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ABSTRACT

Precipitation using sulfide is an alternative method for the recovery and reuse of metal ions present
in industrial effluents. This work explored the selective precipitation of Cu(II), Zn(II) and Ni(II) using
H,S, generated by the hydrolysis of thioacetamide. The studies were conducted on alaboratory scale in
two stages. In the first stage, precipitation studies were performed for each individual ion (100 mg L)
at varying pH levels (0.5-6.0) and contact times (30-150 min). In the second stage, tests were performed
in multielement solutions. Individual precipitation studies showed that Cu(Il) precipitates in the first
30 min, and at all tested pH values, 99.9% of the copper ions were removed. The precipitation of Zn(II)
required 60 min of contact time with the gas and a pH above 4.0 to reach greater than 95% removal of
the ions. Ni(II) began to precipitate at pH 6.0 after 120 min and reached greater than 90% removal. In
the second stage, the fractional precipitation studies of Cu*~Zn*" and Cu*-Ni* systems, it was possible
to separate and precipitate both metal ions above 90%. For the Zn*-Ni?*" system, rigid control of pH
was required to separate the metal sulfides because of their very close pK _values, but a removal of 90%
was achieved for both ions. The results of the fractional separation involving three metal ions, Cu(II),

Zn(II) and Ni(II), were satisfactory and did not require the use of complexing agents.
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1. Introduction

Currently, one of the most serious problems affecting the
environment is chemical pollution with organic or inorganic
contaminants from industrial waste [1,2]. Among these pol-
lutants are toxic metals, which, in contrast to organic con-
taminants, are not biodegradable and tend to accumulate in
living organisms [3].

The main sources of metallic waste are of industrial ori-
gin and are related to the metal finishing and metallurgical

* Corresponding author.

industries [4-6]. Due to the relative simplicity and low
cost, the precipitation of metals using hydroxide is widely
used in industry for removal of metal ions from waste [7].
However, this method has some serious limitations since it
results in the production of an unstable mixture of metal
hydroxides leading to another environmental problem. The
use of sulfide as a precipitating agent has therefore been
suggested. This offers some advantages over precipitation
with hydroxides, such as the selective removal of individ-
ual metals, effluent treatment at concentrations of ug L or
mg L7, less interference from chelating agents, improved
dewatering of sludge, and the possibility of recovering the
metals [8,9].
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Although there are numerous studies about the precipi-
tation of metallic sulfides, this field of research as a whole is
not comprehensive [10]. As a result, some undefined points
require careful study so that this methodology can be applied
in wastewater treatment. The chemical equations and stoichi-
ometry of the reactions involved need to be known so that the
excessive metal or excessive sulfide are not generated in solu-
tion [11]. Furthermore, the concentration of the sulfide species
is strongly related to the pH of the medium, and depending
on the source of sulfide, other chemical equilibrium can be
involved and may negatively influence the precipitation [9,10].

Several studies on sulfide precipitation using solid
reagents (FeS and CaS), aqueous reagents (NaS, NaHS
and NH,S) or sources of hydrogen sulfide (H,S) have been
reported in the literature. It is also possible to use the decom-
position of sodium sulfate (Na,S,0,) as a source of sulfide for
the precipitation of metals. In the preparation of nanocrys-
tals, it is possible to use other sources of sulfide, including
thiourea, thioacetamide, polyphenylene sulfide and carbon
disulfide. However, since sulfides are often toxic gases, the
most recent studies deal with the reuse of these gases in a
sustainable way for industry, especially those who generate
these gases as byproducts and are looking for ways to reuse
the sulfides generated in their own chemical processes to
treat their metallic effluents [12].

The most recent studies on the selective precipitation of
metals use H,S_ produced by bioreactors. Janyasuthiwong
etal. [13] studled the effect of pH on Cu, Ni and Zn removal
by biogenic sulfide precipitation in an inversed fluidized bed
bioreactor; the authors found that the initial metal concentra-
tion and pH played a major role in affecting the reactor per-
formance in terms of sulfide production as well as sulfate and
Ni removal efficiency. Ye et al. [14] investigated the removal
of metals from lead-zinc mine tailings using bioleaching and
followed by sulfide precipitation; according to the authors, a
selective separation process can be used to recover Cu, Pb, Zn
and Fe using sulfide precipitation in the bioleaching leachate.
Oh et al. [15] studied the field application of selective precipi-
tation for recovering Cu and Zn in drainage discharged from
an operating mine. Lundstrom et al. [16] studied the copper
precipitation during leaching of various copper sulfide con-
centrates with cupric chloride in acidic solutions.

This paper presents a study on the influence of pH on the
selective precipitation of single and mixed copper, nickel and
zinc ions using hydrogen sulfide gas produced by the hydro-
lysis of thioacetamide.

2. Materials and methods
2.1. Chemical and reagents

Stock solutions of approximately 1,000 mg L™ of metal
ions were prepared from Cu(NO,),-3H,O, Zn(NO,),-6H,0
and Ni(NO,),-6H,O, which were of analytical grade and were
purchased from Vetec (Rio de Janeiro, Brazil). The organic
salt thioacetamide (C,H,NH,S) was used to prepare the solu-
tion of the precipitating agent (analytical grade, Vetec, Rio de
Janeiro, Brazil). Nitric acid (65% v/v, analytical grade, Vetec,
Rio de Janeiro, Brazil) and sodium hydroxide (analytical
grade, Vetec, Rio de Janeiro, Brazil) were used as auxiliary
solutions of acid and base, respectively.

From the single-element stock solutions, which were
1,000 mg L™, mono and multielement solutions of approxi-
mately 100 mg L™ were prepared by appropriate dilution for
the studies on selective precipitation. A saturated solution of
C,H,NH,S was prepared. Finally, HNO, at 1 and 0.5 mol L™,
and NaOH at 1 and 0.5 mol L™ were prepared as auxiliary
solutions. Deionized water was used for all solutions.

2.2. Reaction system

For precipitation tests, a closed system of a side arm flask,
hose, beaker, two metering pumps (acid/base) (Hanna, BL20)
was coupled to a pH/ORP (oxidation reduction potential)
controller (Hanna, pH 500 and mV 600 series) with a real-
time microprocessor and a hot plate. The system is illustrated
in Fig. 1.

The saturated solution of thioacetamide was heated to
approximately 90°C in a closed system (sealed 50 mL side
arm flask) to produce H,S gas. The gas produced was fed
through a hose to the reactor containing the metal ion solu-
tion. The pH of the solution was periodically adjusted by a
pH/ORP controller at scheduled time intervals. The H,S flow
was kept between 1.0 and 2.0 mL min™.

2.3. Testing of individual precipitation of metal ions, Cu?',
Zn** and Ni**

H,S o Was bubbled into 100 mL of the single-element
solution of each metal at concentrations of approximately
100 mg L. The profile of the precipitation of each metal at var-
ious pH values (2.0, 4.0 and 6.0) was tested. The pH of the metal
solution in each test was adjusted and maintained at the values
determined above. Each solution was exposed to the gas for
up to 150 min with the pH being adjusted as necessary with
0.5mol L HNGO, or 0.5 mol L' NaOH. The precipitate was fil-
tered, and the remaining solution was analyzed every 30 min
by flame atomic absorption spectrometry (FAAS).

The results of the single-element tests at various pH val-
ues were used to guide testing in the multielement systems.

2.4. Fractional precipitation of mixed metal ions Cu*,
Zn** and Ni**

Studies on precipitation in metal mixtures were car-
ried out using metal pairs first (Cu*/Zn*, Zn*/Ni** and
Cu*/Ni*) and then all three ions in the same solution

pHcontroller

aturatedsols

tionof

thioacetamide

Hot plate

o o
Metal soluti( ° O{jls(g)

Fig. 1. System for H,S , production and pH control.
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(Cu*/Zn*/Ni*). Using the same apparatus as before, H,S
was bubbled through 100 mL of metallic solution (approxi-
mately 100 mg L) at the optimized time and pH found in
the single-element studies. The first precipitate formed was
removed from solution by filtration. In the remaining solu-
tion, pH adjustments were made, and the residual concen-
trations of metal ions were determined by FAAS, after which
precipitation was allowed to continue. The pH conditions
were reset after the formation of each precipitate.

2.5. Determination of metal ions

Determination of the residual concentrations of metal
ions was carried out using a flame atomic absorption spec-
trometer (FAAS) Varian model AA240FS. The standards used
to prepare calibration curves and the detection wavelengths
for each metal, as well as the typical linear range and the
flame type used are shown in Table 1. The analytical curves
were prepared from the standard 1,000 mg L™ solutions
(Carlo Erba, Italy) of each metal.

3. Results and discussion

3.1. Effect of pH on the precipitation of Cu®, Zn** and Ni*" in
single-element solutions

The pH has a substantial impact on the precipitation of
metal ions with sulfide generated from the speciation of H,S
to HS (Eq. (1)). The main reaction to form the precipitate, MS
and generate protons to reduce the pH is shown in Eq. (2).
Eq. (3) relates the concentration of metal ion in solution, the
KSP, and the H* concentration:

H,S<=HS +H" (1)

M* +HS =MS | +H* (2)
i (1 K mT

|:M J_[Kl'Kz} |:st:| ®

The results of tests of precipitation in single-element solu-
tions are shown in Table 2. The tests indicated that pH has lit-
tle influence on the precipitation of copper. In the first 30 min
at pH 0.5, Cu* precipitates quantitatively. The same phenom-
enon was observed by Sampaio et al. [17] in the titration of
copper ions with Na,S at pH 2.0 and 3.0. This can partly be
explained by the high value of pK_ (35.1) of CuS precipitation,
indicating that the copper ions react quickly with bisulfite.

Table 1
Operating conditions for flame atomic absorption spectropho-
tometer

Ion Wavelength Linear range Flame type
(nm) (mg L)

Cu* 324.7 0.5-5 air/acetylene

Zn* 213.9 0.5-2 air/acetylene

Ni* 232.0 0.5-5 air/acetylene

The percent removal of Cu*" at each pH and time studied
is shown in Fig. 2(a), and it can be seen that the conversion to
copper sulfide was greater than 95% under all experimental
conditions and over 99% in most cases.

Of the three metal ions studied, zinc was the most diffi-
cult to precipitate and quantify, in addition to complications
in controlling the pH, since any decrease in pH slowed the
precipitation process. The precipitate formed was very fine
particles that gave a milky solution making it difficult to
visualize and separate.

The percent removal of Zn* at each pH and time studied
are shown in Fig. 2(b). The conversion to zinc sulfide was
above 95% at pH 4.0 after either 60 or 90 min and up to 80%
in most cases. Sampaio et al. [17] studied the influence of
pH on precipitation of zinc at pH 3.0 and 4.0 and found that
this ion easily precipitates at pH 4.0. At pH 6.0, the time of
exposure to H,S gas had little influence on the residual ion
concentration.

The prevention of sudden changes in pH during zinc ion
precipitation required greater attention. Lewis and Hille [18]
observed that ZnS precipitate is soluble at pH 2.0 because of
re-solubilization of the precipitate. The pH shows that satu-
ration of the metal solution with H,S shifts the equilibrium
to the right, forming bisulfite ions that cause precipitation
of ZnS. This precipitation generates H" ions which lower the
pH and shift the equilibrium of precipitation to the left and
causes the ZnS salt to redissolve.

In the nickel precipitation experiments, formation of a
black precipitate was observed. During the NiS precipita-
tion tests, H" ions are generated which increase the acidity
of the solution and prevent spontaneous precipitation from
occurring [19]. According to Hammack et al. [20], the theo-
retical limit of pH for Ni* precipitation by sulfide gas is 5.8.
An increasingly acid environment limits H,S dissolution and
prevents its speciation. This suppresses the supply of HS
ions which prevents precipitation.

The experiments to determinate if HS™ or S* were respon-
sible for precipitation of NiS were inconclusive, but there was

Table 2
Test results of precipitation of Cu*, Zn* and Ni*" ions

Total time pH Theoretical Residual concentration
(min) concentration (mg L)
(mg L) Cu* Zn*  Ni*
30 0.5 100.0 ND - -
2.0 ND - 96.42
4.0 1.36 1276 -
6.0 347 2744 -
60 2.0 100.0 - - 89.13
4.0 ND 0.71 -
6.0 ND 2513 2958
90 4.0 100.0 - ND -
6.0 - 16.08 -
120 2.0 100.0 - - 80.86
6.0 - 11.58 1347
150 6.0 100.0 - - 1.48

ND, not detected.
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Fig. 2. Percent removal of metal ions: (a) Cu*, (b) Zn*" and (c) Ni*".

enough evidence to confirm that H,S | cannot precipitate Ni**
as the sulfide at ambient conditions. Some studies suggest
that bisulfite ions (HS") are responsible for NiS precipitation
because the sulfite ion (S**) was not present in significant con-
centrations regardless of pH. It has also been shown that the
precipitation of Ni** sulfite using H,S  cause the pH of the
solution to decrease which limited the progress of the reac-
tion due to the low supply of reactive HS ion [18,21,22].

In this study, of the three metals tested, Ni** was the most
dependent on pH. When the metallic solution (100 mg L™)
was exposed to H.S gas, precipitation only began at pH 6.0.
As seen in Fig. 2(c), removal percentages above 95% are
achieved only after 150 min of exposure at pH 6.0.

At pH 2.0, the residual concentration of nickel in solution
tends to decrease with increasing exposure time (Table 2).
High concentrations of H' ions in solution limited H,S spe-
ciation, thus preventing nickel precipitation as NiS. For tests
at pH 6.0, the nickel solution was exposed to H,S gas for lon-
ger and the pH was strictly controlled with NaOH, since any
change in pH cause problems in precipitation.

Various studies have reported that the use of a combina-
tion of sulfite and base to control pH can lead to complete
precipitation of a metal ion, and it can allow the selective pre-
cipitation of a single metal at different pH values [20,23,24].
Other researchers such as Bryson and Bijsterveld [24] used
ammonium sulfide to precipitate manganese and cobalt and
control the pH. Esposito et al. [25] added NaHCO, to raise
the pH to precipitate ZnS with Na,S and biogenic sulfite.
Karbanee et al. [19] promoted speciation of H,S into HS~ with
NaOH to precipitate NiS.

3.2. Fractional precipitation of metal ions Cu*, Zn** and Ni** in
two element solutions

The study of individual ion systems served as basis for
understanding the behavior of precipitation in a multiele-
ment system. The order of precipitation predicted by the pK

values (Egs. (4)-(6)) was followed; beginning with copper
ion, then zinc and finally nickel:

Cu* +HS = CuS, +H' pK, =351 4)
Zn* +HS = ZnS + H"  pK_ =238 (5)
Ni** +HS = NiS, +H"  pK,, =207 (6)

3.2.1. Copper/zinc

The Cu—Zn system is the most studied in the literature
[10,26]. The results of residual ion concentration vs. time
of exposure to H,S gas for the fractional precipitation of
Cu?/Zn* are described in Table 3. The CuS and ZnS pre-
cipitates are easily recognized during exposure to H,S gas.
The precipitation of copper ion occurs at first contact with
gas, initially muddying the solution and then forming sharp
brown flakes. There was no need to adjust pH during Cu
precipitation since the initial acidic pH was maintained by
the H* ions produced during H,S speciation. The precipitate
was separated by filtration and the residual concentrations of
copper and zinc ions were determined. The pH of the solu-
tion was then adjusted to precipitate zinc.

ZnS is characterized by a milky precipitate; it is finely
particles which are difficult to visualize and separate.
Throughout the reaction it was necessary to adjust the pH.
Zinc precipitation began shortly after the pH reached 4.0,
and more than 99% precipitation was achieved (Fig. 3(a)).
The time of exposure to the gas was higher due to sudden
changes in pH that promoted the re-dissolution of ZnS pre-
cipitate that had already formed.
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The results show that it is possible to obtain a quantita-
tive separation between Cu and Zn ions through rigid control
of pH, as predicted by single-metal solution experiments and
literature values of pK_.

3.2.2. Copper/nickel

The results of the residual ion concentrations and expo-
sure times to H,S gas for the fractional precipitation of
Cu?/Ni* ions are described in Table 4. The CuS and NiS pre-
cipitates are dark, making it difficult to differentiate them
during the experiments. However, the nickel precipitation is
extremely dependent on pH and therefore did not interfere
with the copper precipitation. Copper precipitation occurred
in much the same manner as it did in the Cu*/Zn* system.
There was no need to adjust the pH during Cu* precipitation
due to the continuous supply of H* ions from H,S speciation.
The precipitate was separated by filtration and remaining

Table 3
Test results of the fractional precipitation of Cu?/Zn*

solution was analyzed by FAAS. The pH of the solution was
readjusted to precipitate nickel.

NiS is formed as small, black flakes that easily settle out
of solution. Nickel remained in solution until the pH reached
6.0 where total precipitation of the metal ions in solution
occurred. As shown in Fig. 3(b), a removal up to 99.0% of
the ions was achieved. During the experiments, the phenom-
enon of co-precipitation was not observed and the pH was
adjusted to counteract any variations.

The results show that it is possible to obtain a quantita-
tive separation between Cu?*" and Ni*" ions by careful control
of pH, as predicted by the single-metal solution experiments.

3.2.3. Zinc/nickel

Based on the values of pKSp in Egs. (5) and (6), the line
between zinc and nickel is rather narrow which makes
co-precipitation more likely in this case. The single-element

Table 4
Test results of fractional precipitation of Cu?/Ni*

Total time (min) pH Residual concentration (mg L)

Total time (min) pH Residual concentration (mg L)

Cu2+ Zn2+ Cu2+ Ni2+
40 1.50 2.40 88.06 40 1.50 1.30 89.74
90 4.00 ND ND 120 6.00 ND ND
ND, not detected. ND, not detected.
100 100
90 90
80 80
_ 70 _ 10
g 60 g 60
E 50 E 50
s 4 & 10
30 30
20 20
10 10
cu(ln) | Zn(in) cu(ll) Zn(in) cu(ln) ‘ Ni(11) cu(ln) Ni(l1)
1,5 4 1,5 6
(@ (b)
40 90 40 120
pH/ T (min) pH/ T (min)
100
90 - -
80 B
T 5 E: H N
3 60 3 - -
E 50 E
: 2 H B
40
R 5 = |
0 I nE
10 -
- =
Ni(1) ‘ Zn(ll) Ni(In) ‘ Zn(1l) Ni(ll) Zn(ll) i
@ 4 4 6
30 60 120
pH/ T (min) pH/ T (min)

Fig. 3. Percent of fractional precipitation of metal ions in two-element and multielement systems: (a) Cu*/Zn?*, (b) Cu*/Ni*, (c) Ni**/Zn*

and (d) Cu*/Zn*/Ni*.
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Table 5
Test results of fractional precipitation of Zn*/Ni*

Total time (min) pH Residual concentration (mg L)

Zn* Ni*
30 4.0 6.73 84.13
60 4.0 0.88 65.74
120 6.0 ND 4.76

ND, not detected.

Table 6
Test results of fractional precipitation of Cu*/Zn*/Ni*

Total time (min) pH Residual concentration (mg L)

Cu2+ Zn2+ Niz+
30 0.5 ND 94.08 98.75
60 4.0 ND 16.70 71.70
120 4.0 ND ND 56.50
150 6.0 ND ND 2.10

ND, not detected.

studies showed that in precipitation with H,S = generated
from thioacetamide hydrolysis, the optimal pH for zinc is 4.0,
and for nickel it is 6.0. The precipitation data are described
in Table 5.

The results were consistent with what was predicted
from the single-element experiments. As shown in Fig. 3(c),
there is a small reduction in the residual concentration of
nickel, likely due to the transfer of water vapor during thio-
acetamide hydrolysis to the metal solution. Nickel precipita-
tion began shortly after the pH was adjusted to 6.0, and more
than 95.0% of the metal was isolated.

The pH control study revealed that it is possible to quan-
titatively separate ions with close pK_ values without add-
ing a complexing agent. During zinc precipitation (white
color), the black flakes indicative of NiS precipitation were
not observed.

3.3. Fractional precipitation of Cu*, Zn** and Ni** in
multielement solutions

The selective precipitation of Cu*, Zn* and Ni* with
HZS( in multielement systems was studied, and the results
are shown in Table 6.

Similar to previous experiments, the pH was controlled
and precipitates were separated by filtration and the remaining
solution was analyzed by AAS. The pH of the solutions was
then readjusted according to previous experiments. The results
of fractional precipitation of the three metals studied are shown
in Table 6 and Fig. 3(d). With 150 min of exposure to the gas, the
metal ions are precipitated selectively and percentages of pre-
cipitation are 100% for copper, 80% for zinc and 97% for nickel.

4. Conclusion

The present study showed the influence of pH on precip-
itation of copper, nickel and zinc ions using H,S gas as the
precipitating agent.

In tests with single-element solutions, favorable pH
values were found to precipitate each metal ion: 2.0-6.0
for copper, 4.0 for zinc and greater than 6.0 for nickel.
Precipitation rates were above 90% for the three metal ions
in this system.

According to the literature and confirmed by the exper-
imental work, the selective precipitation of metal ions
occurs by reaction with HS™ ions in solution and is pH
dependent.

The results of fractional separations in two-element sys-
tems were satisfactory. In Zn*/Ni* separation, rigid control
of pH is critical to separate the metallic sulfides because of
their very close pK_ values.

The results of fractional separation involving three
metal ions were satisfactory and do not require complexing
agents.
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