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Abstract: To separate Pb from PbSO,-coprecipitated jarosite, a novel thiourea-induced freeze-thaw cycling (T-FTC)
process was investigated. Results show that distributed PbSO, particles are pressed and aggregated around the jarosite
particles by T-FTC. Under the freezing-concentration effect of T-FTC, the reaction between PbSO, and thiourea is also
promoted, forming lead thiourea sulfate (Pb-tu). As the cycles of T-FTC increase, PbSO, around jarosite disappears for
the reaction of forming Pb-tu. After 12 cycles of T-FTC, a spontaneous separation is observed between Pb-tu and
jarosite, i.e., Pb-tu is separated into the upper layer while jarosite-rich phases remain in the lower layer. Due to this
spontaneous separation, leaching toxicity of the jarosite coprecipitates is reduced by 73.7%. These results suggest that
T-FTC process can achieve the separation of Pb from PbSO,-coprecipitated jarosite and is a promising approach for

removing and recovering metals from iron-rich jarosite residues.
Key words: jarosite residues; PbSOy; freeze-thaw cycling; thiourea; separation

1 Introduction

Jarosite-group minerals (MFe;(SO4),(OH)g)
are common iron minerals and widely found in
acidic, high-sulfate environments associated with
mine tailing and acid sulfate soil wetlands [1,2].
They can host various metals by adsorption,
embedding, and incorporating in their structures,
and such ability makes them potential scavengers
for a wide range of toxic metals. Besides being
ubiquitous in nature [3], jarosite-group minerals are
also by-products in the metallurgical industry,
for example, in the “jarosite” process of zinc
hydrometallurgy, iron is removed from the hot acid-
leaching liquid by precipitation as jarosite [4—6].
Meanwhile, many metals such as lead, zinc and
copper are also co-precipitated along with iron upon
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jarosite formation [7,8]. Jarosite residues have been
recognized as hazardous wastes in China due to
their high toxicity. Generally, changes in
environmental conditions such as pH, temperature,
redox condition, and the presence of organics, may
alter the behaviors of co-existed metals.
Understanding the transformation of jarosite and
the corresponding co-existed metals’ behaviors
under various conditions is worthy of consideration
for both natural and industrial scenarios.

Pb is often second only to Zn as the major
co-existed metals in jarosite residues, and
sometimes the content of Pb exceeds that of Zn [9].
The first pathway for Pb co-existed with iron
minerals is adsorption. Many previous studies
indicated that Pb ions could bind strongly
on the iron mineral by forming inner-sphere
surface complexes [10,11]. LU et al [12] have recently
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found that Pb ions could even penetrate the loose,
porous structure of hematite nano-particles by
adsorption. In terms of jarosite, Pb adsorption might
occur but incorporation is often more prevalent
under certain conditions [13,14]. In the general
chemical formula of jarosite-group minerals, Pb*"
could be incorporated at the M-site, forming
plumbojarosite  (PbysFe;(SO4),(OH)s)  [15,16],
which is the second pathway. During the formation
of plumbojarosite, the formation of PbSQO;, is often
inevitable, especially in the “jarosite” process.
Several studies have found that Pb in jarosite
residues is mainly in the form of PbSO, and is
largely embedded by jarosite [17]. This means that
embedding PbSO, in the jarosite matrix in the fast
co-precipitation process is important
pathway, even possibly dominant. Above, such
multiple mechanisms for the co-existence of Pb and
jarosite would contribute to complex behaviors of
Pb during jarosite transformation under various
conditions [18].

Freeze-thaw cycling (FTC) is a natural
phenomenon that commonly happens on the earth,
especially in cold areas [19,20], but its effect on the
mineral structure is complex. A noticeable effect is
the fragmentation of coarse mineral particles,
mainly due to the volume expansion of water to
form ice [21]. For porous minerals, “differential
freezing effect” is another reason for mineral
fragmentation to generate small particles. To be
specific, when the pore water freezes, matrix water
will also move to the pores, and the capillary
pressure in the matrix could reduce to be negative,
which may cause the extraction of small particles
from the matrix. That is, freezing could enhance the
mobilization of co-existed small particles into water.
In the next freezing process, these colloids might be
re-precipitated, attributed to a “freeze-concentration
effect”, i.e., they could be excluded from the ice
phase and concentrated in the unfrozen regions,
leading to the formation of precipitates as a result of
exceeding their solubility limits [22]. In addition,
freeze-concentration effect could also contribute to
the acceleration of chemical reaction in frozen
solution, and hence it might also promote the
formation of new precipitates. Many investigations
also revealed that the ice formation process is
mineral species-specific and influenced by many
surface attributes [23]. To our knowledge, there is
no investigation about the behaviors of jarosite—Pb
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coprecipitates, as well as jarosite and Pb mineral, in
the FTC process.

The FTC process has been reported widely for
many purposes, such as fabrication of porous
structures [24], food industry, and treatment of
sludge/wastewater. Until now, this process has not
been used to treat industrial waste. Herein, we
explore the potential effect of FTC on the behavior
of Pb in jarosite coprecipitates with or without
a common chemical modifier, i.e. thiourea
((NH,),CS). Thiourea has been widely used in the
extraction of gold, silver and other metals. It can
form complexes with metal ionic crystals through
C=S bond, such as bis(thiourea) zinc chloride [25],
bis(thiourea) strontium chloridethe [26], and
bis(thiourea) lead chloride [27]. The following
reaction explains the chemical reaction for the
formation of bis(thiourea) lead chloride:

PbCl,+2CS(NH,),—Pb[CS(NH,),],Cl,

In this work, we provide the first experimental
evidence about the FTC influence on the co-existed
metal in iron minerals (the main component of
jarosite residues), and also indicate that thiourea-
induced freeze-thaw cycling (T-FTC) could be a
potential alternative for the treatment of jarosite
residues in the future.

2 Experimental

2.1 Materials

Ferric sulfate (Fex(SO4); xH,0), sodium sulfate
(NaySO,), lead acetate (Pb(CH;COO),), sodium
hydroxide (NaOH), sulfuric acid (H,SO,), thiourea
((NH,),CS) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Beijing, China) and all
the chemicals were of analytical-reagent grade. All
solutions were prepared using ultrapure water
(18 MQ-cm).

2.2 Synthesis of jarosite, PbSO4, and PbSO,

coprecipitated jarosite

For the synthesis of jarosite, Fe,(SO4);xH,0O
was dissolved in the ultrapure water at 95 °C with
constant stirring (400 r/min) and then 0.06 mol/L
Na,SO, was added until all were dissolved.
The pH was adjusted to 2.0 with NaOH solution
(7.0 mol/L), in which total concentration of NaOH
was 0.60 mol/L. Once all the NaOH was added, the
precipitates were stirred (400 r/min) for a further
3 h and then they were allowed to settle and the
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residual supernatant solutions were decanted.
PbSO, was synthesized using a 1L solution
containing 0.1 mol/L Pb(CH;COOQ), and 0.1 mol/L
H,SO,4, while all dissolved at room
temperature with constant stirring (300 r/min).
PbSO,-coprecipitated jarosite was synthesized
using a 1L solution containing 0.25 mol/L
Fey(SO4);-xH,O and 0.06 mol/L Na,SO,4 at 95 °C
with constant stirring (600 r/min). The pH was
adjusted to 1.0 with NaOH solution (7.0 mol/L) and
then 100 mL of 0.3 mol/L Pb(CH;COO), solution
was added at a rate of 50 mL/h under stirring,
meanwhile, NaOH solution was added until the pH
was adjusted to 2.0, then the precipitates were
stirred (600 r/min) for a further 3 h, after which
they were allowed to settle and the residual
supernatant solutions were decanted. After the
synthesis, the jarosite, PbSO,; and PbSO;,-
coprecipitated jarosite were separated from solution
by centrifugation, washed several times with
ultrapure water (18 MQ-cm), and then dried at
80 °C for 24 h.

WEre

2.3 Procedure of T-FTC

The suspension was prepared by adding 1 g of
different samples (i.e. jarosite, PbSO, or PbSO,-
coprecipitated jarosite) and 2 g thiourea into 50 mL
of ultrapure water in conical tubes and then
sonicated for 2 min for better dispersion, the pH
value of solution was kept at 6.0—6.3. For the FTC
process, the conical tubes were placed in a
laboratory refrigerator at —20°C for 12h for
freezing the suspension. After freezing, the conical
tubes were placed in a beaker containing lukewarm
water (20 °C) for thawing. The sample suspension
was frozen from 20 to —20 °C for 12 h and then
thawed at 20 °C for one cycle and freeze-thaw cycle
was performed 0—12 cycles by repeating the above
procedure. Moreover, FTC experiment and thiourea
reaction experiment conducted. FTC
experiment procedures were the same as T-FTC
experiment but without adding thiourea. Thiourea
reaction experiment was conducted by putting
different samples and 2 g thiourea into ultrapure
deionized water (50 mL), then the temperature was
kept at 20 °C for the same time compared with FTC
or T-FTC. All the samples were separated from
solution by centrifugation, washed several times
with ultrapure water (18 MQ-cm), and then dried at
80 °C for 24 h.

Wwere

2.4 Analysis methods

The microstructure and surface morphology
were observed by scanning electron microscope
(SEM, Japan Hitachi Ltd). The phase composition
was analyzed by X-ray diffractometer (XRD,
Bruker AXS, Germany) with a graphite mono-
chromator using Cu K, radiation with a 26 range of
5°=80° using 0.01° steps with 28.8 s of integration
time per step under operating conditions of 40 kV
and 40 mA. The functional groups of different solid
samples were distinguished by Fourier transformed
infrared spectroscope (FTIR, NicoletlS10, USA) in
the 4000—400 cm™' spectral range with 32 scans per
spectrum at a resolution of 4 cm'. The leaching
toxicity experiment was based on sulphuric acid
and nitric acid method (HJ/T 299—2007).

3 Results and discussion

3.1 Structural stability of jarosite during T-FTC
Figure 1 presents XRD patterns and SEM
images of jarosite after different treatments. As seen
in Fig. 1(a), the XRD peaks are narrow and strong,
and all well match to those of natrojarosite (PDF
No. 36-0425), confirming that the synthesized solid
is highly crystal natrojarosite. No additional peak is
detected, suggesting that no compound is present at
a detectable level. XRD patterns of natrojarosite
after FTC and T-FTC also show no difference. The
SEM image (Fig. 1(b)) of synthesized natrojarosite
shows well-defined, uniform, and rhombohedral
crystals with smooth surfaces, which were also
reported in other studies [28]. Besides, the particle
size is homogeneous in the range of 3—10 um. Such
highly crystalline and large size natrojarosite is
potential for good solid—liquid separation, which is
the main reason for its use in zinc hydrometallurgy
instead of Fe(OH);. In addition, it can be found
that the morphology of natrojarosite shows no
difference after FTC (Fig. 1(c)) or T-FTC
(Fig. 1(d)), and the integrality of jarosite is still
evident. The XRD and SEM data reveal the
structural stability of jarosite after FTC and T-FTC.
Such structural stability of jarosite during
T-FTC is possibly related to the mechanism of FTC.
As mentioned above, the main influence of FTC on
solid structure involves fragmentation, enhanced
aggregation and re-precipitation, and acceleration
of chemical reaction due to freeze-concentration
effect [29]. For fragmentation mechanism, porous
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Fig. 1 XRD patterns (a) and SEM images (b—d) of synthesized jarosite treated under different conditions: (b) Before
treatment; (c) FTC treated; (d) T-FTC treated (Before treatment: Without any treatment; FTC treated: Treated by freeze-
thaw cycling only; Thiourea treated: Treated at 20 °C by thiourea only; T-FTC treated: Treated by thiourea-induced

freeze-thaw cycling)

structures or rugged surfaces are often necessary. Its
effect on minerals with smooth surfaces and high
crystallinity (such as natrojarosite synthesized here)
would be weaker. In the cases of enhanced
aggregation and re-precipitation, small particles are
usually more susceptible than large particles. Here,
the size of natrojarosite is as high as several
micrometers, and hence the effect of enhanced
aggregation and re-precipitation is difficult to
function. Moreover, there is no chemical reaction
between natrojarosite and thiourea, corresponding
to no aggregation effect. Overall, the integrality of
jarosite crystals is maintained during T-FTC.

3.2 Aggregation and transformation of PbSO,

during T-FTC

PbSO; is the dominant form of lead in jarosite
residues [17]. Here, the effect of T-FTC on PbSO,
was investigated. XRD patterns show that the
synthesized PbSO,4 has high crystallinity (Fig. 2).
SEM images (Figs. 3(a, ¢)) show clearly granular-
shaped PbSQ,4, which is similar to the commercial
PbSO,, but the size of the synthesized PbSO, is
smaller (0.5—1.0 pm). Compared to micron-sized
natrojarosite, the submicron-sized PbSO, particle
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Fig. 2 XRD patterns of synthesized PbSO, treated under
different conditions

might be more sensitive to freeze-concentration
effect. After FTC, the XRD patterns of PbSO, show
no apparent difference. However, the SEM image
(Fig. 3(d)) reveals intuitive morphological changes
that occurred after 12 cycles of FTC, i.e. not only
the aggregation of the particles, but also the fusion
of particles to be larger after FTC. We speculate
that although no chemical agent is added, PbSO,
particles could be coalesced rather than simple
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Fig. 3 SEM images of synthesized PbSOy: (a, ¢) Before treatment; (b) T-FTC treated; (d) FTC treated; (e) Thiourea

treated

aggregation during FTC. Moreover, the effect of
thiourea addition on PbSO,; without FTC was
investigated. From the SEM image in Fig. 3(e),
there are many irregular particles with sizes in tens
of nanometers appearing around the PbSO,
substrate. XRD results show a large decrease in
PbSO, peak intensity compared to synthesized
PbSO,, consistent with the amorphization of PbSQOy,,
as shown in the SEM image. No new peak is
detected, suggesting that the reaction product is too
few to be detected by XRD or it is amorphous.
After T-FTC, a clear morphological and
structural change in the PbSO, particles can be seen.
The SEM image (Fig. 3(b)) indicates the formation
of elongated crystals in the PbSO, substrate.
Obviously, the size of the new crystals significantly
increases. The EDS analysis (Fig. 4) on a single
particle confirms the presence of Pb, S, C, N and O
in a molar ratio of 1:7.6:9.8:19.4:6.7, implying the
formation of Pb[SC(NH;),]¢SO,. XRD pattern of
PbSO, after T-FTC shows that peaks around
26=8.58° and 11.21° clearly appear, attributed to
the formation of some new phases. These new
peaks are strong and narrow, revealing a good
crystallinity of the products. The crystal structure of
this new phase is similar to lead thiourea nitrate
(Pb[SC(NH2)2]6(NO3)2, PDF No. 00-054-0300)
Taken together, the XRD and SEM—-EDS data
are consistent and demonstrate that lead thiourea
sulfate (hereafter Pb-tu) with high crystallinity and
large size is formed after T-FTC. As reported, this

Pb

Element wt.% at.%

C 13.24 21.77
N 32.90 46.40
(¢} 13.58 16.77
S 21.53 13.27

N
o Pb 18.75 1.79
o Pb
0 2 4 6 8 10 12
E/keV

Fig. 4 SEM—EDS results of PbSO, after T-FTC treatment

kind of new phase is a polymeric semi-organic
nonlinear optical crystal, where thiourea is ionically
bonded to the metal ions [30]. But it is uncommon
and has not been observed in other conditions. Here,
the easy formation of Pb-tu proves the acceleration
effect of FTC on a certain chemical reaction, which
has been found in some previous studies [31,32].

3.3 Spontaneous separation of Pb from PbSO,-

coprecipitated jarosite by T-FTC

Figure 5 presents the SEM and XRD results of
synthesized PbSOy4-coprecipitated jarosite. In the
XRD patterns (Fig. 5(a)), natrojarosite is still
observed to be the major phase of the
co-precipitates, while PbSO, peaks are clearly
observed at 260=20.90°, 29.68°, and 43.75°, which
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Fig. 5 XRD patterns (a) and SEM images (b) of PbSO,-
coprecipitated jarosite

confirms the formation of PbSO, along with
natrojarosite. The SEM—BSE images (Fig. 5(b)) of
samples are taken to show the difference of
chemical compositions in the sample. Clearly, the
co-precipitates are two-phase. They consist of
~10 um darker particles and ~1 um brighter grains.
SEM—EDS analysis shows the major elements of
darker phase containing Na, Fe, S, and O in a molar
ratio of 1:4.6:2.2:17.0, i.e. natrojarosite (Fig. 6(b)),
while the brighter particles contain Pb, S, and O in
a molar ratio of 1:0.9:3.9, i.e. PbSO,4 (Fig. 6(c)).
Notably, the small PbSO, particles are widely
distributed in the jarosite substrate. The inset in
SEM image in Fig. 5(b) shows that the synthesized
PbSOy-precipitated jarosite pseudo-
rhombohedral morphology, but it is changed to
be intergrown due to the introduction of PbSO,.
Such an structure could provide
convenience for the fragmentation mechanism of
FTC. We expect that these distributed and tiny
PbSO, particles in natrojarosite substrate could
largely transform during T-FTC based on above
results.

It was surprisingly found that a spontaneous
separation phenomenon was observed when PbSO,-
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Fig. 6 SEM image (a) and SEM—-EDS data (b, c) of
PbSO,-coprecipitated jarosite

coprecipitated jarosite was treated by 12 cycles of
T-FTC. Initially, the PbSO,-coprecipitated jarosite
was well mixed in solution (Fig. 7(a)). After 12
cycles of T-FTC, the homogeneous mixture was
spontaneously separated into the upper white solid
and lower jarosite-rich phases (Fig. 7(c)). As the
12th thawing proceeded, the upper layer gradually
thinned until it disappeared (Fig. 7(d)), possibly due
to the gradual dissolution of white solid into
solution. Then, the completely dissolved upper
solution was separated and collected. It is
interesting to note that some white rod-like
precipitates were formed readily in the solution
after cooling down the collected solution below
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4 °C again (Fig. 7(e)). We speculated these white
solids separated from co-precipitates were Pb-
containing matters.

The white rod-like precipitates were collected
and characterized by SEM and XRD. SEM image
(Fig. 8(a)) shows that their structural features are
similar to those observed in Fig.3(b), and the
results obtained by SEM—EDS (Fig. 8(b)) show the
presence of Pb and S with similar Pb/S molar ratio
(1:6.5). As further confirmed by the XRD pattern
(Fig. 8(c)), all of the diffraction peaks are
well-indexed to the lead thiourea nitrate, which
supports the formation of pure “lead thiourea-type”
matter. Lastly, the white solids were characterized
using FTIR and thiourea as comparison (Fig.9).

It could be seen that the absorption peak
corresponding to  J(NH,) at 1633.12cm™
disappears, and the peak related to N—C—N

vibrations in the thiourea group at 1093.16 cm ™' is
broadened after T-FTC. The FTIR results are
possibly attributed that Pb is bound to thiourea.

The main aim of controlling and separating Pb
1s to reduce the environmental risk of residues, so
the leaching toxicity of coprecipitates was analyzed.
It can be found that the leaching toxicity of T-FTC
treated samples (Pb, 19.43 mg/L) is much lower
than that of the original samples (Pb, 73.91 mg/L).

(@)

(b) (c)

1025

Leaching toxicity of the jarosite coprecipitates
is reduced by 73.7%, indicating a significant
reduction in the environmental toxicity. The above
results suggest that T-FTC is a promising approach
for removing and recovering metals from iron-rich
jarosite residues.

3.4 Mechanism of Pb separation

To understand the T-FTC process mechanism
for PbSO,-coprecipitated jarosite, samples treated
by FTC and thiourea process were collected as
controls, and the SEM and XRD results are shown
in Fig. 10 and Fig. 11, respectively. As seen in SEM
images (Figs. 10(a, b)), the PbSO, phase is still
widely dispersed in the jarosite matrix after FTC
treatment, indicating that the effect of FTC on the
transformation of PbSQ, is limited. As for thiourea
treatment, the aggregation of PbSQO, is evident, as
shown in Figs. 10(c, d).

The XRD patterns (Fig. 11) show that the main
phases of both samples are natrojarosite and PbSOj,.
No pronounced diffraction peak of Pb-tu is detected,
possibly because the reaction process between
PbSO, and thiourea is not significant (for FTC
process), or the new-formed Pb-tu is not of high
crystallization (for thiourea process), which are
consistent with the above results.

(d)

Ice

White solid

Solid-liquid
separation

= g
Before 12th 12th thawed 12th fully Supernatant cooled
treatment freezed (5h) thawed below 4 °C
Fig. 7 Separation process of PbSOy-coprecipitated jarosite
(®) s (©)
Element wt% at.%
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Pb 2183 224
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Fig. 8 Analy51s of white rod—hke prempltates (a) SEM image; (b) EDS results; (¢c) XRD patterns



1026 Jun PENG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1019—1030

1093.16
. |
Thiourea I
|
|

|

|

:
. - |
Pb-thiourea coprecipitates I
|
|
|
1
I

4000 3500 3000 2500 2000 1500 1000 5001700 1600
Wavenumber/cm™!
Fig. 9 FTIR analysis of thiourea and Pb-thiourea

coprecipitates

Figure 12 displays the SEM images of PbSO,-
coprecipitated jarosite samples treated after
different cycles of T-FTC. Unlike the wide
dispersion of PbSO, particles in the jarosite
substrate, the local aggregation of Pb-containing
particles after T-FTC is apparent. Specifically, as
the cycles of T-FTC increased (Figs. 12(b, c)), the
distributed PbSO, particles in coprecipitates are
gradually aggregated. As seen in the enlarged view
(Fig. 12(e)), the morphology of PbSO, changes into
sheets and is closely aggregated around the jarosite
particles. The effect of aggregation described
here is consistent with previous studies on FTC [33].

After 12 cycles of T-FTC, no obvious lighter phase
is detected in the SEM image, implying the
dissolution of Pb-containing aggregates from the
natrojarosite matrix as the reaction between PbSO,
and thiourea is significant and completely finished.
The surface cavity of the jarosite matrix may be
caused by this fragmentation effect or the reaction
between thiourea and PbSO, embedded in the
jarosite surface (Fig. 12(d)).

Changes in the mineralogy of samples were
also examined via XRD analysis. As seen in Fig. 13,
the natrojarosite structure in the coprecipitates
remains stable during T-FTC, even after many
cycles. Small diffraction peaks (26=20.90°, 29.68°,
43.75°) of crystal plane of PbSO, are present at
initial, but their intensity decreases gradually with
increasing the cycle number. It is possibly attributed
to the dissolution of PbSO, as the process
progresses. To verify this, we also monitored the
concentration of total Pb*" and SOj_ in the solution
after every thawing operation during the 12-cycle
T-FTC process. Results show that the
concentrations of both total Pb*>" and SOf increase
with the increase of cycles and their change trends
are basically the same, indicating the gradual
dissolution of PbSO,. In addition, Fig. 13 shows
that there are still some weak diffraction peaks of
PbSO, after 12 cycles, which indicates that PbSO,

Fig. 10 SEM images of PbSO4-coprecipitated jarosite: (a, b) FTC treated; (c, d) Thiourea treated
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Fig. 11 XRD patterns of PbSO,-coprecipitated jarosite

has not been removed completely. For this point, we
expect that the remaining PbSO4 can be further
removed by increasing the freezing-thawing cycles.

Further study on the optimization of the conditions
is currently under investigation.

Based on the above results, a possible
mechanism of T-FTC on the spontaneous separation
of Pb from PbSO4-coprecipitated jarosite was
proposed, and its schematic diagram is presented in
Fig. 14. In the initial cycles, distributed PbSO4
particles can be pushed by the crystallization front
as the ice crystallization. With ice crystal growing,
concentrated PbSO, particles are confined in the
unfrozen solution surrounded by walls of ice grains
and natrojarosite matrix. As ice crystals grow,
PbSO, particles are much more concentrated
because they cannot escape from the solution
surrounded by the walls and are also difficultly
incorporated into the ice grains. As a result, the
PbSO, particles are pressed on the surface of
natrojarosite, and their morphology is changed into

Element wt.%

Pb 0 2839 77.49

S 6.44 8.78

Pb 65.17 13.74
0
]

Pb Pb
A _Pb
0 2 4 6 8 10 12

E/keV

Fig. 12 SEM images (a—d) and SEM—EDS results (¢) of PbSO,-coprecipitated jarosite after different cycles of T-FTC:

(a) 0 cycle; (b) 3 cycles; (c, e) 6 cycles; (d) 12 cycles
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Fig. 13 XRD patterns of PbSO,-coprecipitated jarosite
after different cycles of T-FTC

sheets. Such a surface aggregation phenomenon
was also observed by GERMAN et al [34]. During
thawing, there can be a maturation process, where
the larger PbSO, crystals grow in size at the
expense of dissolving the smaller particles. Above,
the aggregation and maturation processes lead to
the formation of large PbSO,particles, as shown in
Figs. 12(b, ¢).

As T-FTC cycles increase further, the PbSO,
particles are highly aggregated and could be easily
reacted with thiourea, whose concentration is also
extremely high in the confined solution due
to the “freeze-concentration” effect derived from

° o ° . .
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FTC [35,36]. Some small PbSO, particles can react
and disappear quickly, while PbSQO, particles with
larger size must experience a sufficient number of
T-FTC cycles before they disappear completely.
Here, 12 cycles, and perhaps even more cycles of
FTC are needed for the large PbSO, to be reacted
completely. Meanwhile, as the small PbSO,
particles dissolve as mentioned above, a small
amount of Pb*" and SOf will be released in the
solution. The Pb*" could also react with thiourea to
form Pb-tu. Once Pb-tu forms, the separation of
Pb-tu and jarosite will not be difficult. Pb-tu is
more soluble in the solution, and thus Pb-tu can be
collected by solid—liquid separation during the
thawing process. The Pb-tu solid can be further
recrystallized by cooling the solution again, and
finally the separation of PbSO, and jarosite is
realized.

4 Conclusions

(1) During the T-FTC treatment, PbSO, was
pressed and aggregated around the jarosite substrate.
The reaction between PbSO; and thiourea was
significantly promoted to form Pb-tu during T-FTC
while the reaction rate was very slow at 20 °C.
These phenomena were possibly due to the
freeze-concentration effect and the fragmentation
effect of FTC.

o éo‘ ‘o 0 Jarosite o Pb2*
°. 6 o ° o PbSO, S0
° .
. Q’ e « Thioure
o ” ° ”
*.” o # [Pb(SC(NH,),)s]*"
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() //l.
|Ice crystals grow Thawing
Thiourea Lol 5 * % "%
- . . .
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Ice crystals grow Thawed

= - , g .
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Fig. 14 Schematic illustration of mechanism of T-FTC process for Pb separation from PbSO,-coprecipitated jarosite
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(2) As the cycles of T-FTC increased, PbSO,
was dissolved and transformed to Pb-tu for the
reaction between PbSO; and thiourea. After 12
cycles of T-FTC, a spontaneous separation was
observed between new-formed Pb-tu and jarosite,
i.e. Pb-tu was separated into the upper layer while
jarosite-rich phases remained lower layer.

(3) As a result, the leaching toxicity of the
jarosite coprecipitates was reduced by 73.7% (from
73.91 mg/L to 19.43 mg/L). Further research should
be carried out to reduce leaching toxicity further by
optimizing the conditions or combining with other
methods.
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