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Herein, a KFeS, whisker was formed in mass production at a low temperature, with waste cold-rolling sludge as Fe
source, which exhibited good performance in the removal of Zn/Ni from real electroplating effluent. At laboratory
scale, KFeS, was generated at 80 °C by the hydrothermal method, and KFeS, whisker grew radially with the
extension of the reaction time. This method was applied at pilot scale, where a similar KFeS, whisker was also
produced with waste cold-rolling sludge as Fe source, and a residual brownish supernatant was observed after the
reaction and then completely recycled in the next round for KFeS, synthesis. After recycling five times, the
produced KFeS, whisker did not change. The drying and storage of KFeS; have also been verified. Freeze drying
and vacuum drying were applicable, whereas air drying was not profitable. Moreover, the efficiency of Zn/Ni
removal using undried KFeS, was similar to that of dried KFeS,. The efficiencies of Zn/Ni removal using KFeS, were
apparently higher those of common reagents for wastewater treatment.
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Introduction

KFeS, is a fibrous Fe/S-bearing mineral [1] crystallised
under high potassium activity and sulphur fugacity [2].
Such conditions are extreme; thus, KFeS, has not been de-
tected in natural rocks. However, its derivate, rasvumite,
co-exists with pegmatites in the mafic environment [3].
KFeS, is usually synthesised artificially, and it has a special
structure, in which one Fe atom is covalent with four
sulphur atoms to form a stable tetrahedral (FeS,),,"” bond
[4]. The free electrons in large spaces located at edge-
sharing (FeS,)*™ chains are neutralised by K* [5] to form a
stable Fe-S structure. In the synthesis of KFeS,, when cat-
ions, such as Ag", Ca*, Sr** and Ba®", are introduced [6,
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7], they will be embedded into the inner lattice via the
space channel of (FeS,)*” [6], and K* is released and es-
capes, resulting in the replacement reaction between cat-
ions and K. Thus, KFeS, is an important raw material [8,
9] to produce new ternary metal thioferrate products, in-
cluding RbFeS, [10, 11], AgFeS, [7, 12] and CuFeS, [12].
Such products are essential photovoltaic materials [13, 14]
and a photothermal platform for medical therapy [15, 16],
thereby increasing the demand for KFeS,.

In the early research, the solid burning method was
widely used in the synthesis of KFeS,. For the solid-
phase reaction, iron, as a raw material, was mixed with
sulphur and K source (e.g., K,CO3; and K,S,) [10, 17]
and then burned in a reducing atmosphere [18]. During
cauterisation, the oxidation of iron and sulphur oc-
curred, followed by solid conversion to form a (FeS,)*™
structure; K™ was located at edge-sharing (FeS,)*~ chains
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to form KFeS, needle-shaped crystals. For instance,
Bronger et al. [18] prepared KFeS, samples by reacting
K,COj3 with iron under a H,S atmosphere at 1000 K for
6h. After extraction with water and alcohol, well-
developed needle-shaped violet KFeS, crystals were gen-
erated. The burning method consumes considerable en-
ergy to maintain a high temperature, and it has strict
requirements on the reaction system such as a reducing
atmosphere, which leads to high costs. Thus, KFeS, can-
not be produced on a large scale. Compared with the
burning method, the solvothermal method shows a clear
advantage in lowering the reaction temperature. Han
et al. [9] mixed KNOj3, Fe (NO3)3-9H,0 and S powder in
ethylenediamine solution; after heating at 190 °C for 18
h, a black KFeS, powder was obtained. However, in the
presence of deionised water, Fe;O3 was predominant in
the product [9]. The extensive use and consumption of
organic solvents limit their production on a large scale.
To date, a more economical method of mass production
of KFeS, remains unknown.

For mass production of KFeS,, reducing the costs is
necessary. The high cost of KFeS, synthesis is primarily
due to the chemical reagents used in the raw materials
and high temperature. Firstly, weakly crystalline iron
compounds can dissolve and release Fe (OH),™ [19] in
alkaline solutions, which is the intermediate product be-
fore HS™ substitution reaction in the synthesis of KFeS,.
Therefore, the cost of raw materials can be reduced by
replacing chemically pure iron sources with iron-
containing wastes. Herein, cold-rolling sludge, which
was precipitated from Fe-bearing picking wastewater by
adjusting the wastewater to pH 8 in a weakly crystallised
form, was used as a raw material to explore the potential
application of Fe-rich sludge as an Fe source to synthe-
sise KFeS,. Secondly, the solvothermal method can re-
duce the synthesis temperature compared with the
sintering method, but it will consume a large amount of
organic solvents and increase the synthesis cost of
KFeS,. In the previous study, it was found that KFeS,
can be synthesised in KOH solution at 160 °C. However,
Han et al. reported that Fe,O3 was generated simultan-
eously [9]. Therefore, the synthesis of KFeS, using the
hydrothermal method whilst suppressing the formation
of Fe,O3 must be developed. According to the research
of hydrothermal synthesis of Fe,Os, the reaction
temperature is between 100 and 200°C [20-25]. This
finding shows that high temperature is conducive to the
formation of Fe,O3, and reducing the temperature may
avoid the formation of Fe,Os. Therefore, a method of
lowering the reaction temperature to reduce the cost
and avoid the formation of Fe,O3 is necessary. Thirdly,
given the high potassium activity and sulphur fugacity
for the formation conduction of KFeS, [2], the super-
natant was rich in K and HS™, and it has high alkalinity
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after KFeS, synthesis reaction. If the supernatant could
be recycled for the next synthesis reaction, then the syn-
thesis cost will be greatly reduced. Finally, the drying
and storage methods of KFeS, must also be considered
from the perspective of cost reduction.

In neutral or weakly alkaline solution, the skeleton
structure of KFeS, hydrolysis is spontaneous, and the
decomposition of (FeS,),"” generates several Fe/S-bear-
ing flocs [26]. Such Fe/S-bearing flocs are rich in Fe-SH
and Fe-OH groups, which show good affinity for heavy
metals in solution [27]. The behaviour of KFeS, decom-
position is similar to the common flocculants, namely,
poly aluminium chloride and polymeric ferric sulfuric.
However, no reports have been found on KFeS, applied
in wastewater treatment. Electroplating wastewater con-
tains significant quantities of heavy metals, organic com-
pounds and surfactants [28-30], which is considered a
hazardous source. Given the use of plating additives,
heavy metals are complexed with organics to form stable
organic-heavy metal ligands [31-34]. Thus, they are re-
fractory to be removed, although the precipitates (e.g.,
lime and polymeric ferric sulfuric) are added. Thus, elec-
troplating wastewater is used as a pollutant to verify the
performance of KFeS, in wastewater treatment.

Here, the pilot-scale conversion of waste Fe-rich
sludge to KFeS, was successfully implemented at a low
temperature and atmospheric pressure. The upcycling of
supernatant in the synthesis of KFeS, was explored. The
storage of prepared KFeS, was also optimised in the
range of freeze drying, vacuum drying, air drying and
wet storage. The produced KFeS, showed superior effi-
ciencies in the removal of Zn/Ni from real electroplating
effluent.

Materials and methods

Material

Ferric nitrate nonahydrate (Fe (NO3)3-9H,0, AR) was pur-
chased from Tianjin Yongsheng Fine Chemical Co. Potas-
sium sulphide (K,S, AR) was purchased from Aladdin Co.
Potassium hydroxide (KOH, AR) was purchased from
Tianjin Hengxing Chemical Reagent Manufacturing Co.
Ferrihydrite-bearing sludge (known as sludge) was col-
lected from the sludge warehouse of Guixi Cold-rolling
Company (Changchun, China). The sludge contained
41.2% Fe, 50.5% water content and less than 10% carbon.
Deionised water was used as experimental water in all lab-
scale experiments. In pilot scale, tap water was used.

Laboratory-scale experiment for KFeS, whisker synthesis

In laboratory-scale experiments, ferrihydrite was synthe-
sised by adding 40g of Fe (NOj3)39H,O to 500 mL of
deionised water and then mixed with 330 mL of 1 M KOH
under stirring at 120 rpm. After 1 h, a mixed solution was
generated and placed on the laboratory bench for another
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2 h. A brownish sediment was produced at the bottom of
the solution, which was collected and washed with deio-
nised three times. The sediment (known as Ferr) was air
dried at 60 °C for subsequent use.

The laboratory-scale conversion of Ferr to KFeS, whis-
ker was performed as follows. Firstly, 1 g of Ferr, 3.3078
g of K,S and 30 mL of 6 M KOH solution were mixed in
a 50 mL beaker. Secondly, the beaker was sealed with
parafilm and then magnetically stirred at 200 rpm at
50 °C. Thirdly, after 10 h, the beaker was cooled to room
temperature and placed at a table for another 2h.
Fourthly, a black deposit was formed at the base of the
beaker, which was collected and freeze dried at — 80 °C
for 24h. The dried product was named as E50-10,
where E represents the experimental-scale synthesis; 50
is the heating temperature, and 10 is the heating time.

The effect of heating temperature was investigated by
changing the heating temperature from 50 to 80 °C fol-
lowing the above-mentioned steps. Then, the corre-
sponding product was named as E80-10. A control
experiment was also performed following the above-
mentioned steps, where the heating time was extended
from 10h to 24h, and the products were named as
E50-24 and E80-24.

Pilot-scale production of KFeS, whisker

A pilot-scale vessel was made to synthesise KFeS, whisker
at mass production (Fig. 1). In step 1, sludge (0.3 kg), K,S
(1.10kg) and KOH (3.36 kg) with a molar ratio of Fe: K,S:
KOH =1:5:30 and 10L of tap water were added to a
bucket with a volume of 15L under stirring at 120 rpm
for 1 h to generate a black suspension. In step 2, the sus-
pension was transferred into a sealed vessel and then
heated at 80 °C for 24 h. In step 3, the solid sediment and
suspension in the vessel were transferred into the suction
filter. After filtration, the solid fraction and filter liquor
were collected separately. In step 4, the solid fraction
(P80-24) was stored in a bucket, in which a small portion
of the solid was freeze dried at — 80 °C overnight.

The supernatant generated in step 3 was recycled in
the next round (Fig. 1). The total volume of supernatant
was adjusted to 10L with supplementary tap water,
followed by adding 0.3 kg of sludge, 0.44 kg of K,S and
0.11 kg of KOH under stirring at 120 rpm. After 1h, a
suspension was generated and then treated following the
above-mentioned steps. The generated product was
named as P80—24-1 (1 represents the recycle number of
supernatant), whilst the generated supernatant was col-
lected again for further use. The recycle experiment of
the supernatant was performed four times at pilot scale,
and the corresponding products were named as P80—24-
2, P80-24-3, P80-24-4 and P80-24-5.

The drying method of KFeS, was also optimised. Two
typical drying methods, vacuum drying at 60 °C and air
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Fig. 1 Flow chart of pilot-scale production process

drying at 105 °C, were investigated using P80—24 as the
targeted KFeS, product, in comparison with that of
freeze drying.

Application of KFeS, whisker in real electroplating
wastewater treatment

Electroplating wastewater was treated with polymeric alu-
minium chloride and precipitant (e.g., diethyldithiocarba-
mate) in the wastewater plant of Jitong Machinery
Company (Changchun, China). The effluent discharge
from the wastewater plant was collected and used in this
study to determine the performance of the synthesised
KFeS, products. The effluent contained 7.8 mgL™' Zn
and 0.6 mgL~" Ni at pH 7.42, which was treated as fol-
lows. Approximately 0.2g of P80-24 was mixed with
1000 mL of effluent in a 2000 mL beaker under stirring at
100 rpm for 2 h. Subsequently, the beaker was placed on
the laboratory bench for 2 h to settle particles, whilst 1 mL
of supernatant was sampled for characterisation. Control
experiments were performed by changing the P80—24 dos-
age from 0.2 to 0.5, 1, 3, 5 and 10 g. Other products, in-
cluding the undried P80-24, P80—10, P80—24-1 and P80-
24-5, were also used to treat the effluent in accordance
with the above-mentioned method and then compared
with common reagents, such as Na,S-9H,O, polymeric
ferric sulfuric, sodium diethyldithiocarbamate and lime.
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The zeta potential and hydrodynamic radius of P80-
24 were also investigated. Approximately 0.1 g of P80—
24 was dispersed in 100 mL of effluent under constant
stirring at 150 rpm to form a mixture solution. At a
given interval, 5mL of solution was sampled and then
determined by a zeta potentiometer (Nano-ZS, Malvern,
UK). The experiment of P80—24 in deionised water was
also performed in accordance with the above-mentioned
method.

Characterisation

The morphologies of the samples were observed by scan-
ning electron microscope (SEM, JSM-6400, Jeol, Japan),
and the surface of the samples were sputter-coated with
gold prior to observation. The crystallography properties
of the samples were characterised by X-ray diffractometer
(XRD, Rint2200, Rigaku Corporation, Japan) using Cu-Ka
radiation. The valance state of surface elements of the
samples was investigated by X-ray photoelectron spectros-
copy (XPS, ADES-400, VG Scientific, Britain).

Results and discussion

Laboratory-scale synthesis of KFeS, whisker

The synthesis of KFeS, whisker at low temperature was
optimised at lab scale. At 50 °C, the product was weakly
crystallised, which showed a small rod-shaped precursor
(Fig. 2 (E50-10)), although the heating time was ex-
tended from 10 to 24 h (Fig. 2 (E50-24)). By increasing
the temperature from 50 to 80 °C, the product E80-10
appeared as sharp whisker particles with 0.2 pm diam-
eter and 0.5-1 pm length, which indicated the represen-
tative peaks of KFeS, (Fig. 2 (E80-10)). After the
reaction for 24 h, the product E80-24 showed that the
peaks of KFeS, were sharp (Fig. 2 (E80-24)), and its
whisker grew radially to 1-4 um. This finding demon-
strated that 80 °C was an optimal temperature for sharp
KFeS, synthesis.
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Mass production of KFeS, whisker at pilot scale
Pilot-scale synthesis of KFeS, was performed at 80 °C for
24 h, and the results are shown in Fig. 3. The sludge was
an irregular block (Fig. 3A sludge) that showed typical
peaks of ferrihydrite and carbon (Fig. 3B sludge). After
the reaction, the product P80-24 was a well-formed
whisker that showed sharp peaks of KFeS, (Fig. 3B
(P80-24)), which was similar to E80-24 synthesised at
lab scale (Fig. 2 (E80—-24)). Although impure carbon was
mixed with ferrihydrite in the sludge, the XRD peaks of
carbon were not recorded after the reaction, revealing
that it was covered by KFeS, whisker and was not ob-
served by an XRD diffractometer. The above-mentioned
findings indicated that mass production of KFeS, whis-
ker was successfully achieved.

Upcycling of supernatant during KFeS, synthesis

At pilot scale, the supernatant was recycled as an alka-
line solution for KFeS, synthesis in the next round, and
the results are shown in Fig. 4. In the first round, the
product P80-24-1 showed sharp peaks of KFeS, and
well-formed whisker (Fig. 4), which was similar to that
without supernatant recycling (Fig. 3 (P80-24)). After
recycling for five times, typical KFeS, whisker was also
observed for the product P80-24-5 (Fig. 4 (P80-24-5)),
suggesting that the recycling route of supernatant was
applicable for KFeS, synthesis. The supernatant was
highly alkaline; recycling not only reduced KOH con-
sumption and used sufficient HS™ and S*~ for KFeS,
synthesis but also avoided the generation of waste alka-
line wastewater.

Optimisation of the drying method

The prepared P80-24 was dried in three ways, namely,
freeze drying, air drying and vacuum drying. In freeze
drying, the product was in the form of KFeS, whisker
(Fig. 3 (P80-24)). In comparison with freeze drying, the

Fig. 2 (A) SEM photomicrographs and (B) XRD patterns of E50-10, E50-24, E80-10 and E80-24
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Fig. 3 (A) SEM photomicrographs and (B) XRD patterns of the sludge and product P80-24 at pilot scale
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product from vacuum drying also exhibited well-formed
sharp whisker and XRD pattern of KFeS,, although a
small portion of broccoli-shaped aggregates was re-
corded (Fig. 5A (vacuum drying)). Such aggregates were
generated by the oxidation of structural S in KFeS, whis-
ker. However, after air drying at 105°C, KFeS, peaks
were observed (Fig. 5B (air drying)), but abundant
broccoli-shaped aggregates were generated, demonstrat-
ing that the oxidation of S was accelerated during air
drying. These results demonstrated that freeze drying
and vacuum drying were effective for KFeS, whisker
dewatering. Wet P80-24 without dewatering was stored

in a sealed bucket for a week, dehydrated and freeze
dried again to investigate the storage of KFeS, whisker.
The corresponding product was also in the form of a
sharp whisker with clear KFeS, peaks (Fig. S1), demon-
strating that the wet storage of KFeS, was a desirable
route. The wet sample of P80-24 was also used in the
wastewater treatment as discussed below.

Application in raw electroplating wastewater treatment

KFeS,-bearing products were used in the treatment of
real electroplating effluent (Fig. 6A). The effluent had a
pH of 7.42, and it contained 7.8 mgL™' Zn and 0.6 mg

-
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Fig. 4 (A) SEM photomicrographs and (B) XRD patterns of products synthesised in the repeated experiments
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L™' Ni; it was discharged from the electroplating waste-
water plant after the addition of precipitant and coagu-
lant. In the effluent, Zn/Ni was at high concentrations,
which should be further removed in accordance with the
discharge standard of the electroplating industry (elec-
troplating pollutant emission standards [GB21900—
2008]). By adding P80-24, Zn/Ni was apparently re-
moved from 0.33 and 0.21 mg L™ " with 0.2 g to 0.22 and
less than 0.1 mgL~' with 1g, which could not be de-
tected with 10g, thereby meeting the concentration of
Zn and Ni (1 and 0.5 mg L™, respectively) in electroplat-
ing wastewater discharge standards of China. This result
indicated that P80-24 was effective in removing Zn/Ni.
The optimal dosage of P80-24 was 1g, where approxi-
mately 97% Zn and 84% Ni were removed, whereas the
residual Zn/Ni met the discharge standard of electro-
plating wastewater (electroplating pollutant emission
standards [GB21900-2008]).

P80-24 and the products with recycling supernatant
showed similar removal efficiencies of Zn/Ni (Fig. 6B),
suggesting that the supernatant was recyclable in the
preparation of KFeS,. The removal of Zn/Ni using the
products from vacuum drying and air drying was also in-
vestigated (Fig. 6B). The residual Zn/Ni levels were 0.15
and 0.076 mgL™' when using the product of vacuum
drying and steadily increased to 0.16 and 0.16 mgL ™'
when using the product of air drying, demonstrating that
air drying was not desirable in P80-24 drying. The re-
moval performance of undried P80-24 was also investi-
gated, where it had 55% water content; thus, its dosage
was 2.22 g after calculating the optimal dosage of dried
P80-24. By adding wet P80-24, the residual Zn/Ni levels
were 0.16 and 0.051 mg L™ ", which were close to that of
dried P80-24; these results revealed that wet P80-24
was efficient in Zn/Ni removal, and freeze drying could
be completely omitted. Other common reagents, for ex-
ample, Na,S-9H,0, lime, polymeric ferric sulfuric and
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sodium diethyldithiocarbamate, were also used in the re-
moval of Zn/Ni (Fig. 6C), but they did not show desir-
able removal efficiencies in comparison with P80-24.
Thus, P80-24 is an applicable reagent in electroplating
wastewater treatment.

After using P80-24, the sharp peaks of KFeS, disap-
peared, and only weak peaks of Fe-bearing compound
appeared (Fig. 7A). Accordingly, a well-formed whisker
was not observed, and only irregular blocks were gener-
ated (Fig. 7B), indicating the decomposition of KFeS, in
the effluent. P80-24 was also characterised by X-ray
photoelectron spectroscopy before and after use (Fig. 8).
For the Fe 2p spectra, a typical peak was recorded at the
binding energy of 708.4 eV before use, which belonged
to structural Fe in (FeS,),"” [35], but it varied to the
binding energy of 710.5eV after use; this phenomenon
was in agreement with the decomposition of KFeS, and
the formation of Fe/S-bearing compound [36]. For S 2p,
four peaks at the binding energies of 160.3, 161.2, 163.2
and 167.4 eV were recorded before use, which were affil-
iated with structural S in the Fe-S bond, S*, S and
sulphate, respectively. However, two peaks disappeared
after use because of the decomposition of KFeS,. A new
peak at the binding energy of 162.6 eV appeared, along
with the peaks of elemental S and sulphate, which dem-
onstrated the formation of the Fe-S-Zn/Ni bond in the
decomposed product of KFeS, after use.

Formation and hydrolysis mechanism of KFeS,

KFeS, whisker had a one-dimensional linear structure,
in which an Fe atom was coordinated with four S atoms.
It was stable in alkaline solution at pH > 13.6 and com-
monly formed in strong alkaline solution. Firstly, when
Fe®* was added in the alkaline solution, it was rapidly
polymerised to form Fe-bearing precipitates in weakly
crystallised form. The sludge acquired from the cold-
rolling company showed characteristics similar to the

z
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Fig. 7 (A) XRD pattern and (B) SEM photomicrographs of used PK80-24 after electroplating effluent treatment
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Fig. 8 High-resolution (A) Fe 2p and (B) S 2p XPS curves of P80-24 before and after use

Fe-bearing precipitates; a small portion of carbon was
obtained from the dropped emulsion oil [37]. With the
addition of KOH and the hydrolysis of K,S, free OH™
was abundantly generated in the solution, which eroded
the Fe surface of sludge to generate and release Fe
(OH), into the solution. Accordingly, the Fe concentra-
tion increased in the supernatant. The concentration of
Fe was 0.045mgL~"' at pH 7 (Fig. 9), which rapidly in-
creased to 5.60 mg L™ ' at pH 15.6, suggesting the dissol-
ution of Fe-bearing precipitates and sludge in strong
alkaline solution. Secondly, free SH™ was generated at
mass production from the hydrolysis of K,S, which
spontaneously replaced OH™ of free Fe (OH),  to form
Fe (OH)3HS™. The replacement reaction continued,
where Fe/S-bearing products, for example, Fe (OH);HS™
and Fe (OH),(HS),, were generated. Thirdly, the con-
junction reaction between two newly formed Fe/S-bear-
ing products occurred to form (FeS,) Fe (OH);HS*.
Such products were sparingly soluble in alkaline solution

and precipitated from the solution. The concentration of
Fe was residual at 0.184 mg L' in the supernatant after
the reaction (Fig. 9); this residual level was lower than
that in pure KOH solution, demonstrating that Fe/S-
bearing products were formed and spontaneously pre-
cipitated from the solution. The conjunction reaction
continued, which accelerated the polymerisation of Fe/S-
bearing products, with the generation of linear (FeS,),""
as the final product. Fourthly, in the (FeS,),"" structure,
the negative charge was neutralised by free K*, resulting
in the formation of one-dimensional KFeS, whisker. The
related formation process is shown in Fig. 10. However,
the reaction of HS™ replaced OH™ of Fe (OH),™ to form
Fe (OH)3;HS™ was commonly endothermic, which was
slow at 50°C, thereby KFeS, was not formed even for
24 h.

Some impurities such as Cr, Mn, Si and Al showed
some characteristics in the presence of S* and alkaline
solution, which affected the formation of the (FeS,),"”
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group. For instance, when impurities such as Cr and Mn
were present in the sludges, the redox reaction between
Cr/Mn and S*~ occurred, with the generation and re-
lease of free OH™ to solution. Therefore, the released
OH™ were accumulated in the solution, which promoted
the formation of Fe (OH), , polymerisation of the
(FeS,),"" group and crystallisation growth [27, 38]. Con-
versely, the impurities of Si/Al-bearing minerals were
easily dissolved in the alkaline solution, which not only
consumed extra OH7, but also spontaneously poly-
merised and crystallised new Si/Al-bearing products,
such as sodalite and cancrinite. Other elements, for ex-
ample, Ca and Co, were reacted with S*> to form corre-
sponding sulphide [39]. Such impure elements did not
coordinate into the crystal structure of (FeS,),"". Here,
impure carbon was not involved in KFeS, synthesis, and
it did not accumulate in the supernatant. After the reac-
tion, the supernatant was alkaline and rich in HS~,
which could serve as a cyclable resource to prepare
KFeS, with supplementary K,S and KOH. Thus, the dos-
age of K,S and KOH was considerably reduced.
Temperature was an important parameter in KFeS, syn-
thesis. As the temperature increased from 50 to 80 °C,
the reaction between OH™ and the surface Fe of sludge
and the release of Fe (OH),  to solution accelerated,
which used sufficient Fe (OH),~ for the polymerisation
and crystallisation of KFeS, whisker. Accordingly, high
temperature was an important route to reduce the reac-
tion time. For instance, linear KFeS, particles were gen-
erated after hydrothermal treatment at 190°C for 18 h
[9]. The drawback of high-temperature treatment in
water was the formation of hematite from the rapid
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polymerisation of the surface of the Fe-OH group of
sludge [9, 40, 41].

Before its application in wastewater treatment, the
storage of KFeS, was a key step. Wet KFeS, particles
remained stable for a week and showed a similar effect
to freeze-dried KFeS, in the removal of heavy metals
from effluent. Apart from wet storage, vacuum drying
could be used as an alternative method to KFeS, storage,
where the dried product showed a similar effect to freeze
drying in Zn/Ni removal. During air drying, the redox
reaction between oxygen and structural S of KFeS, oc-
curred. This phenomenon led to the consumption of
KFeS, and accordingly decreased Zn/Ni removal effi-
ciency in comparison with freeze drying.

In the effluent, heavy metals were complexed with or-
ganics to form stable organic-heavy metal ligands; there-
fore, they were refractory to be removed, although the
precipitates (e.g., lime and polymeric ferric sulfuric) were
added. When KFeS, was added in the electroplating ef-
fluent, it was spontaneously decomposed to generate Fe/
S-bearing flocs with numerous Fe-SH and Fe-OH groups
[26]. Such flocs were negatively charged (Fig. 11A),
which had an average hydrodynamic radius of 600 nm
(Fig. 11B). Subsequently, heavy metals, for example, Zn
and Ni, were coordinated onto the Fe-S/Fe-O groups,
resulting in the removal of Zn/Ni from effluent (Fig. 10).
In comparison with the hydroxyl group, the new -SH
group had strong affinity for complex heavy metals be-
cause S had a larger atomic radium than O, and it was
more electronegative to from the -S-Me group than O
[42]. After heavy metal coagulation, the zeta potential of
flocs apparently increased from - 50 to — 35 mV, where
its radium considerably increased to 3500 nm, demon-
strating the polymerisation of flocs in the removal of
Zn/Ni. Floc polymerisation continued when stirring was
slow and/or stopped, resulting in the generation of heavy
metal-bearing sludge.

Environmental application

The conversion of cold-rolling sludge to KFeS, was per-
formed at pilot scale, and the product KFeS, whisker
showed superior efficiency in the treatment of real elec-
troplating effluent containing Zn/Ni. The total cost of
KFeS, synthesis was calculated (Table 1). In the first
round, the conversion of sludge to KFeS, whisker was
performed on the basis of the optimal molar ratio of Fe:
K,S: KOH = 1:5:30. This conversion required 3.45t of
K,S, 10.56t of KOH, 31.5t of water and 840.5 kWh
power, which amounted to USD 7075. After collecting
the produced KFeS, whisker, the remaining supernatant
was rich in K,S and KOH, which was recycled com-
pletely in the second round. 1.38t of K,S and 0.34t of
KOH were supplemented to maintain the optimal molar
ratio for KFeS, synthesis, the reagent cost was only USD
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1073, nearly 15% of that in the first round, and the total
cost was USD 1254. In addition, the wet KFeS, showed
similar performance to the dried one, suggesting that
drying can be omitted, and the wet storage of KFeS, was
also acceptable. This behaviour apparently reduced the
total cost in the second round for KFeS, synthesis. How-
ever, about USD 373.3 was spent in the disposal of 1000
kg of sludge [43], and this amount can be deducted from
the total cost of KFeS, synthesis. The KFeS,-bearing
product was marketable because of its performance in
electroplating wastewater treatment. Therefore, the re-
cycling of cold-rolling sludge as a KFeS,-bearing product
was profitable.

Other Fe**-bearing sludge was also produced as a solid
waste in the steel-making, dye chemical and mineral in-
dustries; it could function as an Fe®*-bearing resource,
which can be recycled as a KFeS, whisker. Such recyc-
ling not only saved the disposal cost of sludge but also

produced new a Fe/S-bearing product, thereby exhibit-
ing acceptable application in these industries.

Conclusions

The conversion of Fe®*-bearing sludge to KFeS, whisker
at low temperature was performed successfully. In the
lab-scale experiment, ferrihydrite was used as an Fe re-
source; after treatment at 80°C for 24 h, a well-formed
KFeS, whisker was obtained. At pilot scale, the cold-
rolling sludge was used as Fe®'-bearing resource, and
KFeS, whisker was also produced at mass production.
The generated supernatant was completely recycled by
the supplement of K,S, KOH and tap water for KFeS,
synthesis in the next round. After supernatant cycling
for five times, the product was also in the form of KFeS,
whisker. Freeze drying and vacuum drying were desir-
able methods to dry KFeS,, except air drying. The KFeS,

Table 1 Total cost of the recycling supernatant for KFeS, synthesis from cold-rolling sludge

Reagent and processing Cost Usage Subtotal cost (USD
)
Recycling of used alkaline solution for KFeS, Fe-bearing sludge 0 0861t 0
synthesis Supplementary Potassium sulphide 6733 USDt™' 1.38t 929.15
Supplementary Potassium 4325USDt™ 034t 147.05
hydroxide
Tap water 02817 31t 0.86
Pulping 0.21 Usb/ 0.5 kW (total 1h) 0.11
kKWh
Hydrothermal reaction 0.21 Usb/ 30 kW (total 24 151.2
kWh h)
Drying 0.21 Usb/ 6 kW (total 20h) 252
kKWh
Total cost 1253.57
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whisker was effective for treating real electroplating ef-
fluent containing Zn and Ni. Moreover, wet KFeS, and
the product obtained from supernatant recycling showed
similar removal efficiencies of Zn/Ni to KFeS, whisker
obtained freeze drying, which exhibited a simple and
convenient method of storing KFeS, products.
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