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Abstract: An improved method of (NH,4),SO, roasting followed by water leaching to
utilize zinc oxidized ore was studied. The operating parameters were obtained by
investigating the influences of the molar ratio of (NH;),SO, to zingy roasting
temperature and holding time on zinc extraction. The roasting process followed the
chemical reaction control mechanism with the apparent activation energy value of
41.74 kJ-mol™. The transformation of mineral phases in‘roasting was identified by
XRD analysis combining with TG-DTA curves, The water leaching conditions
including leaching temperature, time, stirring velocity and liquid-solid ratio were
discussed and the leaching kinetics was alse,studied. The reaction rate was under the
outer diffusion of no product layer control with the values of the apparent activation
energy for two stages of 4.12 kJ-mol*"and 8.19 kJ-mol™, respectively. The maximum
zinc extraction ratio reached-96%, while the extraction efficiency of iron was about
32% at the appropriaté=eanditions. The work offers an effective method that zinc
oxidized ore can be comprehensive used.
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1. Introduction
Zinc is one of the important nonferrous metals and is extensively applied in

galvanization, alloy, battery and other fields. For a long time, sulfide ores have been
the main raw material in zinc metallurgy [1-2]. However, due to the overexploitation
of sulfide ores and the increased zinc demand, much attention has been paid to the
reasonable exploitation of zinc oxidized ores [2-9].

As the largest resources bearing zinc [4-5,10], zinc oxidized ores usually exist as
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oxidized carbonate or silicate minerals, for instance, smithsonite (ZnCOs), willemite
(ZnSi0y4), hemimorphite (Zn4Si,O7(OH),'H,0) etc. [4,11-14] and usually contain a
high grade silica [7,15]. To date, extensive studies have been carried out in treating
zinc oxidized ores. It is difficult to concentrate zinc oxidized ores by flotation because
to its fine intergrowth, complex phase compositions and high gangue content
[3,16-17]. Both pyrometallurgical and hydrometallurgical routes are adopted to utilize
the zinc oxidized ores. Among them, the traditional pyrometallurgical processes have
no competitiveness because of high energy consumption and high CO, and residue
emissions [17-21]. Generally, the hydrometallurgical routes are divided into acid
leaching and alkaline leaching, which includes ammonia leaching and sodium
hydroxide leaching. The sulfuric acid leaching is wildly applied and is found to be
versatile [19,22]. But the production parameters have to be properly\controlled in
sulfuric acid leaching, or silica gel is inevitably formed, making the filtration
difficulty [6-7,23-24]. Many efforts have been done to improve the filtration
performance by precipitating silica, comprising of the control of pH value [25-26], the
adding flocculating agent [12,26], the addition of AI*"[11;24,27] and so on. Ammonia
leaching has high efficiency in treating zinc oxidized ores for the formation of stable
zinc ammine complexe [2,9,12,26]. It is notewerthy that the leaching vessels need to
be hermetically sealed to avoid the @mmonia volatilization [3,17,28]. Sodium
hydroxide leaching is also a promising-route and many reports have been published
referring to alkaline treatment .of\zinc-bearing minerals. But the decomposition of
willemite and hemimorphite is slow [7,29-31], and additional work is needed to
realize the separation of.Zn,”Si and Pb [7,32]. Bioleaching is also carried out but there
is still a certain distance to realize industrialization [33]. In metallurgy, as a strong
acid and weak base salt, ammonium sulfate gets a lot of attention and is frequently
applied for(the extraction of valuable metals from various low-grade ores, including
zinc oxidized ore, wollastonite, blast furnace slag and so on [10,34-37]. To realize the
comprehensive utilization of zinc oxidized ore, an improved and effective process was
developed. First, the mixture of zinc oxidized ore and (NH,4),SO,4 was roasted. After
water-leaching and filtration, zinc and small amounts of iron entered into the filtrate
and separated from silica and calcium that remained in leaching residue. The roasting
gas absorbed by dilute H,SO,4 or water was transformed into (NH;),SO4 or ammonia
water [17]. Second, the leaching solution was used to prepare zinc products after

purification and iron was utilized subsequently. Third, the enriched strontium and lead
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in leaching residue were recovered through a conversion method. Fourth, silica was
extracted and used to prepare white carbon black, fibrous xonotlite and stereo-porous
tobermorite. Finally, the remaining residue was used to recover iron. In the whole
process, the valuable components including Zn, Si, Pb, Sr and Fe are extracted and
made into products. Water, (NH,).SO, and NaOH are cycled. The detailed process
flow chart is shown in Fig. 1.

Zinc ore

Fine ore (NH4)2SO«

Roasting |-—Offgas<-Crystallization-—/Absorption
H.0— Leaching] (NH4)2SO. Ammonia
L — 7 solution
Filtation
K
NH:HCO:s Residue Filtrate
ZnSO@OIution%ﬁta@
1
Residue  Filtrate EI:::);?:?S:]C Filtration
HCI - (- L’””T””” A .
solutio Leaching Electr‘ol tic zZinc  (NH.)2SOssolution
Zincyprecipitation
———— Evaporation
Filtrate  Resigle NaOH Zn  _H:0  (NH2).S04
- [ . E—
products
HO
Filtrate PbCl: Filtation
recipitate=-NH:HCO:s 1
Tailings Na:SiOs Ca(OH)2
Filtation I solution emulsion
Beneficiation
NH.CI solution SrCOs
Iron ore
concentrate
NaOH solution Silicate
products
H-0 NaOH

Fig. 1. Process flow chart of comprehensive utilization of zinc oxidized ore

In this investigation, a typical zinc oxidized ore from Lanping located in southwest
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of China was used as raw material, which was roasted by industrial (NH;).SO,4
followed by water leaching. The influences of molar ratio of (NH,4),SO4 to zinc,
reaction temperature and holding time on the extractions of zinc and iron were
determined. The transformation of mineral phases was identified by XRD and
TG-DTA analysis. Moreover, the water leaching temperature, time, stirring velocity
and liquid-solid (L/S) ratio on the leaching ratio of zinc were discussed. At last, the
roasting mechanism and water leaching kinetics were determined using the constant
conversion method and shrinking core model, respectively.

2. Experimental

2.1. Materials

The zinc oxidized ore with the particle size below 74 um was used as raw material.
Industrial grade (NH4).SO4 was used as reactant as received.

2.2. Procedure

A resistance furnace (temperature accuracy +1°C) was employed in roasting
experiments. 50 grams of powder-like zinc oxidized orgvand a specific amount of
(NH4)2SO,4 were uniformly mixed and put in a crucible that was then placed in the
furnace. After the temperature reached the specified value ranging from 300°C to
500°C and maintained a period of time withins2.5 h, the sample was taken out and
leached in water at 80°C for 1 h with a liquid-solid ratio of 4:1. For kinetic analysis,
once the temperature reached the required value, the mixtures were removed within a
predesigned time interval of 10 min-and cooled rapidly.

The leaching investigation was conducted at a certain L/S ratio from 2:1 to 6:1.
The vessel containing distilled water in a waterbath was continuously stirred. Once
the temperature rose.to the desired value from 20°C to 95°C and stabilized, the
samples were added into the vessel and leached for a period of time under stirring.
Then the slurry was filtrated before analysis. For kinetic analysis, the specimens were
collected at selected time intervals of 5 min, filtered and determined using EDTA
titration.

The extraction ratio of Zn was determined using Eq. 1 as following.
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where 7 is the extraction ratio of Zn, %; V is the volume of leaching solution, L; c is
the zinc concentration, g-L™; G is the weight of zinc oxidized ore, g; w is the level of

Zn in zinc oxidized ore, %.



3. Results and discussion
3.1. Analysis of zinc oxidized ore

The main compositions of the zinc oxidized ore analyzed by chemical method were
listed in Table 1. The powder-like ore was characterized by XRD and SEM, as shown
in Fig. 2. As one of the main compositions, the content of ZnO is 29.12%, mainly
existing as ZnCO3 and Zn,Si04. The contents of PbO and SrO are 3.66% and 1.81%,
respectively. Others are iron oxide, SiO, and CaO in the grades of 9.02%, 27.85% and
2.50%. The XRD study indicates smithsonite and quartz exist as the major mineral
phases and CaCOs3, PbCO3, CaS0,4-2H,0, Fe,0O3 and Zn,SiO4 as the minor phases:

The zinc oxidized ore particles are uneven and irregular.

Table 1. Main chemical compositions of the zinc oxidized ore wt/%
Components ZnO Fe,03 SiO, PbO SrO CaO
Content / wt% 29.12 9.02 27.85 3.66 1.81 2.50

@ g s SO,

Intensity / a.u.

20/ degree

Fig. 2. (a) XRD pattern and (b),SEM micrograph of the zinc oxidized ore.
3.2. Roasting mechanism

The experiments (were implemented to examine the influence of molar ratio of
(NH4)2S0O,4 to zinc, reaction temperature and holding time on the extractions of zinc
and iron at the particle size below 74 um and the results were plotted in Fig. 3.
3.2.1.\Influence of molar ratio of (NH,4).SO, to zinc

The influence of molar ratio of (NH4)2SO4 to zinc in zinc oxidized ore ranging from
1.0:1 to 1.45:1 on the extractions of zinc and iron was discussed under conditions of
450°C holding for 2 h, as displayed in Fig. 3(a). It shows that an increase in molar
ratio has appreciable impact on the extractions of zinc and iron. Zinc extraction ratio
increases from 74.38% at molar ratio of 1.0:1 to 94.99% at 1.4:1. The extraction ratio
is close to that of pressure acid leaching reported by He et al. [24]. Afterwards, the
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zinc extraction ratio has no obvious increase, but the iron extraction increases
continuously. Sufficient (NH4),SO, is necessary for obtaining a high zinc extraction
ratio because the interaction between reactants is improved due to the improving
contact area as increasing the dosage of (NH4),SO4. But more (NH,4),SO4 results in
not only excess consumption of auxiliary material, but also a high reaction ratio of
iron. The molar ratio 1.4 was chosen.
3.2.2. Influence of reaction temperature

The study for the influence of roasting temperature ranging from 300°C to 500°C
on the extractions of zinc and iron was performed under conditions of molar.ratio
1.4:1 and holding time 2 h. The data shown in Fig. 3(b) reveals that the-roasting
temperature has an important impact in roasting process. Zing=extraction ratio
increases from 10.09% at 300°C up to 94.99% at 450°C. But the variation is slight
over 450°C. It means that the temperature 450°C is appropriate for extracting zinc.
Furthermore, the extraction ratio of iron exhibits_centinuous increase. Increasing
temperature promotes the reaction. The main reason is (NH,4),SO; is first decomposed
into NH;HSO,4 and NH3 and then into (NH4)2S207, and even into N, SO, and NH3
[38-42]. The reaction is transformed from/solid-solid phase to liquid-solid phase in
roasting temperature, which presumably decreases the reaction resistance [38-42].
3.2.3. Influence of holding time

The influence of halding time on the extractions of Zn and Fe was investigated
under conditions of foasting temperature 450°C and molar ratio 1.4:1. The extraction
ratio of Zn in~kig. 3(c) increases obviously within 1 h, thereafter the change is
inappreciable) The extraction ratio of Zn is 96.11% roasting for 1 h, while the
extraction efficiency of Fe is 32.49%, implying the holding time of 1 h is enough for
extracting Zn. The extraction ratio of Fe keeps increasing. Prolonging holding time
increases the burden of eliminating iron and decreases the efficiency. From view point
of reducing energy consumption, the holding time 1 h was chosen.

From the above, the appropriate roasting conditions could be concluded as below:
reaction temperature of 450°C, molar ratio of (NH4),SO, to zinc in zinc oxidized ore
of 1.4:1 and holding time of 1 h at particle size below 74 um.
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Fig .3. Influence of (a) molar ratio of (NH,4),SO, to zine-[450°C, 2 h]; (b) temperature [1.4:1,
2 h]; (c) holding time [450°C, 1.4:1] on the extraction'ratios of Zn and Fe.
3.2.4. Analysis of roasting process

Fig. 4 shows the representative TG-D.TA curves ranging from 25°C to 600°C of
(NH4)2SO,4 and the mixture of zinc oxidized ore and (NH4),SO, obtained at 10
K-min™ of heating rate and 200 L -min™ of air flow rate. Three obvious endothermic
peaks appear at approximate 310°C, 336°C and 435°C (Fig. 4(a)), accompanied by
three prominent weight-losses in TG curve at temperature ranges of 250-325°C with
12.80%, 325-350°C" with 6.01% and 350-440°C with 80.77%. The weight loss of
12.80% and"6.01% are extremely close to the stoichiometric weight loss of losing a
NH; from(NH,4),SO, and the formation of (NH,4),S,07. The three endothermic peaks
are assigned to the decomposition of (NH4),SO4, NHsHSO,; and (NH,).S,07,

respectively according to the following reactions [38-39].

(NH,),SO, — NH,+NH,HSO, )
2NH,HSO, — (NH,),S,0,+H,0 @
3(NH,),S,0, — 2NH,+2N,+9H,0+6S0, 3)



Five obvious endothermic peaks appear at approximate 65°C, 205°C, 302°C, 335°C
and 420°C (Fig. 4(b)), accompanied by three prominent weight losses in TG curve at
temperature ranges of RT-280°C with 11.16%, 280-320°C with 12.81% and
320-440°C with 21.51%. The first stage of weight loss is due to the dehydration and
release of CO, from ZnCQOs. The second range is mainly attributed to (NH4).SO4
decomposition. The third one is extremely complex, comprising of the formations
followed by deamination of (NH4)2Zn(S0,), and (NH4)sFe(SO4)s, the formations of
CaSO, and PbSQO, and the total decomposition of (NH;),SO, [38-40].
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Fig. 4. TG-DTA curves of (a) (NH4),SO,4 and (b) mixture’of zinc ore and (NH,),SO,.

To illuminate the roasting process, XRD testing was adopted to identify the phase
structures of the specimens obtained at different roasted temperatures, as presented in
Fig. 5. Main phases in specimen obtained at 250°C are almost the same as that of the
initial mixture, indicating there1s\no substantial reaction occurring. Due to the strong
diffraction peaks of (NH4)2S04, Zn,SiO4 and PbCO; are not detected. Main phases in
300°C roasted specimen-are ZnCQOg3, SiO2, (NH4)2SO04, Zn,Si04, (NH4)2Zn(S04), and
NH4HSO,4. (NH4)2Zn(S0,4), has been synthesized and the decomposition or reaction
of (NH,4)2SO4,is incomplete. ZnCO3; and (NH,4),SO, disappear in specimen obtained at
350°C=and CaCOs still remains stable, revealing the decomposition or reaction of
ZnCO3 has completed. (NH4)3Fe(SO4)3 has been formed at 350°C from Fig. 5(b).
Main phases in specimen obtained at 400 °C are CaSQs, SiO;, (NH;)2Zn(SO4),,
PbSO,4, CaCOs3, NH4Fe(SO4)s and silicate, meaning that CaSO,4 and PbSO,4 have been
formed and NH4Fe(SQO,), has been generated from (NH4)3Fe(SO4)s. Main phases in
specimen obtained at 425°C are SiO,, ZnSQ4, CaSO,4, (NH4)2ZNn(S04),, PbSOy,
NH4Fe(SO4); and Fe(SO4)s. ZnSOy is assigned to (NH4)2Zn(SO,), decomposition.
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CaCO; disappears, revealing that the transformation to CaSO, has completed.



Fe2(S0y)s is generated from NH4Fe(SO,4),. Main phases in sample obtained at 450°C
are similar with that of specimen obtained at 425°C besides (NH4)2Zn(SO,).
disappears and the intensity of the diffraction peaks of ZnSO, and PbSO, increase.
Fe»(S04)3-9H,0 is attributed to the moisture absorption of roasting specimen. Quartz
SiO, is stable throughout the whole roasting process. The diffraction peaks of
NH4HSO, are not conspicuous in Fig. 5(c) and (d), but NHsHSO, was clearly
identified as the decomposition product of (NH;)2SO,4 in some reports [34-37].

From above, the phases transformation in roasting process can be summarized (as
the following:

ZnCO;3 or ZnO decomposed transforms into (NH,4)2Zn(SO,). at 300°C;»and further
transforms into ZnSO, at 425°C;

Fe,O3 transforms into (NHg4)sFe(SO4); at 350°C, and further changes into
NH.Fe(S04); at 400°C and Fe,(SO4); at 425-450°C;

PbSO, and CaSQ, are obtained when temperature reaches 400°C.

Based on the XRD patterns and TG-DTA curves, the peak of TG-DTA curves at
302°C is mainly caused by the decompositien<of (NH4),SO,4 and the formation of
(NH34)2Zn(SO4),. Sun et al. proved (NHz)2SO, began to decompose into NH4;HSO,
when temperature exceeded 260°G+[17]. The peak at 335°C is mainly assigned to the
decomposition of NH4HSO,fand.the formation of (NH,)3Fe(SO4)s. The peak at 420°C
iIs mainly assigned te, the, simultaneous and continuous formations followed by
deamination of (NH3).Zn(SO4), and (NHg4)3Fe(SO4)s [40], and the formations of
CaS0O, and PbSQ4, Li et al. studied the decomposition process of (NH,4),SO4 in detail,
and presented the TG-DTA curves and the FT-IR spectra. The results showed that a
large @meunt of NHj released at 384°C and a large amount of SO, and H,O produced
at 520°C [39]. Zhang et al. displayed the coincident TG-DTA curves obtained in argon
protection and Yin et al. presented the homologous FT-IR spectra, and the most
significant weight loss occurs at the temperature range of 450-520°C due to the total
decomposition of (NH,4),SO4 (Eg. 3) [38, 41]. Yin et al. also pointed out that the
decomposition of ammonium bisulfate was more difficult than that of (NH,4),SO,4 and
the reaction rate of ammonium bisulfate with blast furnace slag was extremely fast
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[41]. The chemical reactions mainly occurred before the total decomposition of

(NH4)2SO4 may be deduced as below.

ZnCO,+2NH,HSO, — (NH,),Zn(S0,), + H,0+CO,

Fe,0,+6NH,HSO, — 2(NH,),Fe(S0,), +3H,0

(NH,),Zn(S0,), - ZnSO, +2NH, +H,0+S0,

(NH,);Fe(S0,), - NH,Fe(S0,),+(NH,),SO,

2NH,Fe(SO,), — Fe,(SO,);+(NH,),SO,

CaCO,+NH,HSO, —» CaS0O, +NH,+H,0+CO,

PbCO,+NH,HSO, — PbSO,+NH, +H,0+CO,

3.2.5. Mechanism analysis

(4)

Q)

(6)

(7)

(8)

9)

(10)

As discussed above, (NH4),SO, was decomposed into,.NH3; and NH;HSO, before

the total decomposition occurred at the temperaturesrange of 350-450°C. The reaction

was a gas-liquid-solid reaction, thus, the shrinking unreacted core model was not

suitable for the kinetic analysis. Another\method, called the constant conversion

method was adopted, as shown in Eq..(11) [41].

IN(L/t) = In A—E, / RT

(11)

where t is the reaction titne; min; A is frequency factor, min™; E, is the apparent

activation energy, kJ-mol*™.
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The results plotted in Fig. 6(a) show that with the roasting temperature and time



rising, the extraction efficiency of Zn increases gradually. The roasting mechanism
was discussed within 623 K to 723 K and the plot of In(1/t) versus 1/T was shown in
Fig. 6(b). The calculated value of the apparent activation energy from the slopes of
those fitting lines is 41.74 kJ-mol™, which is in the typical range of chemical reaction
control mechanism [43].
3.3. Water leaching mechanism

The investigation for the effects of leaching temperature, time, stirring velocity, L/S
ratio on the leaching ratio of Zn was conducted and the results were plotted in Fig. 7.
3.3.1. Effect of temperature

The experiments for the influence of leaching temperature ranging from 20°C to
95°C were performed at conditions of L/S=4ml:1g, t=60 min and stirring,velocity 400
r-mint. The leaching ratio of Zn increases with temperature.rising (Fig. 7(a)).
Increasing temperature enhances the dissolution of ZnSO4due to the improvement of
molecular movement. After 90°C, the Zn dissolution begins to decline slightly. This is
attributed to the synthesis of ammonium jarosite,)entraining Zn®* as inclusion [44].
3.3.2. Effect of time

The study for the effect of leaching time was performed at conditions of
L/S=4ml:1g, 90°C and 400 r-min’% Prolonging leaching time increases the leaching
efficiency of zinc within 600min (Fig. 7(b)). But the increase is slight over 50 min.
The following experiments were carried out at 50 min.
3.3.3. Effect of stirring, velocity

The stirring_velocity experiments ranging from 100 to 600 r-min™ were completed
at conditions) of L/S=4ml:1g, 90°C and 50 min. The Zn leaching ratio increases
obviously with stirring velocity ranging from 100 r-min™ to 400 r-min™ (Fig. 7(c)),
due to the improvement of relative motion of liquid-solid and the enhancement of
mass transfer. But the change is slight when the stirring velocity varies from 400 to
600 r-min, indicating that the effect of stirring velocity is relative weak. Thus, 400
r-min™* was selected in following experiments.
3.3.4. Effect of L/S ratio

The impact of L/S ratio on zinc leaching ratio was studied at 90°C and stirring for
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50 min at 400 r-min™. The results plotted in Fig. 7(d) indicate that the Zn leaching
ratio increases with L/S ratio rising within 4:1 because of the decrease of the ions
concentration in water. Afterwards, the leaching ratio of Zn tends to be stable.

Therefore, L/S ratio 4:1 was chosen.
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3.3.5. Kinetic investjgation

The leaching.€fficiency of Zn with the leaching temperature (313 K-353 K) and
time (0-60 min) was examined and plotted in Fig. 8(a). The leaching efficiency of Zn
increases. Steadily with both temperature and time rising. Approximate 93% Zn is
leached at 353 K over 40 min. The water leaching process is a typical liquid-solid
reaction without solid product layer formation, so the following shrinking core model

(Eq. (12)) is used to explain the kinetic mechanism.
1-(1-a)?® =kt (12)

where « is the reaction fraction, %; t is the reaction time, min.
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Fig. 8. (a) Variation of Zn leaching efficiency with leaching temperature and time. (b)and

(c) Plots of 1-(1-a)* against t at different temperatures. (d) and (e) Plots of Ink versus T™.
The leachingprocess can be divided into two stages of 0-5 min and 5-30 min. The
kinetic data.in Fig. 8(b) (0-5 min) and Fig. 8(c) (5-30min) is well agreement with Eq.
(12). The Arrhenius plots of Ink versus 1/T are presented in Fig. 8(d) and (e). The
activation energy and pre-exponential factor can be calculated and the values are 4.12
kJ-mol™ and 0.3490 min™ for the first stage and 8.19 kJ-mol™ and 0.0963 min™ for

the second stage, respectively. Thus, the reaction rate equation is presented as below.

1-(1—-a)?® =0.3490exp(-4,120/ RT)t (13)

1-(1-a)*® =0.0963exp(—8,190/ RT )t (14)
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3.4. Characterization of leaching residue

The main compositions in residue analyzed by chemical method are listed in Table
2. The contents of ZnO, Fe,03 and SiO, are 1.94%, 12.02% and 51.82%, respectively.
The PbO and SrO are enriched to 6.81% and 3.38%, respectively. The leaching
residue is a valuable resource bearing Pb and Sr, which is worth to utilize rationally.
The XRD pattern and SEM micrograph presented in Fig. 9 indicate that the main
phases in residue are SiO,, PbSO,, SrSO,4, Fe304 and CaSO,. The residue particles are

irregular with rough surface.

Table 2. Main chemical compositions in leaching residue wt/%
Components ZnO Fe,O3 SiO, PbO SrO CaO
Content / wt% 1.94 12.02 51.82 6.81 3.38 4.67
@ spo pPbSO,

Intensity / a.u.

8
S
]

Pagegg 88 h

S
¢ B slip 0B SHS s sss

0 ) o % %
26/ degree

Fig. 9. (a) XRD pattern and (b) SEM"micrograph of the residue.
4. Conclusions

(1) The effects ofAroasting and leaching parameters on zinc extraction were
evaluated. Under operating conditions of molar ratio of (NH4),SO, to zinc 1.4:1,
roasting temperature 450°C, holding time 1 h, leaching temperature 90°C, time 50 min,
stirring veloeity 400 r-min™ and L/S ratio 4:1, the extraction ratio of Zn reaches the
maximun of 96%.

(2) Kinetic study demonstrates that the roasting process follows the chemical
reaction control mechanism with the apparent activation energy value of 41.74
kJ-mol™. The leaching control step is the outer diffusion of no product layer with the
apparent activation energy values of 4.12 kJ-mol™ and 8.19 kJ-mol™ for two stages.

(3) Ammonium sulfate roasting followed by water leaching can be adopted to

15



extract zinc from zinc oxidized ore and is effective in practice. (NH4),SO,4 can be
cyclic utilized in the whole process. It may be a potentially alternative method in

dealing with zinc oxidized ore.
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