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a b s t r a c t

To solve the problem of environmental pollution, Distiller's dried grains (DDGS), a biomass,

is used as a clean reducing agent for the leaching process of pyrolusite. Experimental

results have shown that the leaching rate of manganese can reach 92.1% with the

optimized conditions including a sulfuric acid concentration of 3.5 mol/L, a DDGS to

pyrolusite ratio of 0.4, a liquidesolid ratio of 3 mL/g, a temperature of 363K, a time of 3 h,

and a rotation speed of 400 rpm. This article explored the mechanism of the entire leaching

process: the crude fiber in DDGS is hydrolyzed into reducing sugars, and the MnO2 in

pyrolusite undergoes an oxidationereduction reaction to generate Mn2þ and studied the

kinetics of the leaching process following the unreacted shrinkage nuclear reaction model

controlled by the surface chemical reaction (1-(1-X)1/3 ¼ kt). The equation of leaching

kinetics is 1� 1� X
1
3 ¼ 3738:06$½H2SO4�0:57$

�
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This work provides a green and effective leaching process for the leaching of pyrolusite.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

As an important metal, manganese is widely used in steel

production, metal smelting, chemicals, electronics, batteries,
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and agriculture [9,14,32]. In China, manganese ore resources

account for approximately 6% of the global reserves, whilst

unqualified for industrial applications because the ores have

characteristics including low grades and poor qualities.

Therefore, the manganese production chain in China has a
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strong dependency on the global market [5,18]. With the

increasing global demand for manganese ore resources, the

supply of rich ore resources is reducing, and a large number of

low-grade pyrolusite resources have not been developed and

utilized. Thus, it is particularly important to design a reason-

able, green, efficient, and economical low-grade manganese

ore utilization technology.

At present, the pyrolusite-pyrite reduction system is used

for acid leaching of manganese ore on an industrial scale,

namely the “two-ore method”, where pyrite is used as a

reducing agent [23,27,30]. During the leaching process, the

process of converting S2� to SO4
2� occurs, which involves

multiple transfers of electrons and subsequently generates

many complex and unstable sulfur-containing intermediate

products. The generation of these intermediate products may

limit the reaction leaching efficiency. Schippers et al. found

that pyrite in marine sediments undergoes redox reactions

with MnO2 under anaerobic conditions. Among them, sulfur

and sulfate are the products of the oxidation reactions of FeS2
in pyrites. FeS2 will be oxidized into a variety of sulfates and

intermediates through the “thiosulfate mechanism”, such as

thiosulfate, trisulfate, tetrasulfate, and pentasulfate [23]. Yuan

et al. found that in the “two-ore method”, pyrite will generate

S0 and SO4
2� during the leaching process. These two oxidation

products will compete with each other and consume a large

amount of pyrite, limiting the final leaching efficiency. S0 is

very hydrophobic and does not have electrical conductivity,

which seriously hinders the reaction [31]. Lin et al. discovered

thatwhat prompted the reactionwas Fe3þ or Fe2þ decomposed

from pyrite. Therefore, the reason for the lack of starting

power in the “two-mining method” at the beginning is that

Fe3þ or Fe2þ in the reaction system is absent at the early stage

of the reaction. The high-valent iron oxide minerals were

decomposed to generate the abovementioned ions after the

sulfuric acid solution was heated, and the decomposition

products are mostly colloidal substances. The colloidal sub-

stance will reduce the fluidity of the reaction system, so the

entire reaction timewill be extended, and it will also affect the

subsequent solideliquid separation efficiency [16].

In addition, the reduction leaching process of pyrolusite also

has an SO2 reduction method. The main principle is to use py-

rolusite pulp to absorb SO2 contains in the exhaust gas. Because

MnO2 has strong oxidizing properties in acidicmedia and SO2 is

reductive, the dissolved SO2 gas will quickly undergo an

oxidationereduction reaction with MnO2 to reduce Mn4þ man-

ganese toMn2þ. SO2molecules can enter the crystal structure of

minerals, which can improve the leaching effect. Sun et al.

found that the extraction rate reached 95% when a two-stage

continuous countercurrent leaching process was used. The

result shows that the reduction of pyrolusite using the sulfur

dioxide leaching method is successful, and the method is rela-

tively simple for obtaining manganese sulfate [24].

The above studies all reflect that there are some short-

comings in the hydrometallurgical reduction process of py-

rolusite. For example, the “two-oresmethod” has complicated

reaction processes, and restrictive conditions, which usually

result in a low leaching rate. The roasting-acid leaching

method is energy intensive and is failed to meet the re-

quirements of green production. The ferrous sulfate method

obtains many Fe3þ ion contents in the material, and the
impurity removal process is complicated and cumbersome.

The sulfur dioxide leaching method is simple but has a strict

requirement on the airtightness of the reaction device to avoid

the leaking of SO2 gas, which will have a great impact on the

environment. Therefore, considering various factors, using

biomass as a reducing agent is a potential alternative for the

leaching of pyrolusite.

Biomass energy is a widely distributed, renewable, and

low-cost energy source [1,3,13]. Today, biomass energy ac-

counts for 10% of the global energy supplement. As a major

agricultural country in the world, biomass energy occupies a

very important position in the energy structure. The rational

and full utilization of biomass energy is also an important

research topic [6,7,10]. Many scholars have conducted exten-

sive research on the reduction of pyrolusite by biomass. Li

et al. proposed the use of walnut shells to reduce low-grade

pyrolusite through microwave pyrolysis. Pyrolusite was

reduced with walnut shells at 650 �C, and the final recovery

rate of manganese reached 92%. This research provides a new

method for the reduction of pyrolusite by pyrolysis. Because

the reaction was under microwave conditions, many cracks

and holes were generated on the surface of the product. This

phenomenon is also of great significance for understanding

the chemical reactions promoted by microwave conditions

[15]. Xue et al. conducted an experiment of roasting and

reducing pyrolusite with cellulosic biomass as a reducing

agent. It is verified that using cellulosic biomass to replace

traditional fossil fuels as a reducing agent can significantly

reduce greenhouse gas emissions during the roasting and

reduction process [28]. In research on biomass hydrometal-

lurgy reduction of pyrolusite, De Michelis et al. found that

lactose could be used as a reducing agent for leaching low-

grade pyrolusite. This work investigates the influences of

particle size on the manganese leaching process. Under the

process conditions studied, particle size had ignorable in-

fluences on the manganese extraction rate [8]. Furlani et al.

used glucose solution to reduce pyrolusite into manganese

sulfate. The method of leaching and reducing pyrolusite is

simple in process, advanced in technology, easy to put into

industrial production, and provides a new way for the devel-

opment and utilization of low-grade pyrolusite [11]. Wang

et al. studied the leaching of reduced manganese ores with

sucrose in dilute sulfuric acid media. The leaching rule of

manganese leaching was discussed, and sucrose was a

biomass reducing agent with a simple structure and compo-

sition. The process has high promotion and application value

[25]. As a kind of biomass energy, DDGS (distillers dried grains

with soluble) also has the abovementioned characteristics and

is rich in crude fiber, crude protein, and crude fat. DDGS is the

dried product of corn alcohol grains and residual liquor ob-

tained by processing the grain liquor in the process of pro-

ducing ethanol from the fermentation of corn [19,33]. The

cellulose in DDGS is partially decomposed by bacteria during

the brewing process, and the tight structure between cellulose

and lignin is also destroyed, which greatly improves the uti-

lization of the fiber component of the corn distiller's spent

grains. Cellulose can be hydrolyzed in an acidic environment

and has reducing properties to reduce sugars, which shows

that DDGS can be used as a reducing agent to leach and reduce

pyrolusite [4,21].
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Fig. 1 e XRD pattern of pyrolusite.
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As a by-product of the ethanol industry, the output of

DDGS is 90,000 tons per week. Since DDGS is very cheap, part

of the DDGS is used for animal feed. However, DDGS also has

great potential in industrial applications since DDGS is rich in

organics and is cheap compared with the other biomasses. In

this work, DDGS was used as a reducing agent and introduced

into the leaching process of low-grade pyrolusite. This

attempt shows an alternative plan for the recycling of DDGS,

meanwhile developing a green and clean method for the

reduction and leaching of low-grade pyrolusite. The method

effectively reduces the problems of high pollution and high

energy consumption in the traditional processes. A series of

single-factor experiments were performed to explore the in-

fluence of factors such as the concentration of sulfuric acid,

the ratio of corn distiller grains to pyrolusite, the liquid-to-

solid ratio, the stirring rate, time, temperature, and other

factors on the efficiency of manganese leaching. In addition,

this paper discusses the leaching mechanism in the MnO2-

DDGS-H2SO4 solution system and describes the kinetic

behavior of the entire leaching process. This conclusion has

certain preliminary guiding significance for the production

practice of leaching manganese sulfate from biomass reduc-

tion pyrolusite.
2. Materials and methods

2.1. Materials

The pyrolusite was purchased from Guangxi Province (China),

and its chemical analysis is shown in Table 1. The X-ray

diffraction (XRD) pattern of pyrolusite is shown in Fig. 1.,

which indicates that the phase composition of pyrolusite is

mainly the manganese dioxide phase and quartz phase. The

DDGS used in the experiment was purchased from Hebei

Province (China). Ultimate analysis and proximate analysis

were carried out according to relevant standards, and the re-

sults are shown in Table 2 below, indicating that the main

elements in DDGS are C and O.

2.2. Experimental procedures

The experimental procedure is described in Fig. 2. According

to the requirements of the experiment, sulfuric acid solutions

with different concentrations were prepared with a volume of

200mL, and then the corresponding solidmasswas accurately

weighed. The solid masses were poured into the reaction

vessel for mixing, water bathing, and heating. After the tem-

perature reaches a predetermined value, measured by the

temperature measuring device, the electric mixer was turned

on at a constant speed. The leaching solutionwas filtered after

the settled leaching duration. Subsequently, a certain amount

of the leaching solution was titrated with ferrous ammonium
Table 1 e Main ultimate analysis and proximate analysis
results of pyrolusite.

Element Mn Si Fe Al Ca

Content (w.t%) 27.48 20.42 6.82 6.22 2.12
sulfate to measure the manganese content; the leaching res-

idue was dried and ground for analysis and testing.

2.3. Analytical method of manganese content

The total manganese (TMn) content in the sample was detec-

ted by chemical titration (GB/T 1506e2016). A 0.2000 g sample

was weighed in a polytetrafluoroethylene beaker, 8 mL of ni-

tric acid, 5 mL of hydrofluoric acid, and 8mL of perchloric acid

were added and subsequently heated in a low-temperature

electric furnace to completely dissolve the sample. Then the

solution was heated for the evaporation of phosphoric acid.

After the white smoke was dispersed, the excess hydrofluoric

acid was removed and the solution was placed for cooling.

Then, 20 mL of phosphoric acid was added along the wall of

the bottle and transferred into a 250 mL conical flask. The

beaker was rinsed with water and was heated until the liquid

level was calm. The solution was then cooled to 60e70 �C, and
was diluted with 50 mL of sulfuric acid (V sulfuric acid: V water-

¼ 5:95). The manganese in the solution was titrated with

ferrous ammonium sulfate standard solution. Benzoan-

thranilic acid (0.2%) was used as an indicator to indicate the

endpoint. The solutionwill then turn from red to bright yellow

as the endpoint. The following equation calculates the con-

tent of total manganese (TMn) in the sample:

TMnð%Þ¼ c� V � 54:94
m� 1000

� 100 (1)

where c is the concentration of ferrous ammonium sulfate

standard solution, mol/L; V, is the volume of ferrous ammo-

nium sulfate standard solution consumed for titration of

manganese, mL; 54.94 is the molar mass of manganese of Mn,

g/mol; m is the actual weight of the sample, g.

1e2 mL of the extractive sample was put in an Erlenmeyer

flask, 20 mL of phosphoric acid was added, and the sample

was shaken well, and heated subsequently. After the liquid

level of the sample was calm, 3 mL of perchloric acid was

added. Heatingwas continued until the solution turned purple

and the liquid level was calm. The manganese content in the

solution was determined by the titration method of the

ferrous ammonium sulfate standard solution. The leaching

https://doi.org/10.1016/j.jmrt.2022.07.005
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Table 2 e Main ultimate analysis and proximate analysis results of DDGS (%).

Ultimate analysis Proximate analysis

Cad Had Oad Nad Sad Moisture Volatiles Fixed carbon Ash

45.22 6.05 40.62 1.06 0.16 13.92 62.95 19.20 3.93
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efficiency of manganese (Mn%) is calculated by the following

equation:

Mn%¼ c� V1� 54:94
1000� V2�M� TMn

� 100 (2)

where c is the concentration of ferrous ammonium sulfate

standard solution, mol/L; V1 is the volume of ferrous ammo-

nium sulfate standard solution consumed for titration of

manganese, mL; 54.94 is the molar mass of manganese of Mn,

g/mol; V2 is the total volume of leachate after filtration, mL; M

is the total mass of manganese ore taken in the leaching

experiment, g; TMn is the content of total manganese in the

sample, %.

2.4. Characterization method

An X-ray diffraction analyzer was used to analyze the phase

composition of manganese ore and the phase composition of

the leaching residue. The operating voltage was 40 kV, the

operating current was 40 mA, and the operating temperature

was 25 �C. In the 2q scanning range of 10�e90�, the X-ray

diffraction pattern was recorded and drawn at a scanning

speed of 1.6�/min. The data obtained were analyzed with Jade

software.

An X-ray photoelectron spectroscopy analyzer was utilized

to analyze and measure the surface element composition and

the valence state of the elements in the leaching residue. This

article uses a K-Alphaþ X-ray photoelectron spectroscopy

analyzer. The vacuum degree of the analysis room when

working:0e2�10�7mbar; theX-raysource isamonochromatic

AlKa source (MonoAlKa), theenergy is 1486.6eV, 6mA�12kV,
Fig. 2 e Experimental device a
and the beam spot size is 400 mm; Scan mode is fixed analyzer

energy (CAE), the pass energy of full-spectrum scan is 100 eV,

and the step length is 1eV; thepassenergyofnarrow-spectrum

scan is 50 eV, and the step length is 0.1 eV.

Scanning electron microscopy was used to analyze the

microstructure of manganese ore and leaching residue. This

article uses a Quanta-200 (FEI, USA) scanning electron mi-

croscope. The acceleration voltage of the experimental

equipment is 200 Ve30 kV, the magnification

is � 25~ � 200,000, and the resolution is 3.5 nm. The vacuum

degree is 6 � 10�4 Pa high vacuum, 13 Pae133 Pa low vacuum,

and 133 P~a2600 Pa environmental vacuum.
3. Results and discussion

3.1. Analysis of the leaching results

Through experiments, it was found that the concentration of

sulfuric acid, the ratio of DDGS to pyrolusite, the ratio of sul-

furic acid volume to a solid mass, temperature, time, and

rotation speed all have an impact on the leaching effect of

manganese. The relationship between the manganese leach-

ing effect and influencing factors is shown in Fig. 3. The con-

centration of sulfuric acid, the ratio of DDGS to pyrolusite, the

volume and solid mass ratio of sulfuric acid, and temperature

have significant effects on the leaching effect of manganese.

3.1.1. Influence of sulfuric acid concentration
Fig. 3(a) shows the effect of sulfuric acid concentration on

manganese leaching rate: the ratio of DDGS to pyrolusite is
nd flow chart of leaching.

https://doi.org/10.1016/j.jmrt.2022.07.005
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Fig. 3 e Manganese leaching efficiency under different single factor conditions: (a) sulfuric acid concentration, (b) sulfuric

acid liquid to solid mass ratio, (c) ratio of DDGS to pyrolusite, (d) temperature, (e) time, (f) stirring rate.
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0.4, the ratio of sulfuric acid volume to solid mass is 3 mL/g,

the temperature is 363K, the leaching time is 3 h and the

stirring rate is 200 rpm. Fig. 3(a) shows that the sulfuric acid

concentration is closely related to the manganese leaching

rate (Mn). The leaching efficiency of manganese (Mn) in-

creases with increasing sulfuric acid concentration. The
leaching rate rose from 63.94% at 0.5 mol/L to 84.34% at

2.5 mol/L, still showing an upward trend. However, when the

sulfuric acid concentration reaches 3.5 mol/L, the manganese

leaching efficiency (Mn) reaches 92.10%. Continuing to

increase the acid concentration, it was found that the leaching

rate did not change much. Prasetyo et al. found that under

https://doi.org/10.1016/j.jmrt.2022.07.005
https://doi.org/10.1016/j.jmrt.2022.07.005
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sulfuric acid conditions, the factors affecting the formation of

reducing sugars by acidolysis of biomass are mainly related to

the acid concentration [20]. With a low sulfuric acid

concentration, limited hydrolysis is noticed, and the semi-

fibrous structure in DDGS is relatively stable, thus the

reducing sugar yield and the related manganese leaching rate

is low. With an increased sulfuric acid concentration, the

hemicellulose in DDGS is easily carbonized, and the degra-

dation rate of the generated reduced sugar is greater than the

generation rate. Thus, the manganese leaching rate is low.

Additionally, the solution becomes viscous when the con-

centration of sulfuric acid increases and the lower water

content will hinder the movement of ions and reduce the ef-

ficiency of manganese leaching. Therefore, based on the

above analysis reasons, 3.5 mol/L was the optimal sulfuric

acid concentration.

3.1.2. Influence of the ratio of sulfuric acid volume to the solid
mass
Fig. 3(b) shows the influence of the ratio of sulfuric acid vol-

ume to solid mass on the manganese leaching rate: the sul-

furic acid concentration is 3.5mol/L, themass ratio of DDGS to

pyrolusite is 0.4, the temperature is 363K, the leaching time is

3 h and the stirring rate is 200 rpm. Fig. 3(b) shows that when

the ratio of liquid volume to solid mass changes from 1 mL/g

to 3 mL/g, the leaching rate increases significantly, from

78.74% to 91.29%. As the ratio increases above 3, the leaching

rate of manganese tends to be stable. After conducting rele-

vant experimental studies, Lu et al. mentioned that the

leaching efficiency of manganese first maintains an

increasing trend with the increasing liquid-to-solid ratio and

then begins to decrease, and this situation can be improved

with an increase in the reaction temperature [17]. This shows

that when the ratio of the liquid volume to the solid mass is

too small, the viscosity of the liquid is higher and the fluidity

of the solution is poor, which is harmful to the progress of the

reaction of each phase. If the ratio is too large, although the

fluidity in the entire system is improved, too much sulfuric

acid will affect the hydrolysis of DDGS and affect the progress

of the leaching reaction, which is harmful to the leaching of

manganese. Therefore, based on the above analysis reasons, a

ratio of 3 mL/g was selected as the best liquid volume to solid

mass ratio.

3.1.3. Influence of the quality ratio of DDGS and pyrolusite
Fig. 3(c) shows the effect of the mass ratio of DDGS and

pyrolusite on the leaching rate of manganese: the concen-

tration of sulfuric acid is 3.5 mol/L, the ratio of sulfuric acid

volume to solid mass is 3 mL/g, the temperature is 363K, the

leaching time is 3 h and the stirring rate is 200 rpm. Fig. 3(c)

indicates that the leaching efficiency increases with the

quality ratio of DDGS and pyrolusite. With an increasing mass

ratio of DDGS to pyrolusite from 0.1 to 0.4, the leaching rate

rose from 69.64% to 90.34%. When the mass ratio of DDGS to

pyrolusite continued to increase from 0.4, the leaching rate of

manganese did not change significantly. This shows that the

appropriate amount of reducing agent can improve the

leaching efficiency. Because of the increase in the amount of

DDGS, hydrolysis consumes a large amount of sulfuric acid,

which reduces the final manganese leaching rate. Therefore,
increasing the content of DDGS will increase the leaching rate

of manganese and affect the leaching efficiency of manga-

nese. Therefore, based on the above analysis reasons, 0.4 was

selected as the best quality ratio of DDGS and pyrolusite.

3.1.4. Influence of leaching temperature
Fig. 3(d) shows the influence of leaching temperature on the

manganese leaching rate; the concentration of sulfuric acid is

3.5 mol/L, the ratio of sulfuric acid volume to solid mass is

3 mL/g, the mass ratio of DDGS to pyrolusite is 0.4, the

leaching time is 3 h and the stirring rate is 200 rpm. Fig. 3(d)

shows that the leaching efficiency has a positive relationship

with temperature, which indicates that temperature has a

significant effect on manganese leaching efficiency. The

leaching efficiency of manganese is only 70.51% at a temper-

ature of 333K. However, the leaching efficiency increases to

approximately 91.55% at a temperature of 363K. Xue et al.

summarized the reasons for the increase in manganese

leaching efficiency from both kinetics and thermodynamics

through research. In the thermodynamical aspect, the in-

crease in temperature meets the requirements of the activa-

tion energy of the reaction and promotes the progress of the

reaction. In the kinetical aspect, the increase in temperature

accelerates the migration speed of sulfuric acid to the solid

phase interface and the diffusion speed of the reaction

products discharged from the phase interface, this process

accelerates the leaching reaction [29]. This is because

increasing the leaching temperature activates the molecules

in the solution. At the same time, high temperature acceler-

ates the oxidationereduction reaction between DDGS and

MnO2 and improves the leaching efficiency. Considering the

influence of the boiling point of the solution and the

geographical location, 363K was selected as the optimal

leaching temperature.

3.1.5. Influence of leaching time
Fig. 3(e) shows the effect of leaching time on the manganese

leaching rate. The sulfuric acid concentration is 3.5 mol/L, the

liquid volume to solid mass ratio is 3 mL/g, the mass ratio of

DDGS to pyrolusite is 0.4, the temperature is 363K and the

stirring rate is 200 rpm. Fig. 3(e) shows that the leaching effi-

ciency of manganese gradually has a positive relationship

with the leaching time. The leaching efficiency of manganese

increased from 65.26% to 91.22% when the reaction time was

increased from 0.5 h to 3 h. Then, as the leaching time in-

creases, the leaching efficiency of manganese tends to be

stable. Through experimental research, Sahoo et al. found

that during the oxidation of MnO2, the carbon atom will be

continuously split to form organics such as formic acid, lower

aldose, glyceric acid, glycolic acid, etc., thereby restricting the

leaching rate of manganese [22]. This is because when the

leaching time increases, part of the reducing sugars in the

reaction system is converted into alcohols, and the alcohols

will continue to be oxidized to form aldehydes and acids,

which affects the efficiency of manganese leaching. During

the reaction, these small molecular organics evaporate

without reacting with MnO2, so the leaching efficiency of

manganese decreases with time. Therefore, based on the

above analysis reasons, 3 h was selected as the best leaching

time.

https://doi.org/10.1016/j.jmrt.2022.07.005
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3.1.6. Influence of stirring rate
Fig. 3(f) shows the effect of the stirring rate on the leaching

efficiency (Mn) during leaching. The sulfuric acid concentra-

tion is 3.5 mol/L, the liquid volume to solid mass ratio is 3 mL/

g, the mass ratio of DDGS to pyrolusite is 0.4, the temperature

is 363K, and the leaching time is 3 h. Fig. 3(f) shows that the

leaching efficiency of manganese increases along with the

stirring rate. Increasing the pressure from 100 rpm to 400 rpm

increased the manganese leaching efficiency from 74.78% to

91.34%. However, the reaction promotion effect is not straight

positively related to the stirring rate. The solid particles are

easily adhering to the wall of the reaction vessel and cannot

re-enter the reaction system if the stirring speed is too fast,

which is not conducive to the leaching of manganese. In

contrast, if the stirring speed is too small, the mass transfer

process is weak, which decreases the manganese leaching

rate. Therefore, based on the above analysis reasons, 400 rpm

was selected as the best stirring rate.

3.2. Analysis of leaching residue

Fig. 4 is a comparison of X-ray diffraction (XRD) of the leaching

slag obtained under the optimum reaction conditions and

pyrolusite. In the XRD pattern of the leaching slag, a MnSO4

peak is noticed, while the MnO2 peak existing in the raw ore

disappears in the XRD pattern of the leaching slag. The in-

tensity of the SiO2 peak in the two XRD patterns hardly

changes. This shows that the main substance involved in the

entire redox reaction is MnO2, while SiO2 will not participate

in the reaction; it also proves that DDGS has reducibility. It

also shows that the product of DDGS and pyrolusite in a sul-

furic acid environment is MnSO4.

To explore the reduction mechanism of pyrolusite by

leaching DDGS, X-ray photoelectron spectroscopy (XPS) anal-

ysis was used to study the changes in the surface composition

of the leaching residue. First, the leached slag was dried at low

temperature, and then the phase composition of the slag

generated during the reduction experiment was analyzed by

X-ray photoelectron spectrometry. The results were analyzed

using Therom Advantage software, as shown in Fig. 5. Ac-

cording to the relevant literature, the binding energy of the
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Fig. 4 e XRD patterns of leaching slag and pyrolusite.
characteristic peak of Mn2p3/2 is 640.4 eV, and the binding

energy of the characteristic peak of Mn2p1/2 is 651e652 eV,

and the characteristic binding energy of manganese sulfate is

640.9 eV. It shows that there is a 640.9 eV peak, which deter-

mined that the target product MnSO4 is produced in the

leaching residue. This also further verified the reason for the

formation of the MnSO4 phase in XRD and explained that the

redox reaction product of DDGS and pyrolusite under sulfuric

acid conditions is MnSO4.

Scanning electronmicroscopy (SEM) was performed on the

leaching residue to analyze the microstructure of the man-

ganese ore and the leaching residue. The result is shown in

Fig. 6. In the scanning electron microscope image of the

manganese ore leaching residue, the surfaces are not as

smooth as before the reaction. The morphology of the uneven

surface is similar to a dense layer of small particles. This is

because there are many insoluble substances in the corn

distiller's grains that were absent in the reaction. These

insoluble substances are left on the surface of the pyrolusite

after the drying treatment. In addition, there are holes and

gaps in some places, which shows that in a sulfuric acid

environment, the oxidationereduction reaction of corn

distiller grains and pyrolusite occurs locally, and the forma-

tion of these pores promotes the leaching of manganese.

3.3. Comparison of leaching pyrolusite from DDGS and
other leaching methods

Table 3 shows the comparison of different manganese

leaching processes. The content of manganese, optimal
Fig. 5 e XPS diagram of manganese ore leaching slag; (a)

the full spectrum of leaching slag, (b) Mn spectrum.

https://doi.org/10.1016/j.jmrt.2022.07.005
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Fig. 6 e Scanning electron micrograph of pyrolusite and

leaching residue; (a) pyrolusite, (b) pyrolusite, (c) leaching

residue, (d) leaching residue.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 1 9 : 4 2 7 0e4 2 8 1 4277
conditions, and leaching rate are compared in the table. Table

3 shows that under conventional conditions when pyrite is

used as a reducing agent, the leaching rate is relatively low.

For biomass-reducing agents, the leaching rate is relatively

high. The leaching rate of manganese reduction and leaching

using SO2 is the highest, but it has higher requirements on

equipment and recovery and treatment devices. Comparing

the process designed in this study with several biomass re-

ductants in the table, it was found that glucose and lactose as

reductants had longer leaching times, while sucrose as re-

ductants required higher sulfuric acid concentrations. The

reducing agent DDGS used in this study can still have a high

leaching rate of manganese after reducing the sulfuric acid

concentration and the leaching time.
4. Leaching mechanism and kinetic analysis

4.1. Analysis of the leaching mechanism

In this study, the use of DDGS as a reducing agent to extract

manganese (Mn) provides new technological prospects for the

utilization and development of low-grademanganese ore. The
Table 3 e Comparison between different leaching methods.

Content（Mn） Optimal conditions

26.4% H2SO4:1.2 mol/L; pyrit:20%; 400 rpm; 2.5h

23.5% SO2:6.62%, H2SO4:0.15 mol/L; 400 rpm; 32

20% H2SO4: 2%, Glucose: stoichiometric,

Pulp density: 50 g/L, 363K, 6 h, 200 rpm.

25.6% H2SO4:5 mol/L, Sucrose:0.035 M, 363K, 60

15.8% H2SO4: 0.75 mol/L, Lactose: 5.2 g/L, Pulp d

363K, 5 h, 200 rpm, Particle size: 180 mm.

27.5% H2SO4:3.5 mol/L; ratio of sulfuric acid vol

to the solid mass: 3 mL/g quality ratio of

and pyrolusite: 0.4; 363K; 3h; 400 rpm.
manganese in pyrolusite mainly exists in the form of man-

ganese dioxide (MnO2), which makes it difficult to extract

manganese (Mn) from the sulfuric acid solution, and Mn4þ

must be reduced to Mn2þ by a reducing agent. Wang et al.

found that the crude fiber in the distiller's grains will be hy-

drolyzed into reducing sugar with a strong reducing ability

under the action of the sulfuric acid solution, and in the sul-

furic acid environment, the reducing sugar andMnO2 undergo

oxidationereduction reaction to generate MnSO4, which

makes manganese continuously reduced and leached [26]. In

the leaching reaction system, the oxidationereduction reac-

tion of MnO2 and DDGS is mainly realized by the continuous

hydrolysis of crude fiber to generate reducing sugars so that

the manganese in MnO2 will finally enter the solution in the

form of divalent manganese ions. The mechanism diagram of

the reaction process is shown in Fig. 7.

The following chemical reactions exist in the leaching

system:

12MnO2þC6H12O6þ12H2SO4¼ 12MnSO4þ6CO2[þ18H2O

In the same way, the oxidationereduction reaction be-

tween other carbon-containing organicmatter in corn distiller

grains and MnO2 can be expressed by the general equation:

(C-HxOy)mþ2 mMnO2þ2 m H2SO4¼ 2 m MnSO4þmCO2[þzH2O

In addition, theremay also side reactions inwhich alcohols

are oxidized to aldehydes which are acidic. According to the

above reaction equations, the degraded products of DDGS are

water and CO2, and no other metal impurity ions will be

introduced into the system, which provides convenience for

subsequent processing. However, the detailed leaching pro-

cess mechanism of the components in DDGS and pyrolusite

still needs to be studied in depth.

4.2. Analysis of leaching kinetics

For hydrometallurgical leaching reactions, because of the

relatively low temperature, kinetic conditions rather than

thermodynamic conditions often play a decisive role in the

actual production process [12]. Alaoui al. found that in the

leaching process of biomass and pyrolusite, only a part of Mn

and soluble ions entered the solution, while other insoluble

substances such as gangue formed a porous layer wrapped
Leaching rate References

; 363K. 75.08% [16]

1e328K. 95.5% [24]

70% [11]

min. 91.8% [25]

ensity 10%; 84% [8]

ume

DDGS

92.1% This work
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Fig. 7 e Mechanism diagram of reduction of pyrolusite by DDGS.

Table 5 e Fitting results of different kinetic equations.
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around the surface of unreacted particles. This type of model

can be explained by the unreacted shrinkage model [2].

Therefore, the reaction kinetics of DDGS and pyrolusite follow

an unreacted shrinking coremodel. Table 4 shows the process

step equations that exist in the unreacted nuclear shrinkage

model system.

By substituting the experimental data into three mathe-

matically derived kinetic control step equations for linear

fitting, the slope of the straight line obtained is the apparent

reaction rate constant k and the correlation coefficient R2. The

results are shown in Table 5. The fitting graph is shown in

Fig. 8(a) (b) (c). The table and figure show that the rate constant

k of the chemical reaction control model is higher than the

other two models, and its correlation coefficient (R2) is the

highest. This shows that the leaching process belongs to the

type of chemical reaction control in the experimental tem-

perature range.

The apparent activation energy (Ea) represents the diffi-

culty of a chemical reaction and is a very important kinetic

parameter. Using the Arrhenius equation, the relationship

between 1/T and Ln K is established as an equation:

lnk¼ � Ea
R

�
1
T

�
þ lnA (3)

where k is the reaction constant (min �1), A is the frequency

factor, Ea is the apparent activation energy (kJ/mol), R is the
Table 4 e Process step equations for the existence of
unreacted nuclear shrinkage model system.

Unreacted shrinkage
nuclear reaction model

Equation

Internal diffusion control X ¼ kt

Chemical reaction control 1-(1-X)1/3 ¼ kt

Surface diffusion control 1-2/3X-(1-X)2/3 ¼ kt

Where X is the leaching efficiency (Mn), %, k is the reaction rate

constant, min�1, and t is the final leaching time, min.
universal gas constant (8.314J/K/mol), and T is the absolute

temperature (K).

The data of the chemical reaction control model is brought

into the Arrhenius equation, and the relationship between Ln

K and 1/T is drawn. The result is shown in Fig. 8(d). The cor-

relation coefficient R2 is 0.9711, which fully shows that the

linearity of the data is very good. The activation energy

calculated using the Arrhenius equation is 48.448 kJ/mol. This

indicates that the chemical reaction controls the leaching

process of manganese ore in the leaching method of this

experiment.

The same fitting steps were used to fit the relationships

between Ln K and sulfuric acid concentration, liquidesolid

ratio, mass ratio of DDGS and pyrolusite, and rotational

speed, respectively. The fitting results are shown in Fig. 9. As

can be seen from the figure, the response orders of the fitting

curves of each factor are 0.57, 0.78, 0.25, and 0.09, respectively.

The following equation can express the relationship between

the rate constant K and various factors.

K¼ k½H2SO4�a½L=S�b½pyrolusite=DDGS�c½rpm�dexpð�Ea = ðRTÞÞ
(4)
Model Mathematical
equation

T(K) k (min�1) R2

Internal diffusion

control

X ¼ kt 333 1.71E-03 9.22E-01

343 2.65E-03 9.56E-01

353 4.20E-03 9.73E-01

363 4.57E-03 9.65E-01

Chemical reaction

control

1-(1-X)1/3 ¼ kt 333 6.62E-04 9.42E-01

343 1.12E-03 9.75E-01

353 2.18E-03 9.86E-01

363 2.70E-03 9.72E-01

Surface diffusion

control

1-2/3X-(1-X)2/3 ¼ kt 333 8.61E-05 9.76E-01

343 2.19E-04 9.46E-01

353 6.65E-04 9.21E-01

363 9.42E-04 8.89E-01

https://doi.org/10.1016/j.jmrt.2022.07.005
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Fig. 8 e Kinetic linear fitting curve and Arrhenius equation diagram of leaching; (a) X, (b)1-(1-X)1/3, (c)1e2/3X-(1-X) 2/3, (d)

relationship between LnK and time 1/T.

Fig. 9 e Fitted curves between lnK and different factors; (a) LnK and Ln[c(H2SO4)], (b) LnK and Ln(L/S), (c) LnK and Ln(mDDGS/

mpyrolusite), (d) LnK and Ln(rpm).
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We get the final expression of the kinetic model by putting

the data into the above equation:

1�ð1�XÞ13 ¼3738:06 $ ½H2SO4�0:57 $
�
L
S

�0:78
$

�
DDGS

pyrolusite

�0:25

$ ½rpm�0:09$expð�48:448 = ðRTÞÞ
(5)

5. Conclusions

Reducing and leaching low-grade pyrolusite with biomass can

realize the high-efficiency utilization of low-grademanganese

resources, and provide a new direction for the effective reuse

of biomass without harm to the environment. This paper

studies the MnO2-DDGS-H2SO4 leaching system, aiming to

achieve a green, efficient, and environmentally friendly

method for the reduction and leaching of low-grade

manganese ore (<30%). The experimental results suggest

that the optimal conditions for reducing low-grade pyrolusite

with DDGS are the sulfuric acid concentration of 3.5mol/L, the

ratio of sulfuric acid volume to solid mass of 3 mL/g, the ratio

of DDGS to pyrolusite of 0.4, the heating temperature at 363K,

the leaching time of 3 h, and the stirring rate of 400 rpm. The

mechanism of this method is that DDGS is hydrolyzed in

sulfuric acid and undergoes a redox reaction with MnO2 in

pyrolusite to generate manganese sulfate. Compared with the

commonly used two-ore addition acid method, this method

does not generate many sulfur-containing oxides. Moreover,

because of the presence of S in pyrite, many unstable sulfur-

containing products are generated in the reaction, which

ensures the leaching rate while reducing environmental

pollution. In addition, the unreacted shrinkage nuclear

reaction model (1-(1-X)1/3 ¼ kt) under the control of the

surface chemical reaction is the most suitable model to

describe the leaching process. The equation of leaching

kinetics is 1� 1� X
1
3 ¼ 3738:06$½H2SO4�0:57$

�
L
S

�0:78
$
h

DDGS
pyrolusite

i0:25
$

½rpm�0:09$expð�48:448 =ðRTÞÞ The abovementioned research

results will be helpful to practical and industrial production

for the future development and utilization of low-grade

manganese ore and can provide certain guidance for reusing

DDGS and other biomass wastes.
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