZnO diffraction peaks
are detected and ZnAs,O4 peaks disappear, indicating
that the removal of As is satisfied. The rest of arsenic
exists as either amorphous state or multiple species but
low content, which results in the absence of arsenic
species in XRD patterns.
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Table 3 Results of scale-up test

Leaching rate of ~ Loss rate of  Loss rate of

No. As/% Pb/% Zn/%
1 68.80 0.86 0.39
2 66.46 0.77 0.34
3 65.58 0.95 0.47
4 69.11 0.76 0.41
5 67.09 0.83 0.43

1 = — 7n0
. .
g NI ) J\J\_'U\lu_{ 5
020 30 40 30 60 70 80

20/(°)
Fig. 10 XRD pattern of scale-up leaching residue

4 Conclusions

1) To better understand the leachability of arsenic in
secondary zinc oxide from fuming furnace, the
speciation of arsenic was invenstigated. The results
showed that arsenic in secondary zinc oxide does not
always exist as As,0;. The interaction of As with Pb and
Zn would form new species of zinc arsenite (Zn(AsO;),)
and lead arsenate (Pb(As;Og), PbsAs,Oy), which is
greatly different from general recognition.

2) Further leaching experiment of type Il secondary
zinc oxide in alkaline media was also investigated. The
results of scale-up test indicated that the leaching rate of
As kept at 65%—70% with 30 g/L NaOH and L/S ratio of
3 at 20 °C for 1 h, while the losses of Pb and Zn were
both below 1%.
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