
����������
�������

Citation: Yang, F.; Tang, Y.; Mi, Y.;

Jiang, L.; Luo, P.; Yang, Y. Mn(II)

Sorption on Stream Sediments

Sampled in Manganese Mining Area:

Dynamics and Mechanisms. Appl. Sci.

2022, 12, 3368. https://doi.org/

10.3390/app12073368

Academic Editor: Yosoon Choi

Received: 18 February 2022

Accepted: 24 March 2022

Published: 25 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Mn(II) Sorption on Stream Sediments Sampled in Manganese
Mining Area: Dynamics and Mechanisms
Fan Yang, Yankui Tang *, Yuwei Mi, Lu Jiang, Penghong Luo and Yang Yang

School of Resources, Environment and Materials, Guangxi University, Nanning 530004, China;
18776902722@163.com (F.Y.); 18629670151@163.com (Y.M.); kingdomssdabu@163.com (L.J.);
penghongLuo@outlook.com (P.L.); Yy123756868505@163.com (Y.Y.)
* Correspondence: cindyyktang@gxu.edu.cn; Fax: +86-0771-3273440

Abstract: The stream sediments that have been impacted by manganese (Mn) containing wastewater
for decades contain not only abundant microorganisms but also organic/inorganic substances.
To achieve effective treatment of manganese (Mn)-containing effluent and recovery of Mn from
water/sediments, the Mn(II) sorption behaviors and mechanism on sediments of a stream in Mn
mining areas were studied. In addition, the study analyzed the effects of various factors (initial
concentration, solution pH, sediment dose, contact time, and coexisting cations) on the Mn sorption
efficiency of Daxin sediments, and explored the contribution of microbial activity in the sediment
sorption of Mn(II). The results showed that the sorption process of Mn(II) on the sediments was
consistent with the Elovich and Freundlich models, and the removal of heavy metals was maximum
at 40 ◦C (62.47–98.93%), pH = 8 (77.51%), initial concentration of 1 mmol·L−1 (95.37%) and sediment
dosing of 12 g·L−1 (98.93%). The addition of 50 mM NaN3 inhibited the microbial activity in the
Daxin sediment, reducing the sorption and removal rates of Mn(II) by 0.605 mg·g−1 and 8.92%,
respectively. After sorption, the proportion of the Fe–Mn oxidation(iron–manganese) state in Daxin
sediments decreased from 54% to 43%, while the proportion of the exchangeable state increased by
10.80%. Microorganisms in the sediment had a positive effect on inhibiting heavy metal migration
and reducing the bioavailability of contaminants in the soil. Through this study, we hope to further
understand the sorption and desorption mechanism of manganese by stream sediments in manganese
ore areas, so as to provide a guide on the management and recovery of Mn from stream sediments in
manganese mining areas.

Keywords: manganese mining area; sediment; manganous; sorption

1. Introduction

China, the world’s largest producer, consumer, and exporter of electrolytic manganese,
plays an important role in global industrial production with an annual production of over
one million tons, accounting for more than 97.0% of the global supply [1,2]. However, the
development of electrolytic manganese generates a large number of pollutants. Studies
have shown that an average of approximately 3 tons of wastewater will be discharged
into the environment for every ton of electrolytic manganese produced, while 10–12 tons
of electrolytic manganese slag is generated [3,4]. During the leaching of manganese ores,
liquid ammonia and ammonium sulphate added during production are required to form
NH4

+/NH3 buffer solutions to neutralise the pH for stable electrolytic reduction precip-
itation of manganese, so the wastewater from electrolytic manganese smelting usually
contains Mn and ammonia nitrogen (NH4

+-N) [5,6]. Guangxi Zhuang Autonomous Region
is one of the most important manganese (Mn) mining areas in China, and the manganese
ore resource reserves account for about 23% of the national Mn ore resource reserves [7,8].
Nevertheless, this region is one of the most developed karst regions on earth, with karst
areas accounting for about 60% of the total area, therefore, its ecological environment is
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extremely fragile and more vulnerable to Mn contamination in surface water as well as
groundwater than other regions [9].

Conventional wastewater treatment systems can remove most pollutants, but they
do not fully achieve effective removal of large amounts of manganese and ammonia ni-
trogen, even after standard treatment. Existing processes still have shortcomings such as
complexity and high costs, and some processes produce by-products that can even lead to
secondary pollution [10]. Constructed wetland (CW) is recognized as the most economical
and green technology to intercept such pollutants through plant extraction and microbial
stabilization/mineralization. Constructed wetlands use soil, vegetation, and microbial
communities to mimic the main structures of natural wetlands. The mechanism of CW
treatment of wastewater involves chemical, biological, and physical processes such as
sedimentation, filtration, precipitation, volatilization, sorption, plant uptake, and micro-
bial degradation [11–13]. As a carrier for biofilm development in nature, a medium for
wetland plant growth, and an adsorbent for pollutant immobilization, river sediments can
effectively adsorb heavy metals and other pollutants in the sediment [14]. Microorganisms,
especially manganese-oxidizing bacteria, play a crucial role in the purification of metallic
Mn and the uptake of NH4

+-N. The removal of NH4
+-N depends mainly on the nitrifi-

cation/denitrification capacity of microorganisms, while the enrichment of inter-rooted
microorganisms and ferromanganese oxides contributes to a large extent to the removal of
NH4

+-N [15–17]. Therefore, it is essential to explore the effect of sediment as well as micro-
bial activity on manganese sorption in manganese mining areas during the construction of
constructed wetlands.

River sediments are complex mixtures of clays, silica, natural organic matter, alu-
minum, iron and manganese oxides, carbonates, sulfides, certain minerals, and bacteria [18].
As the “sink” of manganese, sediment is not only the final home of manganese but also the
place where manganese begins its geochemical cycle. It is worth noting that BMO is one of
the most active minerals in terrestrial and aqueous environments, with excellent sorption
capacity, large specific surface area and strong oxidizing properties [19]. BMO is capable of
immobilizing toxic metals or nutrients from rivers in solid hydroxyl precipitates [20]. As the
streams around the mine area have been flowing through the Mn-containing wastewater
for a long time, the microorganisms in the sediment have strong sorption and oxidation
ability for manganese, and the presence of Mn-oxidizing bacteria (MOB) also contributes
to the formation of BMO in the sediment. The continuous production of fresh Mn-oxide
provides a large number of new sorption sites for the continuous uptake of manganese.
Moreover, the accumulation of proteins in the extracellular polymers (EPS) of microorgan-
isms by the addition of manganese is also an important factor in the extracellular sorption
of manganese [21]. Most of the manganese oxides present in soils, sediments and aquatic
environments are generally considered to be the result of biological oxidation, and their
metabolic processes demonstrate the combined effect of biooxidation and biosorption in
manganese purification processes [22].

In the aqueous environment, manganese is often present in the free state (Mn(II))
or insoluble oxidized state (Mn(III) and Mn(IV)) [23]. After being accumulated in the
sediment through the sorption process, manganese is utilized as an essential nutrient for
the biosystem or oxidized by manganese-oxidizing microorganisms into biological man-
ganese oxide (BMO) [24]. Subsequently, the dissolved Mn(II) was oxidized to Mn(IV) under
aerobic conditions, and precipitated to manganese oxides and hydroxides, completing the
initial fixation of manganese. Some of the buried manganese oxides and hydroxides in
the sediments are reduced to Mn(II) and combined with carbonate in the pore water to
form manganese carbonate mineralized deposits in the organic-rich sediment [8]. Since
manganese is a transition metal with an alternating redox state, the change of oxygen
condition in the sediment easily leads to the reductive dissolution of Mn-oxides [25]. The
sorption of Mn(II) by natural sediments is not fully reversible, and the manganese cycle
is enhanced with increasing amounts of deposition. Benthic fauna and other physical
disturbances allow Mn-containing particles in anoxic subsurface sediments to move to
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the oxygenated sediment-water interface, triggering the desorption and oxidation of man-
ganese. Manganese oxide buried below the redox boundary is reduced and dissolved to
Mn(II), and Mn(II) diffused upward above the redox boundary is oxidized to insoluble
Mn(IV). Subsequently, the generated Mn(II) is adsorbed onto the adjacent manganese
oxide or hydroxyl surface. As the manganese reduction process continues, the available
sorption sites gradually decrease until saturation is reached. The unadsorbed Mn(II) is then
released into the pore water, leading to secondary contamination of the overlying water.
The sorption of heavy metal ions by sediments is the key to preventing and controlling the
migration of pollutants and plays an important role in the geochemical cycling of heavy met-
als. To better understand the sorption behaviour of manganese ions in natural systems, we
need to further investigate the process and mechanism of manganese sorption/desorption
equilibrium for the treatment and effective recovery of manganese metal.

Current studies on sediment sorption of heavy metals have focused on the analysis
of the sorption effects of silt, clay, aqueous Fe–Mn oxides and organic matter in them [24].
However, there are fewer studies on the effects of microbial and Fe–Mn oxide transforma-
tion processes on heavy metal sorption. For these reasons, the objectives of this study were
to (1) Investigate the Mn sorption characteristics of river sediments in the Daxin manganese
mining area; (2) Explore the influence of key parameters on the adsorption capacity and Mn
sorption efficiency of DX; (3) Develop a thermodynamic and kinetic model for Mn sorption
by DX sediments; (4) Discuss the role of microbial activity and Fe–Mn oxides conversion
processes in the Mn sorption process.

2. Materials and Methods
2.1. Sampling and Storage

Xialei Manganese Mine (24◦54′ N, 106◦40′ E), located in Daxin County, Guangxi
Zhuang Autonomous Region, is the largest open-pit manganese mine in China covering
an area of 20.46 km2. The region has a subtropical monsoon climate with an average
annual temperature of 21.3 ◦C, and an average annual rainfall of 1267.5–1479.2 mm. The
experimental soil samples included stream sediments (DX), low-disturbance campus soil
(XY) and Luban Lake sediment (LB). DX was collected from a stream in the manganese
mining area of Xialei Town, Daxin County, Guangxi, which was basically free of disturbance
from agricultural and domestic sewage sources in the upper stream. Due to the long-term
high manganese loading of manganese mining streams, the sediments contain high levels
of manganese-oxidizing bacteria as well as manganese oxides. To initially investigate the
specificity of Mn(II) sorption by stream sediments in the manganese mining area, low-
disturbance campus soil (XY) and Lake Luban sediment (LB) within Guangxi University,
China, were selected as control groups. XY and LB were both obtained from Guangxi
University, China. Soil samples were collected from 0–30 cm of sediment, 80–100 cm of the
surface, and around the sampling sites. The samples were thoroughly mixed, then stored
in polyethylene boxes sealed at 4 ◦C.

Pretreatment of the samples before the experiment required the removal of gravels,
plant and animal remains, and trash from the collected sediment and soil samples. Subse-
quently, the samples were placed in a cool and ventilated place to dry naturally. The soil
samples were ground to a fine powder, sieved (100 mesh), and sealed for storage.

2.2. Experimental Methods
2.2.1. Comparison of Mn(II) Sorption Properties in Soils

DX, LB and XY were used to compare the sorption performance of manganese from
soil samples in different regions. In addition, the pictures of air-dried sediment and sieved
sediment are shown in SI (Figure S1). Firstly, the pretreated DX, LB and XY samples were
weighed 2.0 g in each conical flask, and 200 mL of MnCl2 (1 mM Mn(II)) solution was added.
To ensure sufficient contact between the soil samples and the Mn-containing solution, the
conical flasks were placed in a constant temperature water bath shaker with 180 rpm and
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25 ◦C. During the oscillation process, samples were taken several times at different time
intervals to analyze the sorption capacity of different soil samples for Mn(II).

2.2.2. Analysis of Influencing Factors on DX Sorption Performance

To investigate the effects of the initial concentration of the solution, the amount of
sediment dosed and the environmental conditions (pH and temperature) on the sorption
of Mn(II) by the sediment, a certain amount of DX was weighed mixed with 25 mL of
wastewater containing manganese (1 mM Mn(II)), and experiments were conducted using
the following ranges of parameters: Solid-to-liquid ratio, 4–12 g·L−1; initial concentration
of Mn(II), 1–2 mmol·L−1; initial pH, 5.0–8.0; reaction temperature, 25–40 ◦C.

The competition of sorption sites in DX is also crucial to the sorption efficiency of
Mn(II). Manganese-containing solutions were mixed with solutions containing Cu2+, Pb2+,
Zn2+ and Fe2+, respectively, to make mixed solutions containing 1 mmol·L−1 Mn(II) with
0.5 mmol·L−1 other metals. After 12 h of sorption reaction, the effect of coexisting cations
on the sorption performance of manganese was investigated.

2.2.3. Repeated Sorption

As there were remaining uncontacted sorption sites on the sediment surface after single
sorption, it is necessary to repeat the sorption experiment several times to ensure complete
saturation of the sorption sites. 0.25 g DX was weighed and placed in a centrifuge tube.
Then, the sample was mixed with 25 mL wastewater containing 1 mM Mn(II) and placed
horizontally in a constant temperature air bath shaker. After the sorption reaction was
carried out for 12 h, the residual manganese concentration was measured. The remaining
substrate in the centrifuge tube was placed in a cool and ventilated place to dry. The
sorption experiments were repeated until the substrate no longer produced significant
Mn(II) sorption, and the remaining substrate was analyzed for the morphology of heavy
metal manganese.

2.2.4. Microbial Activity Analysis

To determine the effect of microorganisms on the sediment sorption performance in
the manganese mining area, the effect of the microbial inhibitor sodium azide (NaN3) on the
sediment sorption of Mn(II) was analyzed. 0.1–0.3 g DX samples were weighed and mixed
with 25 mL of manganese-containing (1 mM Mn(II)) wastewater. Then, 0 mM, 10 mM
and 50 mM NaN3 were added to the well-mixed samples and then placed in a constant
temperature water bath shaker for 12 h. The Mn(II) sorption efficiency and changes in
chemical forms of heavy metals were analyzed.

2.3. Analytical Methods
2.3.1. Basic Physical and Chemical Properties of Soil

The water content was determined using the drying method. To determine the pH
value of the soil, 10 g of the sieved sample was weighed into a 100 mL beaker and 25 mL of
distilled water was added with stirring for 1 min to make it homogeneous. After standing
for 30 min, the pH was measured using a pH meter. In this study, the international soil
texture classification system was chosen to classify soil particles into sand (2000–20 µm),
powder (20–2 µm), and clay (<2 µm). Soil organic matter content was determined by the
potassium dichromate-sulfuric acid digestion method. The total organic carbon in the
soil was oxidized by heating under strong acid conditions using excess K2Cr2O4, and the
amount of organic carbon was calculated by using FeSO4 titration. Soil cation exchange
capacity (CEC) was determined using the barium chloride-sulfate forced exchange method.
The CEC is determined by measuring the change in sulfuric acid content after the ex-
change reaction, using the principle that the cations present in the soil can be equivalently
exchanged by cations in aqueous barium chloride (BaCl2). All-element analysis in the
sediments was performed using an X-ray fluorescence elemental analyzer (XRF, S8 TIGER,
BRUKER, Germany) to determine the composition. Quantification of manganese oxides
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in sediments was performed using the Leucoberbelin blue (LBB) standardization method
proposed by Matthew in 2019 [26].

2.3.2. Heavy Metal Content and Morphological

The concentrations of heavy metals Mn(II) in the solution were determined by atomic
absorption spectrometry (AAS, AA-7000, Shimadzu, Japan), while the concentrations
of Pb2+, Zn2+, Cu2+, and Fe2+ were determined by plasma emission spectrometry (ICP,
ICAP7000, Thermo Fisher, USA). The samples were centrifuged at 5000 rpm for 5 min,
and the supernatant was filtered through the 0.45 µm filter membrane. The samples were
acidified with 1% HNO3 with storage at 4 ◦C.

Morphological analysis of heavy metals in soils was performed according to the
continuous extraction method defined by Tessier in 1979 [27]. A 5-step extraction method
was used to detect changes in the morphology and content of five heavy metals fractions
(exchangeable, bound to carbonates, bound to iron and manganese oxides, bound to organic
matter, residual) in DX sediments before and after sorption of Mn(II).

2.3.3. DNA Extraction and High-Throughput Sequencing Analysis

Macrogenome sequencing was entrusted to Bioengineering (Shanghai) Co., Ltd. for the
identification of microbial community and species information in DX sediments. 500 mg of
sample was weighed into a centrifuge tube, shaken and mixed with PBS solution. Samples
were centrifuged at 10,000 rpm for 3 min at room temperature, and the top layer of liquid
was discarded. Centrifuge tubes were inverted on blotting paper for 1 min until no liquid
came out. After the treatment, the samples were stored frozen at −80 ◦C. The E.Z.N.A™
Mag-Bind Soil DNA Kit from OMEGA was used as the extraction kit, and primer 515F
(GTGCCAGCMGCCGCGGTAA) was used for PCR and fused with a custom V4 primer
(GGACTACHVGGGTWTCTAAT) from the sequencing platform.

2.4. Sorption Models
2.4.1. Sorption Kinetic Models

Sorption is a mass transfer process that transfers contaminants from the liquid phase
to a solid sorbent. In order to accurately assess information related to heavy metal sorption
rates, sediment properties and their mass transfer mechanisms, a kinetic model consistent
with the sorption behavior of manganese on DX sediments needs to be determined. In
this study, the pseudo-first-order (PFO) kinetic model, the pseudo-second-order (PSO)
kinetic model, the Elovich model, and the Webber–Morris model were used to study the
kinetic analysis of the interfacial processes. The four kinetic models mentioned above can
be represented as follows.

PFO kinetic model:
Qt = Qe[1− exp(−k1t)] (1)

PSO kinetic model:

Qt =
Q2

e k2t
1 + Qek2t

(2)

Elovich mode:

Qt =
ln(a·b)

b
+

lnt
b

(3)

Webber–Morris model:
Qt = kd·t

1
2 + c (4)

where Qe (mg·g−1)is the equilibrium value of adsorbed Mn(II), t (min) is the sorption
time (min), k1 (min−1) and k2 (g·mg−1) are the pseudo primary and pseudo secondary
rate constants, respectively. In the Elovich equation, a (mg·(g·min)−1) is the constant
on the initial sorption rate, b constant is the surface coverage and chemical Intraparticle
diffusion equation, kd (mg·(g·min1/2)−1) is the rate constant for intraparticle diffusion, c is
the intercept of the y-axis [28].
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2.4.2. Sorption Thermodynamic Models

The sorption isotherm, which describes the mechanism of adsorbent-adsorbent inter-
action, is essential to optimize the use of adsorbents. The Langmuir isotherm model is often
used under the assumption of a fixed number of homogeneous positions, where reversible
monolayer sorption occurs in the absence of interaction between adsorbent species. It can
be expressed by the following equation:

Qe =
QmaxKLCe

1 + KLCe
(5)

where Qmax (mg·g−1) is the maximum saturated monolayer sorption capacity, KL (L·mg−1)is
the Langmuir sorption equilibrium constant related to the affinity between the adsor-
bent and the adsorbent, and Ce is the equilibrium concentration of Mn(II) in solution
(mg·L−1) [29].

The Freundlich model primarily describes multilayer sorption of surface inhomoge-
neous adsorbents which applies to the sorption of solutes in solution on solid surfaces.
The model describes reversible, non-ideal, multilayer sorption, and is commonly used for
non-homogeneous adsorbents such as biomass. It is expressed as follows:

Qe = KFC
1
n
e (6)

where Qe (g·kg−1) is the amount of metal adsorbed by the sediment at equilibrium, Ce
(g·kg−1) is the equilibrium concentration, KF (g·kg−1) is the Freundlich isotherm constant,
and n is the dimensionless constant indicating the heterogeneity factor [30].

2.5. Statistical Analysis

All experimental measurements were made in triplicate, and all experiments were
repeated at least twice. The mean and standard deviation were evaluated by one-way
analysis of variance (ANOVA). The experimental data were treated statistically using
EXCEL software. Correlation coefficients were fitted using the software Origin Pro 2018
to determine the kinetic and isotherm models suitable for the sorption of Mn(II) from
DX sediments.

3. Results and Discussions
3.1. Analysis of Physicochemical Properties in DX Sediments

The results of water quality and sediment physicochemical properties of the streams
at the sampling sites are shown in Tables 1 and 2. The pH of the stream at the sampling
site was 7.3, showing weak alkalinity. Due to the long-term flow of the stream through the
manganese mining and smelting wastewater, the concentration of Mn(II) (3.85 mg·L−1)
and ammonia nitrogen (14.3 mg·L−1) in the water was high. The equivalent concentra-
tion of Mn (IV) in the sediment was calculated to be approximately 6.66% based on the
LBB standardization method. The evidence demonstrated that the sorption capacity of
manganese oxide is an important factor in the efficiency of manganese purification, and
can be used to examine the potential for using this sediment to recover manganese in the
construction of CW. In addition, SiO2 (48.4%) were the main component of the sediment.
The heavy metal cation exchange capacity (CEC) was 14.21 cmol·kg−1, indicating a high
negative colloidal charge, which contributes to the electrostatic sorption of Mn(II). As a key
substance to promote the sorption of heavy metals, iron and manganese oxides account for
more than 10% of the total weight of the solid phase.
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Table 1. Basic water quality of streams at sampling sites in manganese mining areas.

Temperature
(◦C) pH DO

(mg·L−1)
Conductivity

(µs)
Turbidity

(NTU)
NH4

+

(mg·L−1) TP (mg·L−1) Mn(II)
(mg·L−1)

22.6 7.3 6.6 832 2.61 14.3 0.05 3.85

Table 2. Basic physicochemical properties of sediments in the manganese mining areas.

Organic Matter
(g/kg) pH CEC

(cmol·kg−1)
Moisture

Content (%) SiO2 (%) Al2O3 (%) CaO (%) MnO (%) Fe2O3 (%)

28.5 7.62 14.21 46.38 48.4 6.38 6.08 5.28 4.86

Figure 1 reflects the textural classification and microbial community composition of
the soils in the DX sediments. Soil texture was dominated by sand (49.6%) and meal (35.5%)
grains. The percentage of clay particles in DX sediments is 14.9%, which is higher than the
content of clay particles in many regions. As the main site of negative charge concentration
in the soil, clay particles can form complex colloids with humus. The study showed that
soils containing higher clay particles have a greater capacity for Mn(II) sorption.

Figure 1. Analysis of Daxin sediment properties. Soil texture classification (a); microbial community
composition (b).

MOB, with a strong sorption capacity for Mn(II), are widely found in environments
containing large amounts of manganese as well as an active manganese cycle. The EPS
secreted by MOB can also promote the sorption of Mn(II) [31]. In DX sediments, the relative
abundance of Proteobacteria and Acidic Bacteria was 43.81% and 19.10%, respectively, and
were the dominant microorganisms in the soils of the sampling area, which have been
shown to be MOB. The research shows that the isolated MOB is mainly concentrated in the
Firmicutes, Actinobacteria, Bacteroidetes, Proteobacteria and Acidobacteria [32]. In addition, the
colony structure at the sediment genus level is shown in SI Table S1. Many genera with
strong manganese oxidation properties were present in DX sediments, such as Acinetobacter,
Pseudomonas, Rhizobium, Sphingomonas, Exiguobacterium, Pseudoxanthomonas genera.

3.2. Effect of Operating Variables
3.2.1. Sorption Performance and Equilibrium Time

The effect of contact time on the sorption of Mn(II) by DX, LB, and XY samples is
shown in Figure 2. The sorption capacities of Mn(II) varied greatly among samples, and the
final sorption effect of each experimental group was DX (4.42 mg·g−1) > LB (2.99 mg·g−1)
> XY (0.63 mg·g−1). The final Mn(II) removal rate of DX was as high as 84.85%, and its
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sorption performance was much higher than that of LB and XY. In particular, the DX river
sediment was loaded with manganese for a long time, and the abundance of Mn-containing
microorganisms and Fe–Mn oxides were both at a high level. In addition, the sorption
of heavy metal Mn(II) showed a similar trend for each soil sample. During the transient
sorption stage (0–60 min), the adsorbent provided more adsorbable sites, and the sorption
reaction could occur freely [33]. The contribution of this stage to the sorption of heavy
metals Mn(II) was more significant, and more than 90% of manganese was adsorbed. In
particular, the sorption rates of DX, LB and XY in the first 5 min of the sorption process
were as high as 56.96%, 35.86% and 12.24%, respectively. Next, the gradual sorption
phase (60–420 min) controlled the Mn(II) sorption rate by intra-particle diffusion in the soil
particles. As the sorption reaction continues, the sorption rate decreases until the sorption
sites are filled with Mn(II), finally reaching equilibrium after 720 min. During the diffusion
of free Mn(II) from the surface to the interior of soil particles, complex precipitates are
continuously formed on the surface and inside the soil particles, which is also an important
reason for the decrease in Mn(II) concentration [34]. Preliminary results showed that DX
was specific for Mn(II) sorption, so the DX was used in the subsequent experiments, and
the sorption time was set to 12 h to ensure the sorption equilibrium.

Figure 2. Sorption effect of manganese on three different soil samples.

3.2.2. Effect of Initial Manganese Concentration in Solution on Mn(II) Sorption

To investigate the applicable characteristics of DX adsorbent, the effect of initial con-
centration in the solution on Mn(II) sorption was studied (Figure 3). With the increase in the
initial concentration of Mn(II) in the solution, the sorption of DX increased, but the removal
of Mn(II) decreased significantly. When the initial DX dosage was 12 g·L−1, the sorption
amount of DX on Mn(II) was 4.70 mg·g−1 in the solution with the initial concentration of
Mn(II) of 1 mM·L−1, and the removal rate was as high as 95.37%. The sorption of DX was
enhanced by 15–30% at the initial concentration of 1.5 mM·L−1 versus 2.0 mM·L−1, but its
removal rate of Mn(II) was reduced by 12–32%. The initial metal ion concentration provides
the necessary driving force to overcome the metal mass transfer resistance between the
water-solid phase and is an important factor affecting the heavy metal sorption efficiency.
Although low metal ion concentrations provide lower driving forces, the number of ions
competing for available active sites in the biomass is also low. Sufficient surface area exists
to absorb the available ions in the liquid phase, so the sorption capacity of DX is limited,
while the removal of Mn(II) is at a high level [35]. As the initial metal concentration in-
creases, the driving force of the active biosorption sites increases, resulting in an enhanced
equilibrium sorption capacity of the DX adsorbent [36]. However, the saturation of avail-
able biosorption sites on the biosorbent surface prevented further binding of metal ions,
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which led to significant inhibition of manganese ion removal. Therefore, the availability
and sorption capacity of active biosorption sites on the surface of biosorbents are key factors
affecting effective metal uptake efficiency. In practical applications, suitable adsorbents
should be selected according to the heavy metal concentration of the wastewater.

Figure 3. Effect of initial concentration of solution on the sorption effect of manganese.

3.2.3. Effect of Temperature and Sediment Solid-Liquid Ratio on Mn(II) Sorption

Temperature is an important factor affecting the stability constants of heavy metal
conditions. Figure 4 show the sorption capacity and removal rate of DX on heavy metal
Mn(II) at different temperature conditions (25 ◦C, 30 ◦C and 40 ◦C). The results show that
the increase of temperature is favorable to promote the sorption of heavy metal Mn(II) by
sediment DX. Both the sorption amount and removal rate of Mn(II) reached the maximum
at the reaction temperature of 40 ◦C. When the initial dosage was g·L−1, the sorption and
removal rates of Mn(II) at 25 ◦C were 7.07 mg·g−1 and 50.16%, respectively, while they
were increased by 1.30 and 1.26 times at 40 ◦C. Temperature affects the sorption process in
two main ways. From the kinetic point of view, the increase in temperature contributes
to the decrease in solution viscosity, which accelerates the diffusion rate of adsorbent
molecules through the external boundary layer and the internal pores of the adsorbent
particles. On the other hand, the enhancement in sorption capacity of the adsorbent
with increasing temperature is facilitated by the rise in Mn(II) mobility, which makes the
diffusing ions less hindered [37]. Changes in soil properties (pore size and carbon activity)
by elevated temperature may also be important in promoting heavy metal sorption capacity
and efficiency [38].

The amount of sediment dosing directly determined the number of total sorption sites
and the amount of cation exchange in the solution. The effect of sediment solid-liquid ratio
was adjusted to 4–12 g·L−1 by varying the DX dosage, and its effect on the sorption of
Mn(II) was investigated (Figure 4). With the increase of sediment dosage, the removal of
Mn(II) increased significantly from 50.16–62.47% to 95.37–98.93%. However, the sorption of
Mn(II) basically reached saturation when the sediment dosage was 10 g·L−1. The removal
rate of Mn(II) from the solution by DX was more than 95%, and almost no longer changed
significantly with the increase of the solid-liquid ratio. Nevertheless, the sorption of Mn(II)
showed a linear decrease with an increasing solid-liquid ratio. At 25 ◦C, the sorption of
Mn(II) decreased from 7.07 mg·g−1 to 4.70 mg·g−1 by the increasing solid-liquid ratio. The
elevated adsorbent concentration contributes to the increase of surface-active exchange
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sorption sites with total surface cation exchange, which promotes the sorption of DX on
Mn(II). Due to the interference caused by the interaction between the active sites of the
adsorbents, the solute sorption per unit weight of adsorbent decreases with increasing
adsorbent concentration [39]. It is noteworthy that the increase in solid-liquid ratio did not
significantly improve the removal rate when Mn(II) was largely removed from the solution,
but the sorption amount continued to decrease. When the sediment dosing was increased
from 10 g·L−1 to 12 g·L−1 at 40 ◦C, the removal rate basically did not change significantly,
but the sorption amount decreased significantly from 5.74 mg·g−1 to 4.87 mg·g−1, which is
consistent with the results of Amer and Nowruzi et al. [40,41].

Figure 4. Effect of different temperatures on the sorption effect of manganese.

3.2.4. Effect of pH on Mn(II) Sorption

The pH value affects the surface characteristics of soil particles and the fugitive form
of heavy metals and has a strong influence on the sorption of the Mn(II) [42]. The effect
of pH on the sorption capacity of DX manganese is shown in Figure 5. With the increase
of pH from 5 to 8, the sorption and removal of Mn2+ achieved an increase of 0.50 mg·g−1

and 9.97%, respectively, and finally up to 5.73 mg·g−1 and 77.51%. At pH 6–8, DX could
achieve more than 70% of Mn2+ sorption efficiency. Ion exchange is the main metal sorption
mechanism in the solution. At low pH, most of the sorption sites were bound to H+, which
had a competitive sorption relationship with Mn(II). With the increase of pH, the decrease
of H+ makes the competitive relationship weaker, resulting in the significant improvement
of Mn(II) sorption capacity and sorption efficiency. Meanwhile, the effect of pH on the
surface potential of the sediment was also an important reason for the improvement of the
sorption capacity. As the pH increases, the negative charge companions on the surface of
clay minerals and soil organic matter in the soil increase, which facilitates the sorption of
DX on manganese ions in the solution [43].
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Figure 5. Effect of pH on the sorption effect of manganese.

3.2.5. Effect of Coexisting Cations on Mn(II) Sorption

Industrial wastewater is usually a complex system of multiple ions, and the cations
present in the solution will compete with the heavy metal ions to be removed for sorption
sites, thus affecting the sorption capacity of the adsorbent for heavy metal ions. The effect
of coexisting cations on the sorption of manganese by DX is shown in Figure 6. Without the
addition of other metal ions, the sorption and removal rates of Mn(II) by DX were better, as
high as 5.38 mg·g−1 and 90.22%, respectively. The addition of other metal ions (Pb2+, Zn2+,
Cu2+ and Fe2+) had an inhibitory effect on the sorption of Mn(II). In particular, the inhibitory
effect of Zn2+ was the most obvious, resulting in a decrease of 2.01 mg·g−1 and 29.97% in
the removal and sorption of Mn(II). The inhibition effect of Pb2+, Fe2+, Cu2+ metal ions on
Mn(II) sorption was similar, and the removal efficiency was reduced by 18.30–22.37%. The
phenomenon resulted from the easy formation of covalent bonds with the sorption sites
during Zn2+ sorption, which formed a strong competition with Mn(II). Meanwhile, DX
showed a purification effect for all heavy metals in aqueous solution, with sorption amounts
of Pb2+ (9.01 mg·g−1) > Cu2+ (2.89 mg·g−1) > Zn2+ (2.15 mg·g−1) > Fe2+ (1.51 mg·g−1)
in that order. The competitive sorption of heavy metal ions in the soil was significantly
correlated with the electronegativity of the ions, the primary hydrolysis coefficient, the
ratio of charge to the radius, and the magnitude of the Misono softness coefficient [44]. The
adsorption process of heavy metal ions is dominated by physical adsorption, chemisorption
and ion exchange. Compared with the single Mn(II) system, metal ions competing with
Mn(II) for adsorption sites exist in the mixed cationic composite solution, thus affecting the
adsorption efficiency of Mn(II). Therefore, exploring the adsorption-desorption process of
the actual wastewater from the manganese mining area still needs to be explored in-depth
with the actual wastewater composition.
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Figure 6. Effect of coexisting cations on manganese sorption.

3.2.6. Repeated Sorption

The sediment DX surface usually had remaining uncontacted sorption sites after one
sorption. In order to achieve full sorption of heavy metal Mn(II) by DX, the sediments
that had reached the sorption equilibrium state was air-dried and then adsorbed several
times (Figure 7). When the DX sorption sites were not completely occupied, the DX
still had some sorption capacity for Mn(II) during multiple repetitions of sorption, with
significant decreases in both sorption amount and removal rate. The initial sorption and
removal rates of Mn(II) were 5.11 mg·g−1 and 90.59%, respectively, which decreased to
2.31 mg·g−1 and 43.62% at the second sorption. After five repeated sorptions, the DX
sediments basically reached the sorption saturation state with the removal rate finally
only 2.85%. Since the already adsorbed Mn(II) is partially oxidized, there are remaining
binding sites in the adsorbent, so a more appreciable removal rate can still be observed by
repeating the sorption process. In addition, the generated MnOx can also provide more
sorption sites for the removal of Mn(II). However, the heavy metal removal efficiency
decreases with a further increase of MnOx content. It indicates that there is a specific
threshold of sorption sites within which the mixed adsorbent can exhibit the maximum
sorption efficiency. Overcrowding of MnOx particles on the clay surface may also lead to
overlapping sorption [45].

Figure 7. Repeated sorption using DX after sorption equilibrium state several times.
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3.3. Exploring the Mechanism of Manganese Sorption Using DX
3.3.1. Sorption Kinetic Model

To determine the process and mechanism of Mn(II) sorption by DX samples, the
kinetic models were determined using the pseudo-first-order, pseudo-second-order, internal
particle diffusion and Elovich models (Figure 8). The parameters and regression coefficients
(R2) of the kinetic model for Mn(II) sorption in soils are shown in Table 3. The results
showed that the PFO and internal diffusion models were poorly fitted, with R2 only 0.886
and 0.570, respectively. Compared with the PSO model (0.952), the Elovich model with
an R2 of 0.994 can better simulate the sorption of Mn(II) by DX. It is demonstrated that
the sorption process is mainly chemisorption, and the efficiency of the sorption process
is influenced by both the adsorbent and the adsorbent mass. In addition, soils have
continuous sorption sites during sorption, and the Elovich model is applicable to this type
of sorption process with large variations in activation energy, which increases linearly
with surface coverage [46]. The Elovich equation has been applied in many sorption
systems containing metals (Pb2+, Cr3+, Cr6+, Cd2+, Cu2+, Se4+, As5+, K+, Pb2+, etc.). Largitte
simulated the kinetics of lead sorption on activated carbon using 10 kinetic models, with
the results confirming that the simplified Elovich and Elovich simulated the data better [47].
Therefore, the Elovich model is the most consistent kinetic model for Mn(II) sorption on
DX. In practical engineering applications, it is important to determine the effective sorption
operation time applicable to the sorption system described by the Elovich equation.

Figure 8. Kinetic equation fitting curve for manganese sorption.

Table 3. Parameters and regression coefficients of the sorption kinetic model.

Model Parameter R2

Pseudo-first-order k1 = 0.165 0.886
Pseudo-second-order k2 = 0.055 0.952

Elovich a = 162.099; b = 2.545 0.994
Intraparticle diffusio kd = 4.584; c = 0.055 0.570

3.3.2. Isothermal Sorption Model

The sorption experimental data in this study were described using the Langmuir
and Freundlich model sorption isotherms (Figure 9). The calculated constant parameters
and correlation coefficients for each isotherm model are shown in Table 4. The R2 for
the Langmuir models were 0.917 and 0.938 at 25 ◦C and 40 ◦C, but only 0.875 at 30 ◦C.
Therefore, the Langmuir model can only be used to describe the sorption of Mn(II) in
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DX under certain temperature conditions. The R2 of the Freundlich models were all
greater than 0.936, indicating that the model is applicable to describe the sorption process
at all temperature conditions, proving that the sorption process is a multilayer sorption
system [48,49]. Meanwhile, the adsorbent sorption strength (n) was much greater than 1 at
all temperatures, explaining the easy sorption characteristics of DX for Mn(II).

Figure 9. Thermodynamic fitting curve of adsorbed manganese.

Table 4. Parameters and regression coefficients of the sorption thermodynamic model.

Temperature

Langmuir Freundlich

KL
L·mg−1

Qmax
mg·g−1 R2 KF

g·kg−1 n R2

25 ◦C 0.693 7.245 0.917 4.193 6.291 0.936
30 ◦C 0.350 8.851 0.875 3.392 3.362 0.972
40 ◦C 1.868 8.140 0.938 5.492 6.966 0.984

3.4. Effect of NaN3 on Microbial Activity

Microbial communities play a key role in the biogeochemical cycle of pollutants, in-
fluencing the fate of pollutants through degradation, sorption, and redox [50]. Microbial
sorption is considered an important process for removing heavy metals from the envi-
ronment. NaN3 is a strong metabolic inhibitor of the respiratory chain, which inhibits
microbial growth and unique microbial activities [51]. To investigate the role of microbial
communities in sediment sorption, the effects of different concentrations of NaN3 on the
sorption capacity and Mn(II) sorption efficiency of DX were analyzed (Figure 10). The
results showed that the sorption capacity of DX sediments and its Mn(II) removal efficiency
was reduced by NaN3. When DX was dosed at 10 g·L−1, the sorption and removal rate
of DX with 50 mM NaN3 decreased by 0.605 mg·g−1 and 8.92%, respectively, compared
with no NaN3 addition. The process of biogeochemical cycling of Mn(II) in soils is very
complex and redox reactions involving Mn(II) are influenced by various physical, chemical,
and microbial processes. Under natural nutrient conditions, 50 mM NaN3 severely inhibits
microbial activity, resulting in a significant reduction in extracellular proteins and enzymes
secreted by bacteria, making the efficiency of Mn(II) sorption and oxidation significantly
lower [51]. Iram and Abdu also found the biosorption properties of soil microorganisms
for heavy metal ions, and soil microorganisms can be used directly for remediation of
contaminated soils [52,53]. In addition, the alteration of microbial activity also affects soil
pH, redox status, heavy metal solubility and bio-enzymes.
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Figure 10. Effect of adding sodium azide to inhibit microbial action on manganese sorption.

3.5. Analysis of Changes in Chemical Forms for Heavy Metals

Figure 11 shows the changes in the chemical morphology of manganese before and
after sorption of DX under different conditions. In the original sample of DX, the contents
were ranked as Fe–Mn bound state (5.41 mg·g−1) > residual state (0.69 mg·g−1) > exchange-
able state (0.50 mg·g−1) > organic matter bound state (0.24 mg·g−1) > carbonate bound
state (0.13 mg·g−1). The Fe–Mn oxide bound state accounts for more than 70% of the total
manganese mass in DX and is the part of Fe2O3 and MnO2, etc. that generates soil nodules
in a relatively stable form. The exchangeable state is the part that changes more before and
after sorption, which generally refers to heavy metals exchanged and adsorbed on soil clay
minerals and other components, such as iron hydroxide, manganese hydroxide and humus.
It is the most sensitive to changes in the soil environment and is most readily absorbed
by crops. Moreover, heavy metals in the residual (8–10%) are stably present in the lattice
of quartz and clay minerals, etc., which have little effect on soil heavy metal migration
and bioavailability. Both the carbonate-bound state and the organic matter-bound state
accounted for less than 4%, and hardly changed significantly before and after sorption.
The carbonate-bound state is sensitive to soil environmental conditions. As the soil pH
decreases, a large amount of released ionic state heavy metals are taken up by the crop.
The organic matter bound state is the one that enters the organic matter in different forms
and then undergoes chelation to form chelated salts or sulfides. In general, this form is not
easily absorbed and used by organisms.

The change in the percentage of manganese morphology after sorption, net of DX
background values, is shown in Figure 12. During the sorption of Mn(II) by DX sediments,
both the residual state and the organic matter-bound state accounted for a relatively low
proportion of the total heavy metal chemistry and did not change significantly. Compared
to single sorption, the proportion of exchangeable state gradually decreased from 38% to
29% after reusing DX sediments sorption, but the proportion of Fe–Mn oxidation state
increased by 4%. The reason for this phenomenon is the oxidation of a part of previously
adsorbed Mn(II) by the action of microorganisms to form manganese oxides, which combine
with new heavy metal ions to generate soil nodules. The hydroxide of Mn(II) combined
with CO2 in the air to generate new carbonate groups, resulted in a rise of about 6% in
the carbonate-bound state after repeated sorption. In addition, the percentage of the Fe–
Mn oxidation state and the exchangeable state changed significantly after the addition
of NaN3. With the increase of NaN3 concentration, the proportion of Fe–Mn oxidation
state decreased, while the proportion of exchangeable state increased. When 50 mM NaN3
was added, the proportion of the Fe–Mn oxidation state decreased from 54% to 43%, and
the exchangeable state increased by 10.80%. This evidence proves that the inhibitory
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effect of NaN3 on microorganisms is the main reason for the decrease of Mn(II) sorption
efficiency. Microorganisms play a key role in heavy metal sorption, especially in Fe–Mn
oxide generation. Under the action of microorganisms, the easily released Mn(II) in the
exchangeable and carbonate-bound states in the sediment can gradually form a relatively
stable Fe–Mn-bound state, thus stabilizing mineralization in a long-term natural cycle.
Therefore, microorganisms in sediments have a positive impact on inhibiting the migration
of heavy metals in soils.

Figure 11. Chemical morphology analysis of manganese before and after sorption. where “Absorbent”
refers to a sample after a single sorption, and “Repeated times” refers to a sample after six repetitions.

Figure 12. Proportion of each chemical form of adsorbed manganese after deducting background
values.

4. Conclusions and Perspectives

In this study, we evaluated the sorption effect of sediment DX on Mn(II) in the Daxin
manganese mining area and explored the importance of microorganisms on heavy metal
sorption. It is confirmed that microorganisms abundant in natural sediments and iron and
manganese oxides play a key role in the removal of Mn(II). Due to the uncertainty and
continuous dynamic changes of natural systems, the process of heavy metal sorption by
soils is extremely complex. In this study, the dynamic process of heavy metal sorption
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was investigated, providing a scientific basis for the in-situ remediation of heavy metal
pollution. The main results obtained in this study are as follows.

(1) The sorption capacity of Mn(II) differs greatly among different soil sample types.
When the sediment dosage was 10 g·L−1, DX has a good effect on Mn(II) removal and
the final removal rate up to 84.85%. Its sorption performance was much higher than
that of LB and XY.

(2) The sorption process follows the Elovich model (R2 = 0.994) and Freundlich model
(R2 = 0.936–0.984). The sorption process is mainly based on multi-molecular layer
chemisorption, which is jointly influenced by the adsorbent and adsorbent mass.

(3) Environmental factors had a significant effect on the Mn(II) sorption process. In a
certain range, the increase of temperature, sediment dosage(4–12 g·L−1) and pH were
favorable to promote the sorption of Mn(II) by the sediment DX.

(4) After five repetitions of sorption, the sorption sites of DX reached basic saturation
when the sediment dosage was 10 g·L−1. Meanwhile, in mixed heavy metal solutions,
the presence of Pb2+, Zn2+, Cu2+ and Fe2+ coexisting cations all inhibited the sorption
of Mn(II), especially Zn2+.

(5) Microorganisms played a key role in the process of heavy metal sorption and Fe–Mn
oxide generation. The addition of NaN3 inhibited the activity of microorganisms in
the soil, and the content of exchangeable and carbonate-bound manganese increased,
while the content of Fe–Mn bound state decreased.
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