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Attention has been focused in recent decades upon the precipitation of metal sulfides from acid mine
drainage (AMD) and pregnant leach solutions, due to the advantages of the sulfide precipitation process
over traditional methods employing hydroxides. The aim of this work was thus to explore technologies
for the precipitation of valuable metals, such as nickel using such sulfides (as either Na,S or biogenic sul-
fide). The recovery of nickel sulfide was improved when the initial pH of the solution containing each
metal was set to 7. In such a condition the removal efficiency of nickel was 99.9%, corresponding to a

gfi’ zivs{tist:ion residual level of 0.13 mg L™ for nickel in solution. Kinetic parameters for precipitation were determined
Sulfide from the particle size distributions (produced in an MSMPR reactor) using the method of moments,
Precipitation kinetics where the growth and nucleation rates, as well the agglomeration kernel, were calculated. The precipi-
Nucleation tation of nickel at an initial pH of 7 showed a nucleation rate value of 8.16 x 10'% m3s™", the highest

volumetric growth rate (1.03 x 10! pm~s~') and agglomeration kernel of 9.71 x 1072*m?® #~'s~!. The
biogenic sulfide was a suitable alternative to sodium sulfide for nickel removal. Both sodium sulfide
and biogenic sulfide can be utilized to precipitate nickel as millerite (NiS), allowing the effluent compliant

Crystal growth
Agglomeration

with environmental legislation.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Several industrial processes, particularly those related to the
metallurgical and mining industries, produce acid effluents con-
taining large amounts of dissolved metals, which can cause serious
environmental damage [1,2]. In the mining processes, an impor-
tant environmental problem is acid mine drainage (AMD) [3-5],
which occurs when sulfide minerals are exposed to air and water
and undergo oxidation, producing sulfuric acid and contaminating
water bodies with toxic metals, sulfates and other pollutants [6].

Many technologies are being developed for and applied to the
treatment of metal-laden effluents, and a significant body of re-
search has investigated the treatment of such wastewaters [7].
Physicochemical and biological methods include precipitation
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(chemical or electrochemical), solvent extraction, electrodeposit-
ion, ion exchange, (bio)sorption and flotation [2].

Due to the familiarity of the industry with it, precipitation is
one of the first technologies to be tested, particularly for large vol-
umes of effluent and high pollutant concentrations. Precipitation is
a complex process that is influenced by several parameters, includ-
ing nucleation, growth and, eventually, agglomeration and break-
age of particles [8]. In hydrometallurgical processes and in the
treatment of metal-containing effluents, the use of sulfide precipi-
tation for recovering metals has received considerable attention
because of the advantages offered by sulfide precipitation over tra-
ditional methods employing precipitation as metallic hydroxides
[7]. In line with this trend is the use of biogenic sulfide (H,S) as
a substitute for chemically produced sulfide (Na,S, H,S or NaHS).
Hydrogen sulfide can be produced on-site by sulfate-reducing bac-
teria (SRB) through a process that allows safer handling and elim-
inates the need for storage of such a hazardous chemical [9].

Lewis [10] comprehensively reviewed the precipitation of metal
sulfides, considering the solubility and stability of the sulfide ion
along with its complexes with metal ions. The authors addressed
the kinetics of metal precipitation, the characterization of the solid
product and the industrial and environmental applications of this
technology. The author considered nickel precipitation to be a prob-
lematic process, being strongly pH-dependent. Other authors also
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suggested that pH control is essential for an effective precipitation of
metal sulfides [2,11]. In the studies reported by Cao et al. [3], when
assessing the influence of pH and temperature over the removal of
such metals as Cu?*, Fe?* and Ni?* by precipitation with sulfide, higher
temperatures were found to be beneficial only for nickel precipitation.
The efficiency of the process was also strongly influenced by the con-
centration of sulfide ions (i.e., supersaturation). In another study, Le-
wis and van Hille [12] investigated the effect of excess sulfide on
nickel precipitation from a synthetic solution with a concentration
of 2000 mg L~! Ni?*. Under such experimental conditions, the amount
of nickel remaining in solution was large (65.7mgL™!), and the
authors attributed this outcome to the formation of nickel complexes
with the bisulfide ion. In another study, Lewis and Swartbooi [13]
investigated nickel (2000 mgL~! Ni) precipitation in fluidized bed
reactors. The authors argued that this type of reactor was not ade-
quate for sulfide precipitation because the removal efficiency was
only 85% for nickel. Karbanee et al. [14] studied a continuous process
for sulfide precipitation from synthetic nickel solutions containing
200 mg L~! Ni?*, at 25 °C. When the experiments were carried out
under conditions of excess sulfide ([Ni]:[S] equal to 1:1.5), the effi-
ciency of nickel removal was only 70%, and the solution pH was
11.5. For a stoichiometric ratio ([Ni]:[S] of 1:1); and pH 9, the metal
removal was complete. Sampaio et al. [15] assessed zinc and nickel
separation by sodium sulfide in an MSMPR (Mixed Suspension Mixer
Precipitation Removal) reactor and stated that the best results were
achieved at pH 6 and the stoichiometric ratio between both species.

The determination of nucleation and growth rate, as well as
agglomeration parameters, was carried out in a study addressing
the precipitation of zinc sulfide in an MSMPR reactor [8,16], where
high supersaturation resulted in higher nucleation rates. Similarly,
van Hille et al. [7] reported that high levels of supersaturation in-
duced homogeneous nucleation, and therefore finer precipitates
were formed. The homogeneous nucleation may have contributed
to inefficiencies in the precipitation process.

The development of technologies for on-site sulfide generation
(sulfate reduction) has renewed the interest in sulfide precipitation
aiming at both metal recovery and effluent treatment. Copper and
zinc precipitation has been studied extensively, but nickel has been
addressed less frequently. Nickel sulfide is highly reactive, and
therefore the particle size distributions PSD are not easily deter-
mined, meaning that nucleation and growth rates are seldom
found in the literature. This work therefore investigated the appli-
cation of biogenic sulfide for nickel precipitation, evaluating the
kinetic factors involved in the process.

2. Modeling precipitation in MSMPR reactors

Supersaturation (S), the driving force of precipitation, was calcu-
lated according to Eq. (1), where equilibrium conditions are repre-
sented by the subscript eq:

[

(1)

Ay eq

where a, is the mean ionic activity of NiS, which may be written as:
a. =/, al, )
The solubility product of NiS (K;,) can be defined as:

Ksp = (ay+ Dog- (02 )eq 3)
Therefore, it is possible to write:

a, .al,
— Ni S 4
S= P (4)

Agglomeration is an important phenomenon during the precipita-
tion of sparingly soluble compounds, such as metallic sulfides.

Agglomeration along with nucleation and growth define the particle
size distribution (PSD) of the products. Assuming that the crystals
have the same shape, are well-mixed in a constant volume reactor;
that steady-state conditions are observed and that no crystals are
present in the inlet stream, the population balance can be written as:

d[Gy(v)n(v)]  n(v) _
T + T =B-D (5)

where n(v) is the crystal population density function (#.um > m~3)
expressed as a function of the crystal the volume v (m?); G, is the
volumetric growth rate (um>®s~') and 7 is the residence time (s)
[16,17]. The term (B — D) on the right-hand side of Eq. (5) repre-
sents the net appearance of particles of volume v from two particles
of volume u and v — u, due to breakage and aggregation mecha-
nisms. The birth (B) and death (D) terms can be represented by:

B :% /OV B(u,n — uwyn(u)n(v — u)du (6)

D =n(v) /Om B(u, v)n(u)du (7)

where Bo(u, v — u) is the agglomeration kernel between particles of
volume u and v — u. The agglomeration kernel represents the fre-
quency of collisions between both particles to produce an agglom-
erate of volume v.

The agglomeration kernel is more easily determined if the PSD
is analyzed by the method of moments such that the population
balance equation is reduced to a set of ordinary differential equa-
tions (ODEs). The j moment, u; is defined as:

W :/x vin(v)du j=0,1,2,3 (8)
0

Assuming that both the crystal growth and the agglomeration ker-
nel are independent of particle size, Eq. (5) can be written in terms
of first three moments to produce Eqs (9)-(11) (for further details,
the reader is referred to the work of Gomez-Morales et al. [18]):
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The nuclei population density, no, can be determined from the
nucleation and growth rates as follows:

By=my-G (12)

3. Materials and methods
3.1. Reagents and solutions

The nickel-containing solutions were prepared from analytical
grade NiCl,-6H,0 (Synth) dissolved in distilled water, having been
previously bubbled with nitrogen gas for 15 min such that dis-
solved oxygen was removed. The nickel content was determined
by ICP-OES, after pH adjustment. In the case of the sulfide solution,
nitrogen gas was first bubbled into boiled distilled water, which
was later used to prepare the solution from analytical grade Na,_
S-9H,0 (Synth). A series of experiments was carried out with the
effluent of a continuous sulfate reduction bioreactor, type UASB,
operating at hydraulic time retention (HTR) of 24 h, COD:S04* ra-
tio at 1.8, treating 2.0 g L~! sulfate in the presence of lactate as
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electron and carbon source and [19]. As received, the solution with
pH value at 7.6 and had the sulfide content determined prior to
mixing with the Ni** solution. The analysis encompassed the pre-
cipitation of the sulfide by mixing the effluent of the sulfate reduc-
tion bioreactor with zinc acetate (Aldrich). The precipitate was
washed to remove impurities and was transferred to an Erlen-
meyer flask, where the precipitate reacted with an excess of iodine
(Merck) in an acid medium. The remaining iodine was subse-
quently determined by titration with sodium thiosulfate (Aldrich)
using starch as the indicator [20]. In addition to sulfide ions, the
effluent of the sulfate reduction bioreactor also contained acetate
(~2000 mg L), alkalinity (~1000 mgL~!) and phosphate ions
(110 mgL~! as P). The pH adjustments in the Ni solutions were
made with hydrochloric acid (Synth) solution (10%, v.v™') or so-
dium hydroxide (Synth), 10% (w.v~!). For pH measurements, the
pH meter Handylab 1, from Schott®, was utilized.

3.2. Batch precipitation experiments with either Na,S or biogenic
sulfide

Preliminary experiments were carried out to investigate the ef-
fects of pH and time on nickel sulfide precipitation. These experi-
ments were carried out in a 1000 mL Erlenmeyer flask with
magnetic stirring (IKA Labortechnik) in a fume hood. To the Erlen-
meyer flask, a volume of 400 mL of a 500 mg L~! Ni?* solution, at
pH values of 3, 5 or 7 (initial values), and the same volume of a
solution containing stoichiometric sulfide concentrations (at pH
12.0) were mixed at time zero. The effect of supersaturation on
nickel precipitation was also investigated by varying the nickel
concentration such that a 1[Ni?**]:1.5[S$?>"] molar ratio inside the
reactor was achieved.

Experiments were also carried out with biogenic sulfide, and
the experimental conditions were the same as previously reported
but with different nickel and sulfide content. Because the mea-
sured sulfide concentration in the effluent of the sulfate reduction
bioreactor was 98 mgL~!, the nickel content was set at
172.1 mgL ! and 90.7 mg L' in the experiments with stoichiom-
etric and excess sulfide, respectively.

The batch experiment ran for 20 min, and samples were col-
lected every 2 min for the first 10 min. The samples that had been
collected were filtered using polyethylene filter units (HV Dura-
pore® membrane, 0.45 um) attached to 10-mL syringes. The work-
ing sample volume was 10 mL. A drop of concentrated HNO3;
(Aldrich) was used to preserve the filtered samples (aqueous
phase) for subsequent quantitative analysis (Ni and Sioa) by ICP-
OES (725 Varian). The pH inside the reactor was determined by a
Handylab 1 pH meter from Schott.

3.3. Nickel precipitation in a continuous system (with either Na2S or
biogenic sulfide)

To investigate nickel precipitation in continuous systems, an
unbaffled MSMPR reactor with a working volume of 300 mL
(132 mm height and 67 mm diameter), as sketched in Fig. 1, was
utilized. Two different solutions, one containing nickel and the
other, sodium sulfide, were pumped separately into the reactor
by peristaltic pumps (Milan®). The flow rate was set at
15mLmin~! in each pump such that the residence time was
10 min. The nickel solutions were prepared with initial pH values
of 3, 5 and 7 and a concentration of 500 mg L' Ni. The anionic
solution, at its natural pH (12.2), contained 275 mgL~! S*>~ such
that a 1[Ni?*]:1[S?>"] molar ratio was attained. All tests were car-
ried out at room temperature (22 +2 °C), and the experiments
were run for 10 residence times. In addition to the influence of
pH on nickel removal, an experiment was performed where the
metal/sulfide molar ratio was varied; therefore, the supersatura-
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Fig. 1. Schematic representation continuous experiments.

tion of the system was also varied. In this latter case, the initial
pH of the nickel solution was set at 3, and the concentration of
the sulfide ion was 415 mg L', corresponding to a 1[Ni?*]:1.5[S?"]
molar ratio. The same experiment was also carried out with bio-
genic sulfide (109 mg L") and nickel (200 mgL~") at the initial
pH value of 5.0.

Unless otherwise stated, a 25-mL sample was collected from the
reactor outlet at every residence time for a total of 10 samples. These
samples were filtered using a polyethylene filter unit (HV Durapore®
membrane, 0.45 pm) attached to a 10-mL syringe, and the metal pre-
cipitation efficiency was determined from the amount of metal
remaining in solution after precipitation. Similarly to the batch
experiments, HNO3; was utilized to oxidize the sulfide and interrupt
precipitation. Nickel and total sulfur were analyzed by ICP-OES (Var-
ian 725). This latter measurement was assumed to represent all sul-
fide in solution in the experiments with sodium sulfide, whereas
titration with iodine (Section 3.1) was utilized for sulfide determina-
tion in the testing with biogenic sulfide. X-ray diffraction (Shima-
dzu® XRD6000) was applied to identify the phases formed with
optical microscopy (Leica) utilized for crystal form.

3.4. Modeling the precipitation kinetics

The kinetic modeling was performed from the PSD produced in
the continuous experiments. After the system reached steady-state
conditions, a volume of 300 mL of slurry leaving the reactor was
collected and filtered, and the solid mass was determined such that
the percentage of solids in the slurry (magma density) was known.
The solid phase was kept under a nitrogen atmosphere until the
moment of measurement of PSD. The PSD was determined by a la-
ser particle size analyzer (Cilas® model 1064). The mass of one
crystal was determined from the shape factor (assuming spherical
particles) and particle density (helium pycnometry) for each size
fraction determined in the PSD. The number of crystals (ng) was
thus calculated from the mass retained in each size fraction, and
nucleation and growth rates were subsequently determined.

4. Results and discussion

4.1. Batch nickel precipitation with either sodium sulfide or biogenic
sulfide

Preliminary experiments were carried out by mixing nickel
chloride and sodium sulfide solutions to define the values of both
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the initial pH and reaction time that ensured an efficient nickel
precipitation. The initial pH values of the nickel chloride solution
were defined following the studies of Bijmans et al. 1] and Tokuda
et al. [2].

Fig. 2a shows the profile of the nickel concentration, and Fig. 2b
depicts the pH variation during the batch experiments. Within
10 min, nickel precipitation was almost complete, regardless of
the initial pH of the nickel solution. The pH of the nickel solution
increased to approximately 9.0 as mixing with the sulfide solution
occurred, which was consistent with the results produced under
similar experimental conditions [14]. Higher values of the initial
pH improved nickel removal, with the pH value of 7 producing
the lowest residual metal concentrations (OmgL~!, within
10 min). This finding is consistent with those of Karbanee et al.
[14] and Sampaio et al. [15], who stated that nickel precipitation
by sodium sulfide is strongly influenced by pH. A tendency toward
dissolution of the precipitated sulfide was also observed, as long as
the experimental time was longer than 20 min. This tendency is
probably derived from the low stability of the finer NiS particles.
The largest residual nickel concentration was 0.7 mgL™! (initial
pH 3) within 10 min of testing, which complies with most environ-
mental regulations [21].

Similar experiments were performed with the biogenic sulfide
produced in the sulfate reduction bioreactor. As this solution pre-
sented a sulfide content of 98 mg L™!, precipitation experiments
were carried out with solutions containing 190 mg L~! Ni?* at the
same pH values employed in the experiments with sodium sulfide
(either 3, 5 or 7). The condition of 50% excess sulfide, which was
not assessed in the batch experiments with sodium sulfide, was
also tested with the initial nickel concentration reduced to
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Fig. 2. Profile of metal concentration (a) and pH (b) during nickel precipitation with
sodium sulfide in batch experiments, at 22 + 2 °C.

90.7 mg L. The results achieved for each experimental condition
are shown in Table 1. Nickel removal with biogenic sulfide was not
so efficient at lower initial pH values (pH 3), which is similar to the
results observed with sodium sulfide. However, the residual nickel
concentration was as high as 46.5 mg L~'. The pH value of 5 (initial
pH of the nickel solution) was the most effective because the resid-
ual metal concentration was 0.09 mg L~". This observation corrob-
orates the work of Bijmans et al. [1], who observed complete
removal at pH values above 5. In Table 1, for the initial pH values
of 7.0, the residual nickel concentration also reached values below
1mgL~!, complying with most environmental regulations [21].
Notwithstanding, the residual sulfide concentration was not con-
sistent with nickel sulfide formation, indicating that under these
conditions, nickel was removed as a different compound. The pre-
cipitates produced with the effluent of the sulfate reduction reac-
tor were thus analyzed by X-ray diffraction (XRD) (Fig. 3). From
the analysis of the XRD data for the precipitate produced at
1[Ni?*]:1[S?"] and pHinigai ~ 7, it was concluded that the metal
was precipitated as nickel ammonium phosphate hexahydrate
(NiNH4PO4:-6H,0) and not as sulfide, which explains the residual
sulfide concentration value of 85.66 mgL~! for a metal removal
efficiency of 99.87%. The presence of phosphate and ammonium
ions in the effluent of the sulfate reduction bioreactor was due to
the nutrients used for the growth of sulfate-reducing bacteria.
For the other conditions tested, the solid phase appeared to be
amorphous and could not be identified by X-ray diffraction, which
was a feature also reported by Sampaio e al. [22]. Esposito et al.
[23] also observed the interference of other species, such as phos-
phate and carbonate, present in the biogenic sulfide solution when
these authors studied the precipitation of zinc with biogenic
sulfide.

4.2. Continuous nickel precipitation with either sodium sulfide or
biogenic sulfide

After the batch precipitation studies, a series of continuous
experiments was carried out in which the initial pH of the nickel
solution and the effect of the [Ni?*]:[S?>~] molar ratio on nickel sul-
fide precipitation were investigated. Fig. 4 shows the profiles of
both metal concentration and supersaturation during such experi-
ments. From the analysis of the residual metal concentration, the
best results were achieved for the stoichiometric ratio between
the metal and sulfide ions, as observed in the batch experiments,
which was consistent with the results obtained by Karbanee
et al. [14] during continuous nickel sulfide precipitation. The
experiments performed at pH 9.5 (initial pH of the nickel solution
set at 5) and 10.5 (initial pH at 7), respectively, demonstrated that
nickel removal from solution attained 99.8%, which was equivalent
to 0.51 mg L™ residual Ni** concentration. Such figures were ob-
served in the seventh and sixth residence times, respectively. The
testing performed at an initial pH value of 3 (8.5 inside the reactor)
showed a residual nickel concentration above the limit set by envi-
ronmental legislation [21]. Under such experimental condition, the
residual nickel content remained above 3 mgL~! throughout the
test, which was in agreement with the results reported by Lewis
and van Hille [12]. The experiment with excess sulfide did not im-
prove nickel removal because the residual metal concentration was
always above 6 mg L~! (Fig. 4a), which was equivalent to a nickel
removal efficiency of only 97%. Karbanee et al. [14] also reported
that at [Ni**]:[S?"] = 1:1.5, the pH value inside the reactor was
11.5, and nickel removal was only 70%. The authors proposed that
the excess sulfide produced nickel-sulfide complexes (stable at pH
values above 7), which accounted for metal redissolution.

Fig. 5 presents the XRD patterns for the nickel sulfide precipi-
tated in the continuous experiments. Potential nickel sulfide
phases include o-NiS, B-NiS, NiS, (vaesite), Ni3S; (polydymite),
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Table 1

Nickel precipitation by biogenic sulfide in batch conditions. Initial sulfide concentration: 98 mg L.

Initial pH [Ni**]:[$*"] ratio Final pH [Ni*'Jinitiat (mg L") [Ni*'Jresiduat (mg L) [S* resiquar (Mg L") Removal (%)
3.0 1:1 7.3 172.1 46.50 15.96 72.98
5.0 1:1 9.4 172.1 0.09 0.00 99.95
7.0 1:1 10.7 172.1 0.23 85.66 99.87
3.0 1:1.5 5.2 90.7 3.26 43.82 96.41
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Fig. 3. X-ray diffraction results for nickel precipitation by biogenic sulfide along
with Millerite and nickel ammonium phosphate hexahydrate spectra.

(@)  300-
< 250 —=— 1[N*'1:1.0[S"], pH,_,~3
> —— 1[N|2+] 1.0[8°], pH, ,,~5
£ 200- 1IN"'1:1.008°1, pH, ,,~7
® —— 1[N*'1:1.5[S"], pH, ., ~3
= 150 =
5
g 15
S 104
&
z 5]

O L T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100

Time (min)

(b) 5x10% 4

4x10% - —m—1.0[N*]:1.0[S"], pH,,,,~3
c —e— 1.0N“":1.0[8°], pH,,,,~5
S 3107 —4— 1.0[NPT:1.087], PH,,,~7
g 2x10% 4 —v— 1.0[Ni*'1:1.5[S], pH,.~3
©
Q v
8 8.0x10%2 -
3
(7]

4.0x10%
0.0 2
0 20 40 60 80 100

Time (min)

Fig. 4. Profiles of nickel concentration (a) and supersaturation (b) during contin-
uous precipitation of nickel at different initial pH values and [Ni®*]:[S?>"] ratios.
Residence time: 10 min and 22 + 2 °C.

although o-NiS was proposed as the only phase formed in the 25-
60 °C range, under fully anaerobic conditions (precipitation was
carried out in a glove box). The X-ray diffraction pattern presented
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Fig. 5. X-ray diffraction patterns of nickel sulfide precipitated in continuous system
with both Na,S and biogenic sulfide.

in Fig. 5 suggested millerite as the compound closest to the precip-
itates produced, as also observed by Sampaio et al. [15].

Continuous nickel precipitation with biogenic sulfide was as-
sessed next, and the results are presented in Fig. 6. It could be ob-
served that both the pH of the reaction medium and the metal
removal efficiency remained stable at 8.5% and 99.9%, respectively,
from 40 min (four residence times) onward with a residual level of
0.25 mg L~! Ni**. Bijmans et al. [1] studied nickel sulfide precipita-
tion and observed a removal efficiency of 99.6%, with a residual
nickel content of 0.4 mg L™

XRD data for the nickel precipitated with biogenic sulfide in the
continuous process are shown in Fig. 5. Unlike the batch precipita-
tion experiments in which the precipitates did not show a high de-
gree of crystallinity (as suggested by the shoulder in the baseline of
Fig. 3), the products of continuous precipitation were crystalline.
Millerite (NiS) is the solid phase precipitated with biogenic sulfide,
in agreement with the findings of Bijmans et al. [1], whereas
ammonium nickel phosphate, identified in the batch tests, was
not observed.

4.3. Modeling the kinetics of continuous nickel sulfide precipitation

The well-mixed reactor is not the most appropriate technique
for studying fast precipitation reactions because of mass transfer
control and high supersaturations. Despite such a disadvantage,
the well-mixed reactor was applied to study the precipitation of
a series of sparingly soluble compounds, such as hydroxyapatite
[18], calcium carbonate [24] and copper and zinc sulfides [25].
Additionally, other reactors could not avoid the effect of high
supersaturation [13].

Precipitation modeling was carried out only with the results of
the continuous precipitation experiments with sodium sulfide be-
cause attempts to assess the PSD of the solid particles produced
with biogenic sulfide were not successful, due to the high reactivity
of the fine precipitates. From PSD magma density and particle den-
sity, the number of particles in each fraction was determined,
assuming a volume shape factor equal to 7/6.

The PSDs were determined in a laser particle size analyzer, and
the results are shown in Fig. 7. For the stoichiometric condition
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(Fig. 7a), the dso values were approximately 7.6 pm and 9.8 pm for
the initial pH values of 3 and 5, respectively, and both PSDs were
similar. For the initial pH value of 7, the PSD was broader, with
dsp and dgg values of 23.1 um and 70.6 pum, respectively, being ob-
served (Fig. 7a). Such results are consistent with the values ob-
served during zinc sulfide precipitation [15]. Supersaturation
values (measured at steady state, Table 2) were consistent with
the values reported by Lewis and Swartbooi [13], who investigated
nickel precipitation in fluidized bed reactors. Considering the stoi-
chiometric ratio between metal and sulfide and initial pH of 3, the
value of supersaturation at steady state was 8.23 x 10'°, With ex-
cess sulfide (1[Ni%*]:1.5[S?>"]), supersaturation attained a value of
2.23 x 10", whereas the average particle size was reduced to
0.27 um (Fig. 7b).

As shown in Fig. 8, the logarithm of the population density func-
tion (Lnn) was not a linear function of particle volume, which im-
plies that nucleation and growth were not the only precipitation
mechanisms [17]. The concavity observed suggests that aggrega-
tion is occurring with the number of large particles increasing at
the expense of smaller crystals, which is relatively common during
precipitation of metallic sulfides [18]. The PSD at steady state al-
lowed to determine the agglomeration kernel from the population
balance in volume coordinates and assuming size-independent
agglomeration [18].

Eqs. (8)-(11) were applied to assess the values of both the
growth and nucleation rate and the agglomeration kernel. From
the former, the concentration of nuclei (ng) was also determined
using Eq. (12). To calculate the kernel, the log of population density
was fitted to an empirical equation (in which Py, P, and Ps are fit-
ting parameters) presented by Tai and Chen [24] and converted to
a volume base, assuming spherical particles.

Lnn(v) = P, exp {Pz <67’;v>%+133 (i*fﬂ (13)

Fitting of Eq. (13) to the population density is presented in Fig. 8,
while the main kinetics parameters are depicted in Table 2. Accord-
ing to the modeled data, the kinetics of nickel sulfide precipitation
show the lowest nucleation rate (By) at 8.16 x 10'® crystals m > s~!
and the highest volumetric growth rate (G,) of 1.03 x 10! pm3s~ 1.
These kinetic data imply that the better conditions for the precipi-
tation of the metal with sodium sulfide occur at pH 7.0. As expected,
both the largest growth rate and the lowest nucleation rate were
observed at the lowest measured supersaturation (pH; = 7.0). Under
the other conditions in which stoichiometric concentrations of nick-
el and sulfide were investigated, the volumetric growth rate was
two orders of magnitude smaller, and the nucleation rate was lar-
ger, particularly at an initial pH of 3, where supersaturation was
higher (8.23 x 10'°). With the increase in the [Ni]:[S] ratio to
1:1.5, supersaturation also increased to 2.23 x 10'!, resulting in
the largest nucleation rate (3.91 x 10?°) and thus the smallest vol-
umetric growth rate (1.36 x 1074 um>s~'). The nuclei concentra-
tion (ng) followed the same trend and increased with
supersaturation, as expected. In studies carried out by Al-Tarazi
et al. [8], which investigated ZnS precipitation, supersaturation var-
ied between 1 x 10® and 5 x 10'° and nucleation rates values from
10° to 10" nuclei m—3 s~! were observed.

The agglomeration kernel () varies with supersaturation and
nucleation in a complex manner. Generally, the agglomeration ker-
nel increases with the primary nucleation rate while decreasing
with either the volumetric growth rate or supersaturation. At
1[Ni]:1[S], the agglomeration kernel decreased with the nucleation
rate (i.e., pH), but increased when the growth rate was reduced. Al-
Tarazi et al. [8] reported similar behavior for both growth and
nucleation rates, although the agglomeration kernel increased with
pH. The increase in the agglomeration kernel with pH, however,
leveled out for the experiments carried out at higher pH (6.0).
When two different level of supersaturation were herein com-
pared, the higher supersaturation implied a lower value of the
agglomeration kernel, as expected [8], probably because higher
sulfide concentrations caused a reduction in zeta potential of the
solid particles (the surface charge became more negative) due to
the sorption of sulfide ions [26]. Repulsion among different parti-
cles was therefore stronger, resulting in smaller particles and the
lowest growth rate and agglomeration kernel values depicted in
Table 2.

Despite intense research, technologies for bioreduction of sul-
fate (active treatment) have encountered intense competition with
other sulfate removal approaches, such as ultrafiltration and re-
verse osmosis [27]. The principal reason seems to be availability
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Table 2

Kinetic data for continuous nickel precipitation. Inlet sulfide concentration: 250 mg L~".
Experimental condition Supersaturation pH? no (#¥.um—>3m=3) Bo (m3# s G, (um3s71) Bo (#m3s71)
1[Ni%*]:1[S?7] 8.23E+10 8.7 1.14E+20 2.31E-22 4.58E-01 5.20E+19
pHi~3
1[Ni2*]:1[S*] 7.55E+09 94 1.88E+20 2.44E-22 3.42E-01 6.43E+19
pHi~5
1[Ni2*]:1[S>] 6.93E+09 10.8 7.94E+17 9.71E-23 1.03E+01 8.16E+18
pH;~7
1[Ni?*]:1.5[S?7] 2.23E+11 11.6 2.88E+24 2.39E-23 1.36E-04 3.91E+20
pHi~3

2 pH of the reaction medium. Supersaturation and pH values determined at steady state.
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Fig. 8. Plot of crystal population density (n) versus particle volume during nickel sulfide precipitation in an MSMPR reactor. Experimental conditions: 1[Ni**]:1[S?>7], pH; =3

(a), pH; =5 (b) and pH; =7 (c); Ni**]:[S?>"] molar ratio of 1:1.5 and initial pH 3 (d).

and costs of organic matter (the carbon and electron donor) and
thus few industrial projects have been commissioned [28] for sul-
fate removal. On-site sulfide production has, however, gained
widespread acceptance for metal recovery from industrial effluents
and mine drainage [29], not to mention projects in which chemical
sulfide is applied for nickel recovery with either an environmental
[29] or hydrometallurgical perspective [30]. Notwithstanding and
irrespective of the source of sulfide, metallic sulfide precipitation
has many challenges. Supersaturation particularly should be con-
trolled such that formation of fine precipitates is minimized. Fur-
ther research is needed to address these issues.

5. Conclusions

Sodium sulfide can be applied successfully for the precipitation
of nickel in the form of metal sulfide, as residual levels equal to
0.13mgL"! were obtained for the continuous tests performed
with the stoichiometric ratio between metal and sulfide. This tech-
nology can be applied to industrial wastewater treatment because

the residual level of nickel is below those established by environ-
mental legislation. The largest growth rate was observed at the ini-
tial pH of 7, whereas increased supersaturations impaired both
crystal growth and agglomeration.

The application of biogenic sulfide in the stoichiometric amount
allowed the precipitation of nickel (at initial pH values above 5),
also to levels below the limit prescribed by environmental legisla-
tion. Nickel removal is influenced by the composition of the solu-
tion containing the biogenic sulfide and the pH of the medium,
and precipitation may occur in the form of other compounds, such
as phosphate.
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