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Abstract: The selective precipitation of zinc from zinc—nickel sulfate solution with the Zn/Ni molar ratio of 20:1 was studied.
Dropwise addition of 0.5 mol/L NaOH solution into the zinc—nickel sulfate solution containing 0, 0.01, 0.02, 0.03 and 0.04 mol/L
ethylene diamine tetraacetate (EDTA) as a chelating agent was done. The equilibrium analysis of precipitation pathway was
performed using Visual MINTEQ program. The equilibrium analysis showed that the presence of small amounts of EDTA can
prevent nickel precipitation in alkaline conditions without any negative effect on zinc precipitation. On this basis, more than 90% of
zinc could be precipitated as a product with about 50% Zn and only 0.11% Ni at pH=9.0 merely as a result of the presence of
0.03 mol/L EDTA in the solution. The stirring time of 120 min after precipitation was found to be essential for more complete
separation. The X-ray diffraction studies on the precipitate revealed that the precipitated phase was Zny(OH)SO4.4H,0.
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1 Introduction

The elements Zn and Ni are found together in
various resources such as zinc industry residues [1—4],
spent Ni-metal hydride batteries [5—7], spent catalysts [8]
and electronic scrap [9]. Different methods including
cementation [10—12], solvent extraction [13—16], ion
exchange [17,18] and chemical precipitation [8,19,20],
each with own limitations and problems, may be used to
separate these two metals. However, selective
precipitation of zinc and nickel via hydrolytic
precipitation is not efficient due to their close
precipitation pH [21,22].

In our research program on the recovery of metal
values from the residue of zinc hydrometallurgical
process known as cold filter cake [3], we obtained a
zinc—nickel sulfate solution with Zn/Ni molar ratio of
about 20:1. The equilibrium simulation revealed that the
majority of zinc from the solution should precipitate
below nickel precipitation pH. Owing to the
development of local high pH zone around the added
precipitant agent, precipitation of a part of nickel cannot
be prevented in practice [23]. To overcome this problem,

we explored an additive with three criteria: (1) the
additive should suppress the precipitation of Ni in
alkaline pH values; (2) the additive should not prevent
the precipitation of Zn; (3) the needed amount of additive
should be as low as possible.

Preliminary investigation on the influences of
several complexing agents was done using Visual
MINTEQ 3.1 program. The chelating agent ethylene
diamine tetraacetate, EDTA, was selected as the most
effective additive. EDTA is a hexadentate chelating
agent. This means that one molecule of EDTA can bind
to a metal cation through six coordinate bounds therefore
forms very strong complexes with metal cations. This
feature is utilized not only in the field of analytical
chemistry, but also widely used in detergent, textile,
paper and even food industries. Numerous works have
been published in the field of metal polluted soil
remediation using EDTA and other chelators [24—27].
EDTA can efficiently solubilize heavy metals from
contaminated soils without any negative impact on soil
properties. The development of processes to release
metal cations from high stability metal chelate which
allows chelator to be reused, has attracted a lot of
interest [28—32]. Theoretical analysis of the complexed
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metal precipitation as hydroxide and suppressing effect
of chelating agent on the precipitation of metals has been
made [33,34]. The precipitation of chelated heavy metals
from effluents has been studied also [35,36].

The aim of the present work is to restrain Ni
precipitation by means of chelation with the minimum
possible amount of EDTA in order to obtain a high purity
zinc precipitate. The precipitation process was simulated
with Visual MINTEQ 3.1 program and its results were
utilized for prediction of experimental results and
interpretation of observations.

2 Experimental

2.1 Equilibrium analysis

The optimum conditions for separation of two
metals via selective precipitation may be explored by the
prediction of the precipitation process pathway. The
Visual MINTEQ 3.1 program with the ability to solve
several problems in one run (using Multi-problem/Sweep
menu), was employed to thermodynamic analysis of the
solution. The solution temperature was assumed to be
25 °C. The pH and ionic strength of solution were not
fixed on specific values but were allowed to be
calculated. The extended Debye—Hiickel equation was
chosen for performing activity corrections. The initial
composition for all solutions was defined as: 0.3 mol/L
Zn*", 0.015 mol/L Ni*" (equal to Zn:Ni mole ratio of
20:1) and, 0.315 mol/L SO; . In addition, needed
amount of Na' and EDTA* were added to initial
composition of corresponding solutions in order to
simulate the use of Na,EDTA as chelator. Initial volume
of solutions was assumed as arbitrary value of 0.1 L. A
solution of 0.5 mol/L NaOH was defined as titrant. The
new equilibrium state of the system after each step of
titrant addition (0. 6 mL of 0.5 mol/L NaOH in each step),
including volume, pH, amount of precipitated solids and
concentration of species, was computed via program and
recorded in a new data row in the output spreadsheet.
The Microsoft Excel was employed to further processing
of obtained data from Visual MINTEQ 3.1 program and
to graphs construction. The equilibrium constant of
formation of aqueous species of zinc and nickel as well
as the solubility products of all solid phases that Visual
MINTEQ uses them in its calculations, are given in our
previous work [23].

2.2 Procedure

A synthetic stock solution of 0.3 mol/L zinc and
0.015 mol/L Ni with the Zn:Ni molar ratio of 20:1 was
prepared by dissolving requisite quantity of their
analytical grade sulfate salts in distilled water. The pH of
solution was adjusted to 4.0 by dropping diluted sulfuric
acid solution. Solid salt of disodium EDTA,

CoH4N,Na,Og:2H,0 (Merck, Germany) was added into
the stock Zn—Ni solution to prepare El to E4 solutions
(see Table 1). Freshly prepared 0.5 mol/L. NaOH solution
was used as precipitant. All the chemicals used were in
analytical grade (Merk, Germany) and were utilized
without further purification.

Table 1 Initial compositions of synthetic solutions

Solution Concentration/(mol-L™")
No. EDTA* Na' Zn* Ni**
EO 0 0 0.3 0.015
El 0.01 0.02 0.3 0.015
E2 0.02 0.04 0.3 0.015
E3 0.03 0.06 0.3 0.015
E4 0.04 0.08 0.3 0.015

The experimental work was planned based on
previously done equilibrium analysis. Two series of
precipitation tests were performed; partial and full
precipitation of selectively precipitable Zn. The partial
precipitation tests were done with the addition of 75 mL
of 0.5 mol/L NaOH into the 100 mL of Zn—Ni sulfate
solutions containing 0, 0.01, 0.02, 0.03 and 0.04 mol/L
EDTA (Table 1). With the selected volume of NaOH
solution, the final pH of solutions will never reach
precipitation pH of Ni, based on the equilibrium analysis.
Hence, for all solutions in these
coprecipitation of Ni along with Zn is not expected
theoretically. ~ After  determining  the
concentration of EDTA and the time required for the
reaction to approach equilibrium, the full precipitation
tests were carried out by increasing the pH of the
solution up to 9.0. At this pH value the precipitation of
maximum amount of Zn is expected.

All the experiments were carried out at (25+0.5) °C
in a Pyrex beaker in a thermostatically controlled water
bath equipped with a digitally controlled thermometer. In
each precipitation test, 100 mL of corresponding solution
was transferred into the beaker. The solution was agitated
with a magnetic stirrer at the rotational rate of 150 r/min.
The needed volume of 0.5 mol/L NaOH solution was
dosed drop-wisely using a burette. Then, the mixture was
left to stir for specified time or post-precipitation stirring
time (PPS time) and filtered through quantitative filter
paper, subsequently. The yielded filtercake was repulped
in 250 mL hot distilled water and was stirred for 15 min
at stirring rate of 150 r/min. Then, the mixture was
filtered again and left to dry at room temperature for one
week. Finally, the yielded solid product was subjected to
chemical and phase structure analysis.

Zn and Ni contents of precipitates and filtrates were
determined with AA240 atomic absorption spectrometer,

experiments,
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(AAS) Varian (Australia). To probe the mineralogical
state of Zn in the precipitates, X-ray diffraction using
X’Pert Pro diffractometer (XRD-D8 ADVANCED-
BRUKERS AXS model, Germany), with a copper anode
K, radiation in a wavelength (1) of 1.546 A was utilized.

3 Results and discussion

3.1 Equilibrium analysis

The equilibrium analysis on the influence of EDTA
presence in the solution was performed using Visual
MINTEQ 3.1. In brief, it was revealed that the
precipitation of Zn as Zn4(OH)sSO4 is thermo-
dynamically more favorable than that of other
compounds like Zn(OH), and ZnO, and for Ni the
Ni(OH), was predicted as precipitating solid at the lack
of chelating agent condition. Accordingly, the
precipitated amounts of Zn and Ni by the addition of
hydroxyl ions were computed (Fig. 1). It is seen in Fig. 1
that the presence of EDTA in the solution restrains Ni
precipitation strongly. In the absence of EDTA, complete
precipitation of Ni occurs at the pH value higher than
about 8 while, with 0.01 mol/L EDTA, the precipitation
of Ni never reaches 40% and with EDTA concentration
higher than 0.02 mol/L the precipitation of Ni is not
possible even at very alkaline conditions. On the other
hand, the precipitation curves for Zn do not affect so
much and its precipitation starts at pH 6 regardless of
EDTA content. The maximum amount of Zn that can be
precipitated, decreases slightly with the addition of
EDTA.
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0.02 mol/L EDTA
$ gol —Zn 0.03 mol/L EDTA
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g 60f
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Fig. 1 Precipitated amount of Zn and Ni as function of pH

during addition of 0.5 mol/L NaOH into 0.3 mol/L Zn,

0.015 mol/L Ni solutions containing 0, 0.01, 0.02, 0.03 and

0.04 mol/L EDTA (Simulated in Visual MINTEQ 3.1)

Although EDTA forms stable chelates with both Zn
and Ni but the stability of Ni-EDTA chelate is higher
compared with Zn—EDTA chelate according to
thermodynamic data given in Table 2. Zn and Ni aqueous

species in the solution compete to be chelated with
EDTA. Due to the lower amount of Ni compared with Zn
(Zn/Ni mole ratio of 20:1) and higher stability of
Ni—EDTA chelate, nearly all Ni transforms to its chelated
forms in contrast to Zn.

Table 2 Formation reactions of M—EDTA chelate and their lg K
values (X is the stability constant of a chelate)

Ig K
Species Reaction
Zn Ni
- M*'+EDTA* =
2
MEDTA MEDTAZ 18 20.11
- M*+H'+EDTA* =
MHEDTA MHEDTA- 2143 23.64
MHEDTAGq) M PZHAEDTA™= ) s ouma
2 4 MH,EDTA (aq) : :
24y " 4—_
MOHEDTA> M *HLOEDTA 5763 7.563

MOHEDTA* +H"

The separation potential may be defined as the
maximum amount of Zn that can be precipitated before
Ni precipitation. Accordingly, in the case of the solutions
EO and E1, the precipitation potential can be determined
by drawing a vertical line from pH where Ni commences
to precipitate to intersect the Zn curve. The separation
potential for the solutions with 0.02, 0.03 and 0.04 mol/L
EDTA where Ni precipitation does not occur, simply is
the maximum of Zn precipitation curve. Table 3 shows
the separation potential values extracted from Fig. 1.
Although the complete precipitation of Zn is suppressed
as a result of the presence of EDTA, but the separation
potential for EDTA-containing solutions is still higher
than that of EDTA-free solution. Moreover, for solutions
EO and E1 the total potential of separation is not
accessible owing to the risk of Ni precipitation at higher
pH. In fact, the base addition should be stopped early to
prevent Ni precipitation.

Table 3 Separation potential of Zn from 0.3 mol/L Zn,
0.015 mol/L Ni solutions containing different amounts of
EDTA

EDTA* concentration/ Separation Remark
(mol'L™") potential/%
0 89.38 *
0.01 94.65 *
0.02 98.63 ok
0.03 95.45 K
0.04 92.26 *K

* Risk of Ni precipitation at higher pH; ** No risk of Ni precipitation at
higher pH

To scrutinize the chemistry of the solution, the
distribution of chemical species in the solution was
calculated using Visual MINTEQ 3.1 program. Figures 2
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and 3 show the speciation of solutions during
precipitation process respectively for the solutions EO
and E3. It is seen that before precipitation (pH<6), the
predominant aqueous species for Zn and Ni in the
EDTA-free solution are: Zn®', ZnSOy4aq, Zn(S0,); ,
Ni*" and NiSO,q (Fig. 2) At the same condition, the
addition of 0.03 mol/L EDTA does not make serious
changes in the distribution of Zn species. However, in
the case of Ni, the presence of EDTA results in very deep
changes in distribution of Ni species so that NIHEDTA™
and NiEDTA®" become predominant species at pH<3
and pH>3, respectively (Fig. 3). During the precipitation
of Zn from EDTA-containing solution, the contribution
of chelated forms of Zn remains near 4% regardless of
pH, while the amount of unchelated species decreases
with pH so that in the final stage of precipitation the
chelated Zn becomes predominant aqueous species.
Therefore, it can be concluded that the chelated Zn
species never participate
(Fig. 3).

An important point that is found from Ni speciation
(Fig. 3) is the presence of some unchelated aqueous
species of nickel, i.e., Ni*" and NiSOy(,q) at pH<7.

in precipitation reaction
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Fig. 2 Distribution of chemical species as function of pH
during addition of 0.5 mol/L NaOH into EDTA-free 0.3 mol/L
Zn, 0.015 mol/L Ni solutions (Contribution of omitted species
is less than 1%)
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Fig. 3 Distribution of chemical species as function of pH
during addition of 0.5 mol/L NaOH into 0.3 mol/L Zn,
0.015 mol/L Ni and 0.03 mol/L EDTA solution (Contribution of
omitted species is less than 1%)

Precipitation of these unchelated species of nickel is not
possible from the thermodynamics viewpoint due to their
little activity. However, they may play an indirect role in
the contaminating solid product as a result of entrapment
and adsorption processes. Figure 4 shows the
contribution of Ni*" in the solutions El to E4. For
example, about 10% of Ni in the 0.02 mol/L EDTA
containing solution E2 is as Ni*" According to Fig. 1
precipitation of Ni from solutions E2, E3 and E4 is not
expected but owing to the high level of Ni*" in the
solution E2, it is reasonable
concentrations of EDTA.

to utilize higher

3.2 Selective precipitation

To investigate the influence of EDTA in the solution
on the selectivity of hydrolytic precipitation, series of
experiments were conducted. In these experiments
75 mL of 0.5 mol/L NaOH solution was added dropwise
into 100 mL of Zn—Ni solutions. The procedure would
not provide conditions for Ni precipitation even in the
EDTA-free solution based on Visual MINTEQ 3.1
analysis and observed final pH of solutions which was
always around 6.4 (precipitation pH of Ni).
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Fig. 4 Content of Ni*" as function of pH during addition of
0.5 mol/L NaOH into 0.3 mol/L Zn, 0.015 mol/L Ni and 0.01 to
0.04 mol/L EDTA solutions

The Zn/Ni molar ratios in the yielded precipitates in
the presence of different EDTA are given in Fig. 5. The
Zn/Ni molar ratio reflects the degree of selectivity of Zn
precipitation. Since the Zn/Ni molar ratio in the initial
solution is equal to 20:1, any values greater than 20:1 for
Zn/Ni molar ratio in the solid product show the existence
of selectivity for Zn precipitation. It is seen that EDTA
could largely restrain Ni precipitation. Although the
precipitation of Ni at the used condition is not
theoretically possible, but the yielded precipitates never
were free of Ni as seen in Fig. 5. At least four
mechanisms can be proposed for Ni entrance in the
precipitate: (1) Ni precipitation as hydroxide within the
local high pH zone developed around the NaOH solution
droplets; (2) Entrapment of Ni contained solution within
the precipitate; (3) Adsorption and surface precipitation;
(4) Substitution of Ni ions in the crystalline lattice of
precipitation product of Zn.

The mechanism (1) is important
mechanism of Ni co-precipitation for solutions EO and
E1 due to their vulnerability to Ni precipitation at pH
higher than 7. The mechanism in the solutions E2, E3
and E4 is ineffective, yet they were contaminated with
some Ni (Fig. 5). The presence of Ni in the precipitate of
solution E2 may be attributed to high level of unchelated
species in the solution particularly Ni*' which have
high potential to contaminate the precipitate. Likewise,

the most
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Fig. 5 Effect of EDTA concentration of solution on Zn/Ni
molar ratio of precipitate (Solution: 100 mL of 0.3 mol/L Zn
and 0.015 mol/L Ni solution; precipitant: 75 mL of 0.5 mol/L
NaOH solution; PPS time: 15 min)

the similar levels of selectivity for solutions E3 and E4
(Fig. 5) may be attributed to their close levels of Ni*'
given in Fig. 4.

The maximum separation of Zn was reached using
0.03 mol/L EDTA so there is no need to higher amounts
of EDTA. The chemical analysis and Zn/Ni molar ratio
of yielded precipitates are given in Table 4. The Ni
content of precipitate was decreased from 1.19% to
0.22% merely as a result of the presence of 0.03 mol/L
EDTA in the solution; actually, the Ni impurity in the
product was decreased more than 5-fold.

In order to employ the maximum chelating power of
EDTA, the obtained slurry after precipitation process was
left on the stirrer for various PPS durations. The results
are given in Fig. 6. The Ni content of precipitate was
decreased considerably with increasing PPS time.
Namely, Ni that had been entered into the precipitate, for
any reason, could return largely into the solution. The
yielded precipitate from the solution E3 after PPS time of
120 min showed only 0.13% Ni (Table 4).

Knowing the optimum conditions of selective
precipitation, the addition of NaOH solution was
continued until precipitation of the maximum attainable
amount of Zn (full precipitation). For this, the pH of the
solution E3 was increased up to 9.0 based on
precipitation curves given in Fig. 2 and left to agitate for

Table 4 Compositions and Zn/Ni molar ratios of solid products precipitated in different conditions

Solution  Added NaOH Post-precipitation . Metal content of precipitate/% Zn/Ni molar ratio
. L . Final pH ..
No. solution/ mL stirring time/min 7n Ni of precipitate
EO 75 15 6.45 48.75 1.19 37:1
E3 75 15 6.41 50.13 0.22 202:1
E3 75 120 6.39 47.97 0.13 328:1
E3 102 120 9.0 50.90 0.11 411:1
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Fig. 6 Effect of stirring time after precipitation (PPS) on Zn/Ni

molar ratio of precipitate (Solution: 100 mL of solution E3;

precipitant: 75 mL of 0.5 mol/L NaOH solution)

120 min. The chemical composition of yielded
precipitate at pH of 9.0 is given in Table 4. The
precipitate with Zn/Ni molar ratio of 411:1 is
surprisingly purer than the product of partial
precipitation. The lower level of Ni impurity can be
attributed to the different speciations of Ni in the solution
at the final pH of partial and full precipitation of solution
E3. Figure 3 shows that at pH lower that 7, some Ni**
and NiSOy,, are present along with NIEDTA® but at pH
of 9.0 the amount of Ni*" and NiSOy, are negligible. It
is reasonable that a small size species such as Ni*" can
more easily contaminate the precipitate than a very large
size species like NIEDTA” . The measurement of volume
of the filtrate and wash water and mass of the precipitate
allowed us to calculate the distribution of Zn and Ni in
the feed solution, precipitate, filtrate and wash water
which are given in Fig. 7. The values are obtained by
multiplying the concentration of zinc and nickel of each
phase by the volume or mass of that phase. Zn recovery
and Ni loss in the precipitate were calculated as 90.57%
and 4.54% respectively based on the given values for Zn
and Ni mass of precipitate in Fig. 7.

Although, the recovery of Ni and remaining Zn
from the filtrate is beyond the scope of the present work,
it is worth noting that, the issue of releasing of chelated
heavy metals from their chelated forms with the aim of
re-using the chelator and the recovery of metals has been
studied in the literature in abundance [29,36—39].

The hydrolytic product of selective precipitation of
Zn according to the aforementioned procedure was
submitted to XRD analysis. The XRD pattern of the
precipitate, shown in Fig. 8, corresponds to the database
diffraction pattern of Zn hydroxide sulfate tetrahydrate,
Zny(OH)(S04.4H,0. Besides, Zn content of precipitate
(Table 4) is close to the nominal Zn content of
Zny(OH)¢SO44H,O  (49.16%). The formation of

Zny(OH)S0O4.4H,0 from zinc sulfate solutions and its
dehydration to Zny(OH)¢SO, at 113—140 °C are reported
in Ref. [40].

2500
2000 1962
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sp 1500
£ —INi
ﬁ =9 Zn
S 1000+
500
ﬁ| 4 77 60 44 59
Feed  Precipitate Filtrate Wash
solution water

Fig. 7 Distribution of Zn and Ni before and after precipitation
of 100 mL solution E3 at pH of 9.0

Precipitated product

WiV 1 ‘ MW

Zn,(OH)S0,+4H,0 00-044-0673

I’ l|” I’ J aldoa Ll s
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20/(°)
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Fig. 8 XRD pattern of precipitated product from solution E3 at
pH of 9.0 along with database diffraction pattern of zinc
hydroxide sulfate tetrahydrate

4 Conclusions

1) The pH range of selective precipitation and
maximum amount of selectively precipitated Zn were
determined using Visual MINTEQ 3.1 analysis before
experimental work.

2) Chelating Ni with EDTA was proved to be the
proper solution for the Ni coprecipitation problem both
theoretically and practically.

3) The presence of 0.03 mol/L EDTA does not
change the distribution of Zn species so much but it is
quite sufficient to convert almost all Ni to the chelated
forms.

4) Partial precipitation of zinc with the addition of
75 mL of 0.5 mol/L NaOH into 100 mL of 0.3 mol/L Zn,
0.015 mol/L Ni solution showed that the presence of
0.03 mol/L EDTA in the solution can decrease the Ni
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impurity 5 times.

5) Stirring the mixture after precipitation for

120 min caused further increase of purity. Precipitation at
pH of 9.0 could recover more than 90% Zn and yield a

precipitate

composed of about 50.90% Zn as

Zn4(OH)(S04.4H,0 and only 0.11% Ni.
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8 . BB R EE N 2001 BB AR R SR VAU B R B MEDTIE I AR « 0.5 mol/L NaOH V0 M E5 0
0.01. 0.02. 0.03 #1 0.04 mol/L Z —fi&V Z.F8 & (EDTAE NG 7 BRI IR 2+ . FIH Visual MINTEQ
BT YRR P 08T UM 45 R, 8 EDTA KITEAE AT AR IR AR AR IE 26 R UT5E, Mo xHEE 1
TR E AR . ST, Wl {XAELE 0.03 mol/L EDTA. pH=9.0 I}, #FHIVTIEREIT 90%, TTiE=Y
B Zn EHELZIN 50%, 1 Ni S2CN 0.11%. AT BN SEEME, JUEEHSEHH: 120 min. JUEFWIT

X WHERATI 2R, YA N Zny(OH)sS044H,0.
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