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ABSTRACT: The neutralization process of carbon steel pickling waste- Reduction roasting
water produces a large amount of steel hydrochloric acid pickling sludge \ s, €0, A
(SHPS), and improper treatment of this sludge poses a serious threat to the \

o L ee—
. . . . . . T
environment. Considering that SHPS contains a large amount of iron oxide SHPS /’ .

and given the huge demand for iron concentrate in China’s ironmaking
industry, refining iron oxide in SHPS into iron concentrate will have great i
environmental and economic benefits. This paper proposes a new method =~ €omee®

that uses biomass (corncob) to replace conventional coal-based reductants .
for the recovery of iron components in SHPS to simultaneously utilize two Concentrate \
kinds of solid waste resources. Factors that affect the iron recovery rate and Q /

Roasted material
Electric furnace

iron grade of SHPS, such as the reaction temperature, corncob dosage,
residence time, and magnetic field strength, were studied using a fixed bed
and a magnetic separator. These studies were combined with thermody-
namic analysis, thermogravimetric analysis, X-ray diffraction, inductively coupled plasma—mass spectrometry, gas chromatography,
etc. The results showed that when the reaction temperature was 680 °C, the corncob dosage was 5%, the residence time was 20 min,
and the magnetic field strength was 200 mT, the recovery rate of iron reached 91.83%, and the iron grade of the recovered products
was 67.72%, meeting the level I requirements in GB/T 32545-2016. Based on this result, a process involving SHPS reduction
roasting with corncob pyrolysis reducing gas—magnetic separation was established to recover iron from SHPS. This process not only
effectively utilizes the iron oxide in SHPS by converting it into iron concentrate powder for the ironmaking industry but also proves
that the pyrolysis gas of corncob has good reduction ability.

Tailings Magnetic separation

1. INTRODUCTION it is urgently necessary to develop treatment, management, and
disposal technologies for SHPS.

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. Some theoretical and experimental
studies have been performed on utilizing SHPS resources. The
utilization methods studied include making bricks®” and glass
ceramics,” preparing P-doped polyferric chloride coagulants,”
and preparing spinel ferrite.'” However, when SHPS is used for
building materials such as bricks or ceramics, the amount of
SHPS added is limited and the metals in SHPS still exist in the

Carbon steel is a widely used and versatile material. During
carbon steel production and processing, an oxide layer is formed,
and this oxide layer reduces the corrosion resistance of steel. At
present, the most common surface treatment for carbon steel
strips is pickling, which uses hydrochloric acid to remove the
oxide layer. This method produces a large amount of pickling
wastewater, which is highly acidic and contains large amounts of
heavy metal ions and chloride. Therefore, the wastewater must
be treated before being discharged. Lime or caustic soda
neutralization is recognized as one of the most effective heavy
metal wastewater disposal methods for some small- and
medium-sized carbon steel surface treatment plants, but it
produces a large amount of heavy metal-containing steel
hydrochloric acid pickling sludge (SHPS), which contains

chlorine. According to statistical reports, the annual output of Received: March 3, 2022
SHPS in China in recent years has exceeded 500000 tons.' Accepted: May 9, 2022
SHPS exhibits leaching toxicity, pollutes soil and water, can Published: May 18, 2022

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 hazardous waste, so
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Figure 1. (a) Corncob before crushing, (b) corncob after being dried and crushed through a 150 ym sieve, (c) SHPS before crushing, and (d) SHPS

after being dried and crushed through a 150 ym sieve.

building materials; these materials have not been effectively
utilized as resources and involve a risk of leaching into the
environment under specific environmental conditions.”” The
process of preparing iron-based coagulants takes a long time.”
The market demand for the production of ferrite is very limited.

However, SHPS is an inevitable product in the carbon steel
industry and contains a large amount of Fe,O;. Effectively
utilizing the Fe contained in SHPS in the modern ironmaking
industry is a highly attractive strategy to solve the problems
related to the depletion of high-grade iron ores. The traditional
method to improve the iron grade of an iron ore is to reduce
weakly magnetic Fe,O; to strongly magnetic Fe;O, with a coal-
based reducing agent and then separate the strongly magnetic
Fe;0, and nonmagnetic components in the roasted material by
magnetic separation. However, coal-based reductants usually
need a high reduction temperature, so some researchers have
used alternatives, such as biomass, to replace coal-based
reducing agents.

Biomass not only has good reducing agent characteristics but
also has the advantages of a large number of resources, low price,
and renewability. To date, there have been some relevant studies
on reducing iron oxide with biomass instead of coal-based
reducing agents. For example, Rath et alt! explored the
application of biomass briquette that was produced from
unused vegetative remnants as an alternative reductant for the
reduction roasting—magnetic separation of an iron ore slime
sample with 56.2% Fe. Their findings showed that iron ore
concentrates with ~65% Fe and ~64% weight recovery were
obtained with reduction conditions including a temperature of
650—750 °C, a reductant-to-feed ratio of 0.15, a residence time
of 30—45 min, and a reductant size of =3 + 1 mm. Wei et al."
studied the reducing reaction characteristics of the chemical
reagent hematite (Fe,0;% >99%) with the main biomass
components, and the reduction kinetics of iron oxide by lignin (a
main component of biomass) were also studied. Zhao et al."”?
found that in a double-layer reactor, under a pyrolysis
temperature of 600 °C in the lower layer and a catalytic
reforming temperature of 650 °C in the upper layer, when the

volatiles produced by the copyrolysis of lignite and corn straw
penetrated into the upper catalyst bed composed of an iron ore,
almost all Fe,O; peaks in the iron ore disappeared and Fe;O,
peaks appeared after catalytic reforming of the volatiles by the
iron ore. Their research results confirm that in this process, a
natural iron ore can catalyze and reform the volatiles that are
produced by the copyrolysis of lignite and corn straw, and the
reducing gases (CO and H,) produced by pyrolysis can also
react with the iron ore to produce CO, and Fe;O, in a double-
layer reactor. This reduced iron can be used as a high-quality raw
material for ironmaking. Kurniawan et al.'* studied the effect of
combined coal—biomass with various biomass blending ratios
(BBRs) on coal—biomass-integrated copyrolysis—tar decom-
position over a low-grade iron ore, and the highest carbon
content of a porous iron ore (4.70%) was obtained when BBR-
25% was used. These studies show that in the temperature range
of 600—700 °C, the reductive volatilization produced by
biomass pyrolysis can effectively reduce Fe,O; to Fe;O,. The
required reduction temperature is approximately 200 °C lower
than the overall temperature of bituminous coal, which is
necessary to reduce Fe,0;.'° Under medium- and low-
temperature conditions, the apparent activation energy of
biomass pyrolysis is lower than that of bituminous coal pyrolysis.
Although some studies on biomass-based reduction of iron
oxide have been carried out, there is a lack of literature on
biomass-based reduction of SHPS. Therefore, it is of great
significance to explore the reduction and magnetization of SHPS
by biomass pyrolysis for solid waste recycling, energy
conservation, and emission reduction and to improve the
ecological environment.

Among many forms of agricultural and forestry waste biomass,
corncob has the advantages of easy grinding, easy storage and
transportation, large output, and wide distribution. However,
there is no literature on the reduction of iron oxide by corncob
instead of traditional coal-based reductants. Therefore, this
article innovatively selects corncob as a biomass reducing agent
to verify whether the reducing gas produced by corncob
pyrolysis can effectively reduce iron oxides in SHPS under
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Figure 2. Configuration of the apparatus for the pyrolysis—reduction roasting experiment.

appropriate experimental conditions. Considering the above-
mentioned facts, the present study aims to explore the possibility
of the application of biomass (corncob) in the reduction
roasting of a Chinese SHPS sample containing Fe,O; to recover
iron from SHPS; the goal of this recovery process is to effectively
utilize SHPS as a resource and alleviate the supply shortage of
iron concentrate powder, as well as to establish a new
bioreductant (corncob) that will function as an alternative to
coal in the future and broaden the resource utilization channels
of the corncob. First, the characteristics (including appearance,
chemical composition, elemental and industrial analysis,
scanning electron microscopy (SEM) microstructure, X-ray
diffraction (XRD) crystal phase, and thermogravimetric (TG)
properties) of SHPS and corncob were analyzed. Then, the
pyrolysis characteristics of the corncob were studied to clarify
the temperature range and concentration of reducing gas
emitted by corncob pyrolysis. Furthermore, the Gibbs free
energy of the reaction of reducing components such as CO, H,,
CH,, and C with Fe,O; in SHPS at different reaction
temperatures was studied by thermodynamic calculations.
Finally, the effects of the reaction temperature, corncob addition
amount, residence time, and magnetic separation intensity on
the Fe recovery ratio and Fe grade in SHPS were studied using a
fixed bed and magnetic separation tube. This research provides a
new idea for the recovery and utilization of SHPS and corncob.

2. MATERIALS AND METHODS

2.1. Preparation of SHPS and Corncob Samples. The
SHPS sample was supplied by a steel surface processing plant
(Tianjin City, China). The corncob sample was collected from a
farm in a suburb of Tianjin City. The SHPS powder and corncob
were crushed into fine particles and sieved such that only
particles less than 150 ym in diameter were utilized. Figure 1
presents photographs of the SHPS and corncob samples.

2.2. Characterization Techniques. Different integrated
instrumental characterization studies were carried out for the
reductant (corncob), SHPS sample, and roasted and magnetic
separation products. The O, N, and H contents in the ultimate
analysis of the samples were analyzed by an American Leco
ONHS863 analyzer, while C and S were analyzed by an American
Leco CS844 analyzer. The proximate analysis of the samples was
carried out on an American Leco TGA801 industrial analyzer.

The elemental content (except chlorine) of the samples was
tested using an Agilent ICP—MS 7700 instrument. The chlorine
content in the powder samples was analyzed using an ARL
AdvantX Intellipower TM3600 X-ray fluorescence spectrometer

(Thermo Fisher). X-ray diffraction (XRD) patterns of the
samples were obtained with a Rigaku D/Max 2500 (Japan) X-
ray diffractometer utilizing a Cu Ka radiation source to
determine the crystalline phases. Scanning electron microscopy
(SEM) images were recorded by a Zeiss Sigma 300 (Germany)
scanning electron microscope to observe the morphology.

TG analysis was carried out using a synchronous STA 8000
thermal analyzer (PerkinElmer). To preheat the reaction system
and evacuate the air in the reaction chamber, the circulating
water pump was opened before the beginning of the experiment,
and 100 mL/min argon was injected at the same time. When the
system temperature was stable and the carrier gas pressure was
constant at 2 MPa, approximately 8—10 mg of dried
experimental sample was placed in a prefired ceramic crucible.
The heating rate for TG analysis was 15 °C/min, and the final
temperature was 950 °C.

2.3. Experimental Methods: Pyrolysis—Reduction
Roasting and Magnetic Separation. All reduction roasting
experiments were conducted in an electric furnace. Figure 2
shows a schematic diagram of the experimental device during
pyrolysis—reduction roasting. A total of 10 g of an SHPS sample
was thoroughly mixed with the desired amount of the corncob
and stored in a quartz tube. Before each test, high-purity N, with
a flow rate of 40 mL/min was injected into the quartz tube to
maintain an inert atmosphere for the reactions. After roasting for
the required time, the samples were removed and cooled with
N,. The roasted mass was ground to a —150 ym size and
subjected to magnetic separation using a low-intensity magnetic
separator with a magnetic field intensity of 0—400 mT. The
strongly magnetic and nonmagnetic fractions were collected
separately, dried, and analyzed for total iron (Fe(T)) content,
and the iron recovery rate was calculated. The strongly magnetic
fraction was regarded as the product. The experimental process
flow is presented in Figure 3.

In the pyrolysis experiment of the corncob without SHPS,
after the pyrolysis reaction was completed and the sample had
cooled to room temperature, the coke product was collected and
weighed. The pyrolysis tar was collected with dichloromethane
and then distilled through a rotary evaporator, and the masses of
bio-oil and water were calculated. The gas products were
collected in an air bag, and then the volume fractions of the main
small-molecule reducing gases were analyzed by gas chromatog-
raphy (Shjinmi GC112a).

The product yield of corncob pyrolysis was calculated as
follows
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where Y}, Y,, Y3, and Y, are the yields of pyrolysis char, tar, water,
and gas, respectively, and m,, m,, ms, and m are the masses of the
char, tar, water, and feedstock, respectively.

2.4. Statistical Design. The recovery rates of Fe in the
strongly magnetic concentrates were calculated according to
mass balance. The formula used to calculate the recovery rate is
as follows

recovery rate =
M, X w, (%)

Note: M;— quantity of strongly magnetic concentrate, g; @,—
grade of iron in concentrate, %; M,—quantity of the raw
material, g; and @w,—grade of iron in the raw material, %.

2.5. Analysis of SHPS and Corncob Characteristics. The
chemical composition of the SHPS sample is shown in Table 1.
As shown in Table 1, SHPS contains large amounts of Ca, Cl,
and Fe (~30%), and Fe is one of the main raw materials in the
iron and steel industry, can be well separated, and has a great
recovery value.

The ultimate and proximate analyses of the corncob and
SHPS are presented in Table 2. The results of the ultimate
analysis presented in Table 2 show that the C content of SHPS
was 2.38%; this C mainly comes from the organic acid mist
inhibitor that was added to prevent HCI gas from escaping
during the steel pickling process.'®'” The relatively low content
of C indicates that it is difficult for SHPS to burn. The H content
was only 1.94%, which indicates that there are few hydrogen-rich
aliphatic side chains in SHPS and that SHPS has a low calorific

value. The moisture content in SHPS was 13.38%, the ash
content was 77.14%, and the volatile content was 4.65%. The
high ash content further indicates that SHPS has a low calorific
value during combustion and a low organic matter content. As
shown in Table 2, the C content in the corncob reached 43.62%,
and the content of H was 5.98%, while the proximate analysis
showed that the volatile content reached 76.16%; therefore,
corncob has the potential to produce volatile reducing gas by
pyrolysis to reduce iron oxide in SHPS.

Figure 4 shows the results of SEM analysis of the external
characteristics of the corncob and sludge. The microstructure of
the corncob shown in Figure 4a consists of long strips embedded
with pores, and this structure is conducive to the release of
volatile compounds during pyrolysis. As shown in Figure 4b,
SHPS has a microscopic structure consisting of bright and fluffy
irregular spheres and dark and very small irregular particles,"®
and the structure of the sludge is complicated.

To determine the phases in the SHPS sample, an XRD
analysis was performed, as shown in Figure 5. In addition, Figure
S shows that Fe in SHPS generally exists in the form of a trivalent
iron oxide, which is weakly magnetic and cannot easily be
recycled. Furthermore, the diffraction peak in the diffraction
pattern of SHPS is complex, which means that this material is
difficult to recycle without treatment.

3. RESULTS AND DISCUSSION

3.1. Thermogravimetric Analysis and Pyrolysis Char-
acteristics of the Corncob. Figure 6 shows the TG-derivative
thermogravimetry (DTG) curves of the high-temperature
behavior of the SHPS and corncob samples. A mass loss of
approximately 15.09% was observed for SHPS in the temper-
ature range of 100—900°C. The weight loss at 50—150 °C was
mainly caused by the desorption of physically adsorbed water
and adsorbed gas, and the weight loss at 200—400°C was mainly
caused by the dehydroxylation of a small amount of aqueous
minerals, such as goethite (formula 6), in SHPS.'”*° The weight
loss at 260—950 °C was mainly caused by the thermal
decomposition of a small amount of organic matter and calcium
carbonate in SHPS.”’

2Fe(OH); — Fe,0, + 3H,0 (6)

‘When the temperature was 100—260 °C, the mass reduction rate
of corncob remained basically unchanged; there was basically no
thermal decomposition reaction at this stage, and the
composition of the corncob remained basically unchanged.
When the pyrolysis temperature was greater than 260 °C, the
TG curve began to decline rapidly, indicating that volatile
compounds were released. There was a second trough in the
DTG curve near 290 °C, and the release rate of volatiles reached
the maximum at this point. The TG curve shows that the weight
loss rate of the corncob was very small after 500 °C, indicating
that the pyrolysis reaction tends to become stable when the
pyrolysis temperature of the corncob exceeds 500 °C. The
residual mass of the corncob decreased from 94.84—22.68% in
the range of 260—500 °C, which was attributed to the complex
composition of the corncob. A corncob contains cellulose and

Table 1. Chemical Composition of SHPS

chemical composition (%)

sample Fe Zn Mn Ca Na
SHPS 29.80 0.02 0.29 11.11 3.38

Mg Si Al cl P S

0.005 0.19 4.78 0.21 12.13 0.01 0.02
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Table 2. Ultimate and Proximate Analysis of the SHPS and Corncob Samples

ultimate analysis (ad) wt (%)

proximate analysis (ad) wt (%)

sample C H (€] N N M A% A FC
SHPS 2.38 1.94 17.30 0.19 0.37 13.38 4.65 77.14 4.82
corncob 43.62 5.98 49.88 0.51 0.01 421 76.16 2.75 16.88
Figure 4. Scanning electron micrographs of the crushed corncob (a) and SHPS (b).
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Figure S. XRD diffraction pattern of the SHPS sample. 1004 (b) F0.4
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hemicellulose, which are connected by weak bonds. In this %04
temperature range, the bonds in the corncob were easily broken, SN 0.0 o
generating a large amount of volatiles and resulting in a = E
.. . L1, 22 = F-02 =
significant decrease in weight.”” The temperature range of 300— 5 601 °
325 °C mainly involved the decomposition of hemicellulose and &= L 0.4 g
a small amount of lignin, and at 340—375 °C, the degradation of a
cellulose predominated.”” After the experiment, the mass 401 --0.6
fraction of residual carbon was 22.48%. Additionally, the TG
corncob had a higher mass loss than SHPS because the corncob 204 r-0.8
contains a higher content of volatile matter, as shown in Table 2. o

The corncob (10 g) was dried and sieved to 150 ym and the
temperature was increased to 300, 400, 500, 600, 700, 800, and
900 °C in a tubular pyrolysis furnace, as shown in Figure 2, at a
heating rate of 15 °C/min. Gas samples were collected in a
collection bag at intervals of 100 °C from 300 to 900 °C, and the
gas composition was analyzed by gas chromatography. After
being maintained at the desired temperature for 40 min, the
residue was removed and cooled to room temperature. The

100 200 300 400 500 600 700 800 900
T(°C)

Figure 6. TG/DTG profiles of SHPS (a) and the corncob (b) after
drying at 105 °C.

distribution of the pyrolysis products obtained is shown in Table
3, and Figure 7a shows the change trends for the four pyrolysis

https://doi.org/10.1021/acsomega.2c01122
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Table 3. Dependence of Corncob Product Yields on Pyrolysis
Temperature

temperature (°C)  char (wt %) gas (wt %) oil (wt %) water (wt %)

300 31 33 15 21
400 30 34 16 20
500 27 35 22 16
600 25 37 23 15
700 26 41 16 17
800 24 42 14 20
900 22 43 13 22
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Figure 7. Yield of corncob pyrolysis products at different pyrolysis
temperatures (a) and volume fractions of small-molecule reducing
gases in corncob pyrolysis gas (b).

product phases of the corncob obtained at different pyrolysis
temperatures. As shown in Figure 7a, corncob pyrolysis
generates biomass char, biomass oil, water, and gas, and the
gas yield increases with temperature after a moderate temper-
ature. As shown in Table 3, the proportion of gas-phase pyrolysis
products increased from 33 to 43% from 300 to 900 °C. This is
because a thermal path that led to the formation of mainly oils
and chars at low and moderate temperatures was replaced by a
thermal reaction that led to the formation of additional gas at
higher temperatures. If the temperature is increased, particularly
to 600 °C or more, the reaction rate increases, and long-chained
compounds break down into smaller compounds. This process

can be explained by the fact that the gaseous yield is higher
during the transition from 600 to 900 °C than for other
temperature intervals, as shown in Figure 7a.

The volume fraction of the main small-molecule reducing
gases at different pyrolysis temperatures is shown in Table 4, and

Table 4. Volume Proportions of Small-Molecule Reducing
Gases Produced by the Corncob at Different Pyrolysis
Temperatures

temperature (°C) CO (vol %) H, (vol %) CH, (vol %)

300 6.89 1.84 0.41
400 7.92 291 0.56
500 8.54 3.96 0.62
600 10.43 4.48 0.71
700 22.01 7.78 0.83
800 24.32 9.95 1.12
900 26.51 10.05 2.69

Figure 7b shows the corresponding change trends. As shown in
Figure 7b and Table 4, the yield of small-molecule reducing
gases increased with increasing temperature, especially above
600 °C. CH, in the pyrolysis gas mainly comes from the cracking
of aliphatic side chains.”* CO mainly originates from the
decomposition of oxygen-containing functional groups, and the
yield of CO was higher than that of H, and CH,, which indicated
that the corncob contained a relatively high content of oxygen.
The gas from corncob pyrolysis originates not only from the
primary pyrolysis process but also from the secondary thermal
cracking of volatile compounds.”**® These pyrolysis reducing
gases provide reducing agents for the medium- and low-
temperature reduction of iron oxide in SHPS.

3.2. Thermodynamic Analysis. To investigate the ability
of reducing gases in corncob pyrolysis gas to reduce iron oxide in
SHPS, the change law of the Gibbs free energy for the reaction
between the gas components and SHPS at different reduction
temperatures was calculated by thermodynamic analysis. After
the sample is dried, Fe is mainly present as an oxide. Therefore,
the thermodynamic analysis in this paper mainly examines the
reaction of Fe,O; with multiple reducing substances. When the
pyrolysis temperature is 600 °C, the main reducing components
in corncob pyrolysis gas are approximately 4.48 vol % H,, 0.71
vol % CH,, and 10.34 vol % CO. According to the relevant
species of reactants and products, the possible chemical reaction
between pyrolysis gas and Fe,O; is shown in eqs 7—18. As a
comparative study, this paper also calculates the reduction
thermodynamic data for coal series reductants. When using a
coal series reductant, the main reduction medium is fixed
carbon; the main reduction reaction is shown in eqs 19-22.
According to the thermodynamic calculation method (listed in
eqs 7—22; the calculation formula of A,G,.(T) is A,G,(T) =
AH, % (298.15 K) — TA,S, ? (298.15K), where A H,_? (298.15
K) and A,S,’ (298.15 K) are based on Schedule 1 (ie,
thermodynamic data for selected substances) from “Inorganic
Chemistry” (Sth edition) compiled by the Department of
Inorganic Chemistry of Dalian University of Technology.””), the
standard reaction Gibbs free energy change (A,G’m, kJ/mol) of
each reaction varies with temperature, as shown in Figure 8.
Thermodynamically, A,G,.? > 0 means that a chemical reaction
cannot occur; on the contrary, when A,G,? <0, the reaction will
spontaneously occur, and the more negative the A,G,,’ value is,
the more easily the reaction takes place.”
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Figure 8. Change in standard reaction Gibbs free energy against temperature for the reaction of iron oxides with H, (a), CO (b), CH, (c), and C (d).

3Fe,04(s) + H,(g)
= 2Fe,0,(s) + H,0(g), A,GY

= —15 547 — 7440T, J/mol )
Fe,0,(s) + Hi(g)

= 3FeO(s) + H,0(g), A,G’

= 71940 — 73.62T, J/mol (8)
FeO(s) + H,(g) = Fe(s) + H,0(g), A G’

= 23430 — 16.16T, J/mol ©)

Fe;0,(s) + 4H,(g)

= 3Fe(s) + 4H,0(g), A,GY

= 35550 — 30.40T, J/mol (10)
3Fe,05(s) + CO(g)

= 2Fe,0,(s) + CO,(g), A,G’

= —52 131 — 41.00T, J/mol (11)
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Fe,O,(s) + CO(g)
= 3FeO(s) + CO,(g), A,GY

= 35380 — 40.16T, J/mol (12)

FeO(s) + CO(g) = Fe(s) + CO,(g), A,GY
= —22 800 + 24.26T, J/mol (13)

1/4Fe;0,(s) + CO(g)

= 3/4Fe(s) + CO,(g), A,G’

= —9832 + 8.58T, J/mol (14)
CH,(g) + 12Fe,0,

= 8Fe,0, + CO,(g) + 2H,0(g), A,G’,

= —167 906 — 521.27T, J/mol (15)
4Fe,0, + CH,(g)

= 12FeO + CO,(g) + 2H,0(g), A,G’

= 477 307 — 534.60T, J/mol (16)
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4FeO + CH,(g) = 4Fe + CO,(g) + 2H,0(g), A,G’
=261 012 — 276.24T, J/mol (17)

Fe,0, + CH,(g) = 3Fe + CO,(g) + 2H,0(g), A,G’
= 315085 — 340.83T, J/mol (18)

3Fe,05(s) + C(s)
= 2Fe;0,(s) + CO(g), A,G)
= 132028 — 220.85T, J/mol (19)
Fe,0,(s) + C(s) = 3FeO(s) + CO(g), A,G”
=209 379 — 224.18T, J/mol (20)
Fe(s) + CO(g), A,GY
155 305 — 159.59T, J/mol (21)

FeO(s) + C(s)

Fe;0,(s) + 2C(s)
= 3Fe(s) + 2CO,(g), A,G
= 330359 — 351.836T, J/mol (22)

As shown in Figure 8, when the temperature is in the range of
273.00—1400.00 K, the standard reaction Gibbs free energies of
eqs 7, 11,and 15 are always negative (A,G,,’ < 0), indicating that
Fe,0; in SHPS is easily reduced to Fe;O, by H,, CO, and CH,,.
The standard Gibbs free energies of eqs 7, 11, and 15 decrease as
the temperature increases, which means that increased temper-
ature can promote the reduction magnetization of Fe,O;. The
Gibbs free energy of eq 19 is generally positive (A,G,,’ > 0)
below 600 K, which indicates that the reduction of Fe,O; by
carbon-based reductants requires a higher reduction temper-
ature than does the reduction of Fe,O; by reducing gas.” This is
consistent with the research results of Sohn and Freehan, which
confirmed that compared to reduction by reducing gas,
reduction by carbon was negligible at and below 900 °C.*
However, when the temperature exceeded 1000 K, weakly
magnetic FeO was produced, and the recovery rate of the
product was reduced. Therefore, to ensure that the reduction
product is strongly magnetic, the reaction temperature should
theoretically be below 1000 K. The composition of SHPS is
complex, the biomass pyrolysis reduction process may be
affected by various factors, and the theoretical analysis may differ
from the actual reaction, so we need to comprehensively
investigate the influencing factors of the reduction—magnetic
separation process.

3.3. Effect of Pyrolysis Temperature on the Recovery
Index. The mass ratio of SHPS to corncob was 96:4%, the final
pyrolysis temperature was 400—800 °C, and the residence time
after the final temperature was reached was 10 min. The solid
pyrolysis residue of SHPS was magnetically separated with a 250
mT magnetic field intensity in a magnetic separator. The effect
of pyrolysis temperature on the Fe recovery rate and Fe grade of
the concentrate is shown in Figure 9.

Figure 9 shows that the reduction temperature had a strong
influence on the iron grade and recovery ratio. When the
temperature was 680 °C, the reduced iron grade and recovery
ratio were the highest and reached 67.31 and 92.42%,
respectively. When the reduction temperature was lower than
680 °C, the Fe grade and recovery ratio increased gradually with
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Figure 9. Effect of pyrolysis temperature on the recovery index.

increasing reaction temperature. With increasing reaction
temperature, the volatile content of small-molecule reducing
gas produced by corncob pyrolysis also increased after volatile
decomposition;>" thus, the conversion rate of Fe,0; to Fe;O,
was accelerated. This is consistent with the phenomenon in
Figure 6b, which shows that when the temperature increased to
260—600 °C, two large weight loss peaks of corncob appeared,
indicating that the main reducing gases were released. According
to the thermodynamic analysis (Figure 8), the Gibbs free energy
of the reaction of CO, H,, and CH, with Fe,O; decreases
significantly with increasing temperature, which is conducive to
the reduction of Fe,O; to Fe;O,. When the temperature exceeds
680 °C, on the one hand, too high a temperature causes SHPS to
experience local sintering, and the reducing atmosphere cannot
fully contact Fe, O in SHPS, which reduces the reduction rate of
SHPS; on the other hand, according to the thermodynamic
analysis (Figure 8), the Gibbs free energy of the reaction
between CO, H,, and Fe;O, is less than 0 at 600 and 700 °C,
indicating that the higher content of reducing gases such as CO
and H, from corncob pyrolysis can deeply reduce part of the
SHPS into weakly magnetic wustite (FeO),* reducing the Fe
grade and recovery rate of SHPS. In addition, when the
temperature is too high, Fe,O; may react with Na,O and CaO to
form 2Ca0-Fe,0;, and Na,0-Fe,0,,>* which will also reduce
the grade and recovery ratio of iron. In addition, if the
temperature is too high, the reduction roasted material is
sintered, and the reduction conditions deteriorate.>*>° There-
fore, the roasting temperature should be maintained at
approximately 680 °C.

3.4. Effect of Biomass Addition on the Recovery Index.
Further experiments were performed to investigate the effect of
the biomass addition amount on SHPS Fe,O; reduction and
recovery. Corncob dosages of 1, 2, 3, 4, 5, 6, and 7 wt % were
used in reduction experiments at 680 °C for 10 min. The
magnetic field strength was 250 mT. Figure 10 shows variation
in the recovery index with the corncob addition amount.

As shown in Figure 10, the Fe recovery rate and grade were
greatly affected by the amount of biomass added. As the amount
of the corncob increased, the reduced iron grade and recovery
ratio showed a trend of first increasing and then decreasing.
When the addition ratio was less than 5 wt %, the iron oxide in
the sludge could not be fully reduced, and the recovery rate was
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Figure 10. Effect of the biomass addition ratio on the recovery index.

low. When S wt % corncob was added, the grade and recovery
rate of the product increased significantly, reaching 67.39 and
92.68%, respectively, and the magnetic separation index was
better. With a further increase in corncob addition, the grade and
recovery rate began to decrease, which may be due to a large
amount of reducing volatiles being produced by excessive
corncob quantities, leading to overreduction; as a result, weakly
magnetic wustite (FeO) formed, which reduced the magnetic
separation recovery. In addition, pickling sludge contains a large
amount of alkali metals, which easily reduce the ash melting
temperature of corncob and lead to agglomeration.'> When the
amount of corncob is large, the impurities in the product
increase,’> and the Fe grade decreases. Therefore, the
appropriate amount of corncob was 5 wt %.

3.5. Effect of Residence Time on the Recovery Index.
The amount of the corncob used was 5 wt %, and the particle size
was less than 150 pm; at 680 °C, the particle size of SHPS was
less than 150 pm, and the magnetic field strength was 250 mT.
The magnetization effect of SHPS in the S—35 min time range is
shown in Figure 11. As shown in Figure 11, the residence time

—=— TFe grade
70 - —e— Recovery rate

F95

- ~_~~
66 90 S\o_,
~ Q
=3 -~
% 64 ) S
= - 85 E‘
S 62 o)
S 2
5
60 /0 80 2
l/
58
- 75
56 T T T T T T T
5 10 15 20 25 30 35

Time (min)

Figure 11. Effect of residence time on the recovery index.

grade and recovery rate increased significantly. After 20 min, the
Fe grade decreased significantly, and the recovery showed a
gradual downward trend. Therefore, when the temperature
reaches 680 °C, the appropriate residence time should be set to
20 min.

3.6. Effect of the Magnetic Field Strength on the
Recovery Index. The influence of magnetic field intensity on
the recovery index is shown in Figure 12 under the following
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Figure 12. Effect of magnetic field intensity on the recovery index.

conditions: 5§ wt % corncob, at 680 °C for 20 min, and a roasted
product particle size of less than 150 pm. With increasing
magnetic field intensity, the change trends of the iron grade and
recovery rate were opposite. When the magnetic field intensity
increased from 150 to 300 mT, the recovery rate nearly linearly
increased from 87.83 to 92.93%, while the iron grade of the
product decreased from 67.95 to 67.26%. When the magnetic
field intensity is too low, the recovery rate is low.** When the
magnetic fleld intensity is too high, some weak magnetic
substances may be adsorbed, and some undissociated impurities
can be trapped, resulting in an increase in the recovery rate and a
decrease in the Fe grade of the recovered products. When the
magnetic field intensity was 200 mT, the Fe grade and recovery
rate were 67.72 and 91.83%, respectively. Choosing the
appropriate magnetic field intensity can not only realize the
recovery of magnetic materials but also save energy. In this
paper, 200 mT was selected as the magnetic field intensity for
magnetic separation of the reduction product.

In summary, the optimized conditions were a reaction
temperature of 680 °C, a corncob dosage of 5%, a N,
atmosphere, a residence time of 20 min, a roasted product
particle size of less than 150 yzm, and a magnetic field strength of
200 mT. Under these conditions, the recovery rate of Fe reached
91.83%, and the grade of Fe reached 67.72%.

3.7. Characterization of the Products Obtained under
the Optimum Conditions. The XRD spectrum of the
recovered product from the optimized conditions is shown in
Figure 13. Compared with the original SHPS (Figure 5), almost
all of the Fe,O; peaks in the roasted material disappeared, and
Fe;0, peaks appeared instead. The impurities in the magnetic
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Figure 13. XRD diffraction patterns of the roasted material (a),
concentrate (b), and tailings (c).

concentrate product are significantly reduced, and the main
component is Fe;O,. The tailings mainly consisted of non-
magnetic components, such as CaCOj, SiO,, and AL, O;.
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Figure 14 shows photos of the roasted material, concentrate,
and tailings. Figure 14 shows that after reduction roasting of
SHPS is performed, the color of the product is notably different
from the red color of the SHPS raw material. The roasted
material and concentrate are black, while the tailings are light
gray.

Table 5 shows the main components of the concentrate
product; the total content of Fe in the product reached 67.72%.
Compared with the values in Table 1, the content of Cl in the
concentrate decreased from 12.13 to 0.39% after roasting—
magnetic separation, and the contents of Na, Ca, and K also
decreased significantly because these three elements in SHPS
mostly combined with CI to form water-soluble chlorides. Most
of these chlorides were dissolved in an aqueous solution during
wet magnetic separation, and only a small amount remained in
the concentrate. The filtrate produced by wet magnetic
separation is mainly saline liquid containing soluble chlorine
salt, and this part of the filtrate should be recycled after water
treatment, such as pretreatment—microfiltration—reverse
osmosis—evaporative crystallization. Table 6 shows the
classification of the magnetite concentrated in GB/t 32545-
2016”7

Table 6 shows that the grade of Fe in the magnetic separation
concentrate obtained under the selected experimental con-
ditions reached the level I requirements in GB/T 32545-2016.
In addition to the magnetic separation concentrate having the
potential to be used as a raw material for ironmaking, magnetic
separation tailings can be used to solidify metal ions by the
sintering method to prepare permeable bricks and comprehen-
sively utilize waste.

4. CONCLUSIONS

Based on the test results and related analysis, the following
conclusions can be drawn:

(1) When the pyrolysis temperature is 600 °C, the main
reducing components in corncob pyrolysis gas are
approximately 4.48 vol % H,, 0.71 vol % CH,, and
10.34 vol % CO. According to the thermodynamic
analysis, the pyrolysis gas produced by the pyrolysis of
corncob at medium and low temperatures has the
potential to reduce Fe;O, to Fe;O, in SHPS.

(2) When the reaction temperature is lower than 680 °C, the
addition amount of corncob is less than 5%, and the
residence time is less than 20 min, the Fe recovery from
SHPS increases with increases in these three factors.
When the reaction temperature exceeds 680 °C, the
addition amount of the corncob is higher than 5%, and the
residence time exceeds 20 min, the thorough reduction of
SHPS is promoted, and the Fe recovery rate is reduced.
With an increase in the magnetic field intensity, the
changes in the Fe grade and recovery rate of the product
exhibit the opposite trend. In addition, 200 mT is the
appropriate magnetic field strength for magnetic separa-
tion of the reduction roasted SHPS material. The recovery
rate of Fe in SHPS is mainly affected by the temperature,
corncob addition ratio, residence time, and magnetic field
strength.

(3) Under the optimized conditions (i.e., a reaction temper-

ature of 680 °C, a corncob dosage of 5%, a residence time

of 20 min, a roasted product particle size of less than 150

pm, and a magnetic field strength of 200 mT), the

recovery rate of Fe reached 91.83%, and the grade of Fe
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Roasted material (a)

Concentrate (b)

Tailings(c)

Figure 14. Photos of the roasted material (a), concentrate (b), and tailings (c).

Table S. Main Element Contents of the Products after Wet Magnetic Separation (wt %)

project TFe Sio, Al O;
concentrate 67.72 1.29 0.11
tailings 8.13 32.37 1.58

S K,O + Na,O Cl Ca
0.01 0.01 0.39 141
0.01 0.13 0.32 2291

Table 6. Classification of the Magnetite Concentrate Grade”

index (quality score) (%)

grade TFe SiO, AL O;
level 1 >67.0 <6.0 <0.8
level 2 65.0 to <67.0 <7.0 <1.0
level 3 63.0 to <65.0 <9.0 <12
level 4 61.0 to <63.0 <11.0 <12
level 5 55.0 to <61.0 <15.0 <15

“Note: the moisture index is for reference.

P S moisture granularity
<0.0S <0.08 <10.0 —0.075 mm: >60
<0.10 <0.12
<0.10 <0.20
<0.10 <0.20
<0.10 <0.50

reached 67.72%, which met the level I requirements in
GB/T 32545-2016. Through the verification provided by
this experiment, the reducing gas produced by the
pyrolysis of corncob can effectively reduce iron oxide in
SHPS, allowing this iron oxide to be used as a resource.
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