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Steel hydrochloric acid pickling sludge (SHPS), containing the heavy metals Fe, Zn, and Ni and a high
chloride salt content, is considered a hazardous solid waste. With the gradual reduction of high-grade
metal mineral resources such as Fe, Zn and Ni, it is particularly urgent to recycle valuable metals such as
Fe, Zn and Ni in solid waste SHPS in order to realize the resource utilization of SHPS and reduce the
environmental harm caused by SHPS. In addition, SHPS usually contains different amounts of alkali
chloride, which will have a serious adverse impact on the subsequent extraction and smelting process of
Fe, Zn and other metals. Therefore, the removal of chloride plays an important role in the resource
utilization of valuable metals in SHPS. Thus, in this study, the effects of water washing dechlorination
process parameters such as liquid—solid (L/S) ratio, SHPS particle size, washing time and washing
frequency on the chloride removal rate were investigated. The best experimental parameters of SHPS
washing were obtained. At the same time, the microscopic morphology and crystal phase composition
of SHPS before and after washing were explored. The results showed that the optimized conditions were
as follows: room temperature, a L/S ratio of 3:1, an SHPS particle size of 100 mesh, and 10 min of water
washing, repeated two or three times; under these conditions, the removal rate of Cl, Na, Ca, K, Mg, and
S reached 96.64-99.68%, 97.38-99.89%, 36.40-60.37%, 49.11-54.82%, 39.18-40.22%, and 36.98-
42.13% respectively. The contents of Cl, K, and Na in filter residue (FR) meets the requirements in GB/T
36144-2018 and GB/T 32545-2016. Conversely, the contents of Fe, Zn, Mn and Ni in the FR are
enriched, which is more conducive to the subsequent resource utilization of SHPS. The scanning
electron microscope (SEM) image shows the particle size of the FR particles is reduced after washing.
The X-ray diffractometer (XRD) results proved that the chlorine salt content in the FR after washing was
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approximately 30-50 kg per ton of steel.®® According to statis-
tics, the annual output of SHPS in China in recent years has
exceeded 500 000 tons.’

1. Introduction

Steel hydrochloric acid pickling sludge (SHPS) is usually

produced during the surface treatment of carbon steel." SHPS
contains Fe, Zn and Ni compounds, chloride and residual
acid.»” SHPS exhibits leaching toxicity, pollutes soil and water,
can cause chromosomal aberrations in plants, and causes
potential harm to human health.”™ In China, as per the
National List of Hazardous Waste (2021 version),” SHPS is
a hazardous waste; special considerations must be made in the
handling of SHPS. Commonly, the yield of SHPS is
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The conventional approach for treating SHPS is landfilling,
which often follows stabilization/solidification. Increasingly
stringent environmental and landfill regulations coupled with
the increasing costs of raw materials make it imperative to find
a feasible method of recycling and treating SHPS to replace the
traditional landfill method. Generally, SHPS is an inevitable
product in the carbon steel industry and contains a large
amount of Fe,0; and ZnFe,0,. Effectively utilizing the Fe and
Zn contained in SHPS in the modern metal metallurgy industry
is a highly attractive strategy to solve the problems related to the
depletion of high-grade metallic ores.

However, if SHPS is directly used as a metal-smelting raw
material, Na, K and Cl in SHPS are harmful elements because
Na and K will be circularly enriched, resulting in blast furnace
nodulation and furnace lining erosion; in addition, Na and K
will also aggravate sinter reduction pulverization and coke
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Table 1 Classification of concentrate grades dominated by poly-
metallic iron ore

Index (quality score) (%)

Grade  TFe Si0o, P S F K,O + Na,O
Level 1 =65.0 =4.0 =0.10 =0.80 =0.50 =0.40
Level 2 63.0t0<65.0 =5.0 =0.20 =0.90 =0.60 =0.50
Level 3 61.0t0<63.0 =6.0 =0.30 =1.00 =0.80 =0.60
Table 2 Main chloride solubility at standard ambient

Solubility
Project (g per 100 g water)
NaCl 35.9
KCI 34.2
CacCl, 74.5

dissolution loss,' and chlorides will accelerate the corrosion of
steel.” Another aspect is high-temperature chloride cycling
(sublimation + condensation), which is detrimental to the
operating performance of high-temperature furnaces.'
Furthermore, chlorides provide convenient conditions to
generate organic pollutants such as dioxins in the low-
temperature regions of reaction furnaces.”® Therefore, chlo-
rides must be removed before the SHPS is utilized as a resource.
According to the standard requirements of limit of lead,
arsenic, cadmium, mercury, fluorine and chlorine content in
iron ore (GB/T 36144-2018),"* the chlorine content of raw
materials shall be =0.40 wt%, so the chlorine salt in SHPS shall
be removed to make it <0.40 wt%. Xu et al. found that SHPS
mainly contains inorganic soluble chlorides, Fe,O; and
ZnFe,0,, and chlorides exists mainly in the form of sodium
chloride (NaCl) and calcium chloride (CaCl,).* Table 1 shows
the requirements for the contents of Na, K, Si, Fe and other
elements in iron concentrate powder in GB/T 32545-2016."
Therefore, in addition to the content of Cl, the content of K,O +
Na,O should also meet the requirements in the removal process
of alkali metal chloride. Fortunately, Cl, K and Na usually exist
in the form of soluble chlorine salt in SHPS. Table 2 shows the
solubility of KCI, NaCl and CacCl, at 20 °C under a standard
atmospheric pressure. It can be seen from Table 2 that the
solubility of these three soluble salts in water is large.

At present, the methods for removing inorganic chlorides
mainly include acid washing dechlorination,'® thermal dechlo-
rination,"” microwave dechlorination,'® water washing dechlo-
rination,"° etc., but the three former are mainly used to treat
water-insoluble chlorides, and water-soluble chlorides are
mostly used for water washing dechlorination. As an effective
method to remove high contents of water-insoluble chlorides in
solid waste, water washing pretreatment has been studied at
home and abroad.*">* Wang et al. studied the effects of water
washing on the removal of chlorides from MSWI fly ash, and the
results show that the removal ratio of Cl reached the optimum
value of 75.33% when the L/S ratio was 10 and the washing time
was 2 h.>* Chen et al. studied chloride removal and control by
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performing a water-washing process on MSWI fly ash, and the
results show that with the optimal multi washing process, the
removal rate of chlorine was beyond 99%.>* However, as far as
we know, no scholar has studied the removal of soluble chloride
in SHPS by water washing. Therefore, it is worth studying the
removal of soluble chlorides in SHPS by water washing to
facilitate the resource utilization of SHPS, which can create new
environmental benefits for enterprises.

The objective of this article is to systematically investigate
the chloride removal ability by water washing. The effects of the
L/S ratio, SHPS particle size, washing time and washing
frequency on the chloride removal rate in SHPS were investi-
gated through single factor experiments to obtain the best
experimental conditions. The morphological characteristics
and crystal phase composition of SHPS before and after
washing were analyzed. The results of this study can provide
a preliminary basis for the resource utilization of SHPS and
provide a reference for the dechlorination of other high chlorine
solid wastes.

2. Experiment

2.1. Preparation of SHPS samples

A total of 3 typical SHPS samples were collected from the Jinghai
District of Tianjin in China, as shown in Fig. 1. Sludges 1 was
from a galvanized steel wire manufacturer, while sludges 2 was
from a galvanized steel pipe manufacturer, and sludges 3 was
from a galvanized steel sheet manufacturer. The SHPS genera-
tion of these three manufacturers was basically the same except
for each processing condition. Fig. 1 presents photographs of
the SHPS samples.

The dried sample is placed in a sealed bag and stored in
a dryer for use. To perform XRD and other analyses, the dried
SHPS was ground into a powder and sieved by passing it
through a 200 mesh (size approximately <74 pm).

2.2. Analytical methods and instruments

In the experiment, microwave digestion method was used to
prepare samples for determining element content through
inductive coupled plasma mass spectrometry (ICP-MS). A dry
sample weighing 0.100-0.200 g was placed in a 50 mL Teflon
digestion tube, and 5 mL of nitric acid, 2 mL of perchloric acid,
and 2 mL of hydrofluoric acid were added. The mixture was
covered until the resulting white smoke was exhausted, 0.5 mL
of boric acid was added, the mixture was placed in a graphite
digestion instrument at 160 °C overnight, and then it was
diluted to 50 mL and transferred to a polypropylene bottle for
storage. Then, the elemental content was tested three times by
ICP-MS (an Agilent ICP-MS 7700 instrument made in America).
The chlorine content in the powder samples was analyzed using
an ARLAdvantX Intellipower TM3600 X-ray fluorescence spec-
trometer (Thermo Fisher, USA). Before the XRF test, an
ultrahigh-pressure sample (UHPS) preparation system was used
to directly press the sample powder into discs, and then the XRF
test was carried out. X-ray diffraction (XRD) patterns of the
samples were obtained with a Rigaku Ultimate-IV X-ray
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Pickling Sludge 1

diffractometer utilizing a Cu Ka radiation source to determine
the crystalline phases.

X-ray diffraction (XRD) patterns of the samples between 10
and 90° (26) at a step size of 0.02° were obtained with a Rigaku
Ultimate-IV X-ray diffractometer utilizing a Cu Ka radiation
source operated at 40 kV and 100 mA to determine the crystal-
line phases. Before the XRD test, the sample was prepared by
the tablet pressing method: the sample powder was sprinkled
into the window of the sample preparation frame as evenly as
possible, chopped gently with the knife edge of a small spatula

N\

Deionized water

Pickling Sludge 2

Fig. 1 Photographs of the sludge samples after drying and crushing.

—_— <

Electric mixer
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Pickling Sludge 3

to spread the powder evenly, and stacked inside the window
hole. Then, the powder was pressed gently with a small spatula,
and finally the excess protruding powder was scraped off with
a safety blade. The sample preparation frame was then carefully
picked up from the glass plane to obtain a very flat plane of
sample powder.

Scanning electron microscopy (SEM) images were recorded
by a Zeiss Sigma 300 scanning electron microscope operated at
2.0 kv to observe the morphology. Before the SEM test,
a conductive adhesive was prepared, the sample powder was

Filter residue
~

A

B

Vacuum suction filter

Leachate

Fig. 2 Configuration of the apparatus for water washing dechlorination experiment.
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poured on the conductive adhesive, the base was held in the
hand and vibrated on a table to disperse and spread the powder,
and then the sample was purged to ensure that all particles were
in full contact with the conductive adhesive and were distrib-
uted in a single layer without stacking. Finally, a thin layer of
sample was obtained. In addition, the SHPS samples have good
conductivity, so coating with a thin conductive layer was not
necessary. All experiments were conducted in duplicate, and the
averaged results were used for analysis. The variation between
the replicates for each analysis, including the blank control, was
below 5%.

2.3. SHPS water-washing dechlorination

In dechlorination experiments, four stages of water-washing
were applied to investigate the optimal parameters. The first
stage involved experiments with different liquid (milliliter)/
solid (gram) (abbreviated L/S) L/S ratios of 2/1, 3/1, 4/1, and 5/
1 to determine the optimal water intensity. The second stage
involved experiments with different SHPS particle sizes of 60,
100, 140, and 180 mesh to determine the appropriate particle
size. The third stage involved experiments with different
washing times varying from 5 min to 70 min to determine the
optimal contact time. In the fourth stage, double, triple and

_SHPS
Water washing
Filtration =~ |——— _ Filtrate
l
Filtration residue (FR)
Drying anll weighing

Determination of Cl, Na, Ca,
Fe, Zn, Mn, etc.

Fig. 3 Flow charts of the water-washing dechlorination process.
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quadruple washing processes were conducted to investigate the
effect of washing frequency on dissolution and to obtain the
maximum dissolution level of SHPS chlorides in the water.
During the process, 10 g of dried and ground SHPS was used in
each single experiment, and the vibration speed was controlled
at a constant of 200 rpm.

During the washing experiments, the deionized water
employed as washing solvent was mixed with SHPS in 100 mL
beaker. Then, place the mixing rod of the electric mixer in the
beaker and set the rotating speed to 200 rpm, and stop mixing
after mixing for the required time. Then, the washing solution
was removed with vacuum suction filtration using a 0.45 pm
filter membrane. Fig. 2 shows a schematic diagram of the
experimental device. An ICP-MS 7700 inductive coupling system
was used for the determination of metal content in the filter
residue (FR); and then, X-ray fluorescence equipment was used
for the determination of chlorine content in the FR. Flow charts
of chloride removal achieved by performing water washing on
SHPS are shown in Fig. 3.

The element (such as Cl, Na, etc.) removal rate was calculated
from the following:

M originﬁ)rigin - M, residueﬂ‘esidue
Moriginforigin

where forigin and fiesique are the element contents of the
untreated SHPS sample and washed SHPS, respectively, and
Morigin and Meique are the masses of the SHPS dried before
washing and SHPS dried after washing.

(1)

2.4. Analysis of SHPS characteristics

The main chemical compositions are shown in Table 3.

Table 3 shows the main elements contents of SHPS samples
respectively. As seen from Table 3 that the sample contains
a certain amount of valuable metals Fe, Zn and Mn that should
be recycled, and the Cl content in the samples is 5.21-12.13 and
needs to be removed to less than 0.40%, the content of K,O +
Na,O should to be removed to less than 0.60% to facilitate the
further resource utilization of SHPS.

3. Results and discussion

3.1. Effects of different L/S ratios on chloride removal

L/S ratio is an important factor in the process of solid-liquid
reaction. It directly affects the contact area between solid and
liquid phase, and then affects the final reaction degree. The
larger the L/S ratio is, per unit particle of SHPS in suspension
will contact the more water solution, and the better the washing

Table 3 Analysis results of the main elements in the SHPS samples (wt%)

Main elements content of SHPS samples (wt%)

Sample Ca Na K Mg Si Al Cl P S Fe Zn Mn
1# 3.18 3.31 0.05 0.03 1.99 0.17 8.76 0.02 0.02 37.32 13.89 0.38
2% 11.11 0.38 0.13 0.19 4.78 0.21 12.13 0.01 0.37 29.80 4.21 0.29
3% 0.32 3.21 0.01 0.14 3.74 0.78 5.21 0.01 0.08 54.16 0.02 0.03
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Fig. 4 Element removal rate of SHPS samples under different L/S ratios.

effect will be. However, too high L/S ratio will cause a waste of
water resources. Therefore, while ensuring that the chlorine salt
in SHPS can be fully dissolved, selecting the most water-saving
L/S ratio can improve the economy of the washing process.
Therefore, it is necessary to explore the effect of L/S ratio on the
dechlorination effect. Ten grams of dried and ground SHPS was
mixed with deionized water to achieve different L/S ratios: 2:1,
3:1,4:1and 5:1. The SHPS particle size was 60 mesh, and the
washing time was set to 10 min at room temperature. After fil-
trating the washed mixture by vacuum suction filtration, the
component contents of the filtrate and FR were tested. Fig. 4
shows the element removal rate in the FR. Table 1St shows the
main element content in the FR under different L/S ratios.

As shown in Fig. 4, the soluble chloride in the sample can be
removed to a certain extent after water washing, and the L/S
ratio has a great impact on the removal rate of alkali chloride
in the samples. As shown in Fig. 4, when the L/S ratio increased
from 2:1 to 5:1, the removal rates of Ca, Na, K and Mg in
sample 1 vary from 42.57% to 61.92%, 80.91% to 95.39%,
37.81% to 60.69% and 36.42% to 40.18% respectively; the
removal rates of Cl and S vary from 62.39% to 91.33%, and
30.78% to 41.99% respectively. Obviously, when the L/S ratio is
5:1, the removal rate of Na and Cl in sample 1 can be more than
91%, the removal rate of Ca and K can be more than 60%, and

270 | RSC Adv, 2024, 14, 266-277

the removal rate of Mg and S can be more than 40%. Based on
the above experimental results, it can be preliminarily
concluded that water washing has a good removal effect on Na,
Cl, Ca, K, Mg and S in SHPS samples. However, the dissolution
rate in water of Si, Al, P, Fe, Zn, Mn, Ni, Pb, Cr and As of sample
1 is low, the maximum dissolution rate does not exceed 1.98%,
but is enriched in the FR. The effect of L/S ratio on the
dechlorination of SHPS 2 and SHPS 3 is similar to that of SHPS
1. The water-washing process can not only remove the soluble
chlorides in SHPS but also enrich the valuable metals in the FR,
as shown in the data in Table 1S.7

The influence of L/S ratio on the amount of soluble chlorine
salt can be divided into the following situations: when the L/S
ratio is very small, due to the strong water absorption of
SHPS, only part of the soluble chlorine salt (NaCl, KCl, CaCl,,
CaClOH) is diffused and dissolved into the solution, at this
time, the whole dissolution system is in a supersaturated state;
with the increase of L/S ratio, the amount of soluble chloride in
SHPS increased until some components reached saturation;>®
continue to increase the L/S ratio, and the soluble chloride will
continue to dissolve until it is almost completely dissolved;
further increase the L/S ratio, since most of the soluble chlorine
salts have been dissolved, the dissolved amount of chlorine
salts has little change.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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It can be seen from Fig. 4 that as the L/S ratio increases, the
chloride removal rate also increases. However, the increase in L/
S ratio will increase the extent of wastewater treatment, result-
ing in the waste of water resources and increase in project
operation cost; but when the L/S ratio is too small, a large
amount of leaching solution will be adsorbed around the solid
particles of SHPS, which increases the difficulty of liquid-solid
separation, the feasibility of filtration operation is poor, so it is
not suitable for dechlorination. Therefore, the selection of SHPS
washing L/S ratio should be considered from multiple
perspectives. Under comprehensive consideration, the suitable
L/S ratio for SHPS primary water washing is determined as 3 : 1.

3.2. Effects of particle size on chloride removal

At aL/Sratio of 3 : 1 and a washing time of 10 min, the effects of
different SHPS particle sizes on the dechlorination effect were
investigated. The particle sizes were 60 mesh, 100 mesh, 140
mesh and 180 mesh. Fig. 5 shows the element removal rate
under SHPS different particle sizes. Table 2St shows the main
element content in the FR under SHPS different particle sizes.

As shown in Fig. 5, with SHPS particles become finer, the
removal rate of chlorine salt first increases and then tends to be
stable. When the particle size is greater than 100 mesh, the
removal rate of chloride tends to be stable. When the particle
size increased from 100 mesh to 180 mesh, the content of
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& ‘ : : Sam
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elements such as Cl, Ca, K, Na, Fe, Zn, Mn and Ni in FR
remained almost unchanged. Based on the experimental results
and cost-effectiveness, 100 mesh was selected as the optimal
particle size.

When the particle size was 100 mesh and washed for 10 min,
the Cl removal rates of the three samples were 80.53%, 87.29%
and 88.48% respectively; the Cl content in the corresponding FR
is 2.04%, 1.99% and 0.65% respectively; the contents of K,O +
Na,O are 1.72%, 0.45% and 1.22% respectively. There is still
a gap between meeting the requirements of K,O + Na,O content
in GB/T 32545-2016 and Cl content limit in GB/T 36144-2018.
Therefore, it is necessary to continue to explore the influence of
washing time and washing frequency.

3.3. Effects of washing time on chloride removal

The washing time directly affects the dissolution and diffusion
of salts and other components in SHPS. If the washing time is
too short, the salt and other components cannot be fully dis-
solved. If the washing time is too long, the economy will be
reduced. In order to investigate the effect of washing time on
the dissolution of salts and other components in SHPS, and to
determine the best time of washing process, based on the
combination of 3.1, 3.2 sections and other relevant washing
studies, the fixed stirring speed, L/S ratio and particle size at
room temperature are 200 rpm, 3/1 and 100 mesh respectively.
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Fig. 5 Element removal rate of SHPS samples under different particle sizes.
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Different washing times, i.e., 5 min, 10 min, 30 min, 50 min and
70 min, were set to investigate the effect of time on the chlorine
removal rate of SHPS.

Fig. 6 shows the removal rate under different water-washing
time. Table 3St shows the main element content in the FR
under different water-washing time. Fig. 6 and Table 3St show
that when the washing time is less than 10 min, the washing
time has a significant impact on the removal rate of chloride
salts, and at this stage, the removal rate of chloride salts
increases with the extension of washing time. When the
washing time exceeds 10 min, the chloride salt in SHPS reaches
a solution equilibrium, the length of washing time has little
effect on the removal of chloride in SHPS. Most of the chlorine
salts rapidly dissolved into the liquid phase within 10 min. So,
when the dissolution time exceeds 10 min, prolonging the water
washing time will have little effect on the chloride removal rate.
This is mainly because most of the chlorines in SHPS exist in
the form of soluble chlorine salts such as NaCl and CacCl,. These
chlorine salts have high solubility in water and can be dissolved
in a short time (10 min).>® This is consistent with the time
required for water washing to remove soluble chlorides from
MSWI fly ash studied by Chen.>® Because after a certain period
of time, the dissolution of chlorine salt reaches a relatively
balanced state, so it will no longer dissolve.”” Eqn (2)—(5) is the
reaction equation of chlorine salt dissolved into water.”®

View Article Online
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Moreover, in the actual project, with the washing time is pro-
longed, the operating cost of the whole set of washing equip-
ment will also increase. Combined with the experimental
results and time costs, 10 min was selected as the appropriate
washing time.

NaCl,) = NaClg,q (2)

KCli) — KClag (3)

CaClys) — CaClyg) (4)
2CaCI[OH],, — Ca(OH)y) + CaClyg (5)

3.4. Effects of washing frequency on chloride removal

After one-time water washing, the content of Cl in the three
SHPS FR is 2.04%, 1.99% and 0.65% respectively. However, GB/
T 36144-2018 requires that the Cl content of raw materials shall
be =0.40 wt%. And the contents of K,O + Na,O are 1.72%,
0.45% and 1.22% respectively, GB/T 32545-2016 requires that
the contents of K,O + Na,O shall be =0.60%. It can be seen that
one-time water washing can not make the FRs of the three
samples both meet the limit requirements for K,O + Na,O and
Cl contents in GB/T 32545-2016 and GB/T 36144-2018
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Fig. 6 Element removal rate of SHPS samples under different washing time.
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Fig. 7 Element removal rate of SHPS samples under different washing frequency.

respectively. Therefore, it is necessary to study the effect of
water washing frequency on dechlorination efficiency to achieve
the goal of Cl and K,O + Na,O content in FRs = 0.40% and
0.60%.

Based on the results of washing one time, the optimal
washing conditions were selected: liquid-solid ratio of 3 mL
g~', SHPS particle size of 100 mesh, and washing time of
10 min. After filtration, the residue was washed with fresh
deionized water to study the effect of washing frequency
(including two, three and four times) on the dechlorination
rate.

Fig. 7 shows the removal rate under different washing
frequencies. Table 4St shows the main element content in the
FR under different washing frequency. Fig. 7 and Table 4Sf
shows that with the increase of water washing frequency, the

removal of chlorine salt first increases rapidly and then tends to
be stable. When the washing frequency are less than 3 times,
the more times water washing is performed, the lower the
content of Cl, Ca and Na in the FR; when the washing times are
more than 3 times, increasing the washing times has little effect
on the dechlorination effect. After three times of washing, the Cl
contents in FR of SHPS 1 and SHPS 2 have been less than 0.40%,
and the removal rate of Cl element has reached 97.41% and
99.68% respectively; the Na content in the FR is reduced to
0.005% and 0.002% respectively, and the removal rates are
99.89% and 99.58% respectively. After twice washing of SHPS 3,
the Cl in the FR has been reduced to 0.20%, and the removal
rate of Cl element has reached 96.64%; the Na content in the FR
decreased to 0.094%, and the removal rate reached 97.38%.
From the twice water washing effects, the elution rate of

Table 4 Main element contents of the FR under the optimum conditions (wt%)*

Project TFe SiO, P S Cl K,O + Na,O Zn Mn Ni

FR 1 46.97 5.35 0.025 0.016 0.29 0.046 17.47 0.475 0.062
FR 2 40.89 14.01 0.014 0.294 0.05 0.112 5.76 0.394 0.004
FR 3 61.94 9.12 0.011 0.054 0.20 0.121 0.02 0.03 0.022

“ FR 1 and 2 are washed for 3 times, and FR 3 is washed for 2 times.
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chlorine salt in SHPS 3 is higher than that in SHPS 1 and SHPS
2, which is mainly related to the particle properties, material
content of SHPS and the content of chloride ion in the original
SHPS (the chlorine content in SHPS 3 is lower than that in SHPS
1 and SHPS 2).

Under the condition of the same total L/S ratio, the elution
rate of chlorine salt by multiple water washes is 4-7% higher
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than that by one water wash. The main reason may be that when
SHPS performs multiple water washes, the chlorine in the
residual water of the FR mainly exists on the surface of the FR in
the form of adsorption, and the low concentration alkali metal
chloride will continue to dissolve out, resulting in a slightly
higher overall removal rate of chloride ions than that of one
water wash.
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Fig. 8 Results of XRD analysis of SHPS of original sample and washed SHPS. (a) Original SHPS 1; (b) SHPS 1 after washing; (c) original SHPS 2; (d)

SHPS 2 after washing; (e) original SHPS 3; (f) SHPS 3 after washing.
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To ensure the removal rate of Cl and Na and reduce cost,
water washing was performed three times for SHPS 1 and SHPS
2, and two times for sample 3 to effectively reduce the contents
of Cl, Na and K.

3.5. Characterization of the FR obtained under the optimum
conditions

In summary, based on the above analysis and combining the
actual economic foundation, the optimized conditions were L/S
ratio of 3 mL g™, SHPS particle size of 100 mesh, and washing
time of 10 min two or three times. Under these conditions, the

View Article Online

RSC Advances

removal rate of Cl, Na, Ca, K, Mg, S reached 96.64-99.68%,
97.38-99.89%, 36.40-60.37%, 49.11-54.82%, 39.18-40.22%,
36.98-42.13% respectively. And Table 4 is the main element
contents of the FR under the optimum conditions.

As seen from Table 4 that the contents of Cl, K and Na in the
FR are very low, and can meet the limit requirements of GB/T
36144-2018 for Cl content and GB/T 32545-2016 for K,O +
Na,O content. Conversely, the content of Fe, Zn, Mn and Ni in
the FR are enriched to a certain extent, but when the FR is to be
recycled into iron concentrate powder, it is also necessary to
separate Zn and Fe, improve the content of Fe, and reduce the
content of SiO, and other impurities.

Fig. 9 Scanning electron micrographs of SHPS of original sample and washed SHPS. (a) Original SHPS 1; (b) SHPS 1 after washing; (c) original
SHPS 2; (d) SHPS 2 after washing; (e) original SHPS 3; (f) SHPS 3 after washing.
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Under the optimal washing experiment operating condi-
tions, after sieving and drying the original SHPS and the washed
SHPS, the crystal phase composition of SHPS before and after
the treatment is tested. The results are shown in Fig. 8. As seen
from Fig. 8 that the crystalline phases that can be detected in
the sample mainly include ZnFe,0,4, NaCl, SiO,, CaCOs;,
CaCl,-6H,0, Fe,0;. This is consistent with the analysis results
of the main elements in the SHPS samples in Table 3. Chlorine
mainly forms water-soluble chlorine salt with alkali metal Ca
and Na. The crystal phases of Fe, Zn, and Si mainly exist in the
form of oxides. From the XRD spectrum of the FR from the
optimized conditions, the mineral phase structure of the FR has
changed significantly compared with the SHPS raw material.
Firstly, no diffraction peaks of NaCl and CaCl,-6H,0 were
found in the FR, which indicates that the water washing
dechlorination effect of SHPS is good, and most of Na, Ca and Cl
in SHPS are dissolved in water; secondly, the diffraction peaks
of Al,O; appeared in the FR, and the diffraction peak intensity
of CaCO;, Fe,0; and SiO, increased, which may be caused by
the enrichment of insoluble components such as Al,0z, CaCO;
and SiO, in the FR due to the large amount of soluble salts
dissolved in water.”® And there are no diffraction peaks of low
content elements such as S, P, Mn, Ni, etc. in the XRD spectra of
SHPS and FR samples, due to their low content cannot be meet
the detection limit of XRD.

Under the optimal washing experiment operating condi-
tions, the SEM images of SHPS before and after washing are
shown in Fig. 9. As seen from Fig. 9 that the microstructure of
the original SHPS is complex, the particle shape is irregular, and
vary in size, with larger particles having a particle size of
approximately 10 pm. The as-is the original SHPS is piled, with
surface uneven and staggered, there is no fixed form and it
mostly appears in the form of amorphous and polycrystalline
aggregation. The particles are loosely piled up, with high
porosity and large specific surface area, so soluble chloride salts
and some heavy metals are easy to dissolve, which is harmful to
the environment. After washing with water, most of the irreg-
ularly shaped square SHPS particles gradually transformed into
regular spherical or elliptical shapes. The porosity becomes
lower and the structure is more compact. Compared with the
SHPS raw material, the particle size of the particles is reduced,
which may be because the soluble salt on the original SHPS
particles has been dissolved in water, resulting in the particle
size reduction. It is also easy to observe from the SEM image of
FR that the particle size of larger particles in FR has decreased
to about 5 um. The crystalline chemical substances originally
attached to the surface of the SHPS particles are not reflected on
the surface of the FR particles, which means that most of the
salts in SHPS have been eluted after the washing treatment.

4. Conclusions

To systematically investigate SHPS chloride removal ability by
water washing, the effects of the L/S ratio, SHPS particle size,
washing time and washing frequency on the chloride removal
rate in SHPS were investigated in this paper. Based on the test
results, the following conclusions can be drawn:
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(1) The main chemical components of the original SHPS are
ZnFe,0,, NaCl, SiO,, CaCO;, CaCl,-6H,0, Fe,03, of which the
content of Cl is as high as 5.21-12.13%. The high content of
chloride salt has a serious effect on the resource utilization of
SHPS. The water-washing dechlorination experimental results
show that the optimum process parameters are as follows:
200 rpm, L/S ratio of 3:1, SHPS particle size of 100 mesh, and
water washing for 10 min two or three times at room tempera-
ture. Under these conditions, a Cl removal rate of 96.64-99.68%
can be reached, which proving that water-washing is a good way
to remove the high concentration of chloride in SHPS. The L/S
ratio, SHPS particle size, washing time and washing frequency
are the main factors affecting the chloride removal rate, with
the increase of L/S ratio, washing time and washing frequency,
and the decrease of SHPS particle size, the dechlorination effi-
ciency increased rapidly at first and then slowly.

(2) According to the SEM images of SHPS before and after
washing, it can be seen that after washing, most of the irregu-
larly shaped square SHPS particles gradually transformed into
regular spherical or elliptical shapes, and the particle size of the
particles is reduced. According to the results of XRD detection,
the mineral phases in SHPS mainly include ZnFe,O,, NaCl,
Si0,, CaCOj3, CaCl,-6H,0, Fe,O3 etc. Among them, NaCl and
CaCl,-6H,0 are soluble chloride salts and are easily soluble in
water. After the water washing treatment, the content of chlo-
ride salt in SHPS is significantly reduced, and the diffraction
peaks of Al,O; appeared in the FR, and the diffraction peak
intensity of CaCO3, Fe,0; and SiO, increased.

(3) After dechlorination the element composition of FR is
transformed to the direction of beneficial resource utilization,
the Fe, Zn, Mn, Ni and other elements are enriched. SHPS water
washing dechlorination process is an effective pretreatment
method for SHPS resource utilization. The process has strong
applicability and operability, which provides a guarantee for the
smooth development of subsequent SHPS resource utilization.
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Steel hydrochloric acid pickling sludge
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