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Abstract

The immobilization and transformation of manganese in soil environments primarily de-
pend on its interactions with soil mineral components, organic matter, and microorganisms.
To investigate the migration and transformation of manganese in the water–soil system
of loess regions, we used quartz sand (SiO2) and calcite (CaCO3)—the main components
of loess—as soil matrices, along with humic acid (HA) and a typical bacterium (Bacillus
subtilis) as influencing factors. Laboratory experiments combined with instrumental char-
acterization were employed to examine Mn transformation. The results indicate that the
presence of humic acid and bacteria significantly inhibits the cation exchange reaction
between Mn and Ca in calcite while enhancing the binding of Mn to organic functional
groups (–OH and –COOH). In particular, biofilms formed by bacteria and their metabolites
exhibited a more pronounced inhibitory effect on cation exchange and promoted Mn oxi-
dation. The effects of pH and temperature were more evident in the composite systems
(quartz sand–calcite–humic acid (QS-CL-HA) and quartz sand–calcite–humic acid–Bacillus
subtilis (QS-CL-HA-B.S.)). Our thermodynamic results show that the transformation of
Mn2+ in the composite systems best fits the pseudo-second-order kinetic model (chemical
adsorption) and the Freundlich model (monolayer adsorption). The values of ∆H (15.22,
5.29 kJ·mol−1) and ∆G (0.82–2.76 kJ·mol−1) confirm that the transformation of Mn2+ in
these composite systems is non-spontaneous and endothermic. This study demonstrates
that, in addition to the effects of minerals, trace organic matter and microorganisms in
soil significantly influence the transformation of metallic Mn. The findings also provide a
theoretical basis for designing bio-enhanced soil remediation strategies.

Keywords: manganese; loess; calcite; humic acid; Bacillus subtilis

1. Introduction
The Loess Plateau in Northwestern China is an important ecological barrier and

agricultural area. Loess, due to its unique physicochemical properties (such as high porosity
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and strong adsorption), occupies a significant position in agricultural production and
engineering construction [1]. However, due to its high soil porosity and low organic matter
content, it is prone to the accumulation and migration of heavy metals [2,3]. Manganese
(Mn) is an essential micronutrient for both plants and microorganisms; however, elevated
concentrations can lead to environmental contamination and pose risks to ecosystems and
human health. In China, extensive mining activity has resulted in significant Mn pollution
in soils [4,5]. Many of China’s loess areas have been reported to be highly contaminated
with Mn, adversely affecting soil quality and crop safety [6–8].

Loess is primarily composed of silt-sized particles, with quartz and calcite being the
dominant minerals. Quartz, accounting for up to 65% of the mineral content of Loess, is
chemically inert but contributes to the soil’s physical structure [9,10]. Research has shown
that the adsorption mechanism of quartz sand mainly involves weak electrostatic interac-
tions between surface hydroxyl groups and heavy metal ions [11], and calcite’s reactivity
allows it to interact with metal ions, including Mn2+, through processes such as adsorption
and co-precipitation [12]. These interactions can influence the speciation, mobility, and
bioavailability of Mn in soils. At the same time, a study by Cui et al. showed that the
adsorption of heavy metals by calcite was significantly affected by pH [13]. Understanding
the specific roles of calcite and quartz in Mn dynamics is essential for predicting the fate of
Mn in loess environments [14].

Humic substances, particularly humic acid (HA), are significant components of soil
organic matter and have a profound impact on the behavior of heavy metals [15–17]. HA
contains various functional groups capable of binding metal ions, thereby affecting their
solubility and mobility. Recent studies have demonstrated that HA can effectively reduce
the bioavailability of heavy metals such as cadmium, copper, and lead in contaminated
soils [18–22].

Soil microorganisms also play a pivotal role in the transformation of heavy metals [23].
Certain bacteria, such as Bacillus subtilis, are putatively involved in altering the oxidation
states of metals, thereby influencing their mobility and environmental fate [24–26]. How-
ever, the interfacial coupling between humic acid (HA), minerals, and microbial communi-
ties is highly complex. Additionally, HA can modulate microbes’ physiological activity and
community structures [27,28], in turn impacting metal transformation processes [29]. The
mechanisms underlying the microbially mediated formation of manganese-rich precipitates
and their subsequent interaction with HA require further clarification.

The various mineral components and forms of organic matter in loess combine with
each other, producing a synergistic effect during the process of heavy metal transformation.
Research has indicated that interaction between minerals (such as iron oxides, aluminum
oxides, and calcium carbonate) and organic matter (humic acid, polysaccharides, etc.) can
significantly enhance heavy metal adsorption/precipitation capacity, thereby combating
pollution [5]. There are also synergistic effects among minerals, microorganisms, and
organic matter. One study showed that biochar combined with microbial cells could form
carbonate or phosphate minerals, enhancing the effective fixation capacity of heavy metals
by over 70% [30]. Furthermore, studies have shown that the process of bacteria facilitating
CaCO3 precipitation through pathways such as urea hydrolysis not only enhances soil
structure but also leads to co-precipitation of heavy metal ions, thereby promoting the
formation of stable mineral phases in the soil [31].

The aim of this study is to investigate the kinetics, thermodynamic adsorption be-
haviors, and interfacial processes of Mn2+ within complex soil environments. To simulate
the multi-phase nature of typical loess, we selected calcite, humic acid (HA), and Bacillus
subtilis as surrogates to represent the dominant mineral, organic, and microbial constituents,
respectively. The physicochemical characteristics, putative transformation mechanisms,

https://doi.org/10.3390/agronomy16040462

https://doi.org/10.3390/agronomy16040462


Agronomy 2026, 16, 462 3 of 16

and synergistic effects occurring within the ternary calcite–HA–bacteria (CL-HA-B.S.) com-
posites were systematically evaluated. This approach fosters a mechanistic understanding
of how these representative components collectively influence the sequestration and fate of
Mn2+ in loess-associated systems.

2. Materials and Methods
2.1. Materials

All chemical reagents utilized in this study were of analytical grade and used without
further purification. To simulate the complex multi-phase system of typical loess, calcite,
humic acid (HA), and Bacillus subtilis (B.S.) were employed as surrogates representing the
mineral, organic, and microbial phases, respectively.

Quartz Sand (QS): Analytical grade SiO2 (purity ≥ 99.9%) was ground and sieved
through a 100-mesh screen. The particles were washed repeatedly with deionized water
until a neutral pH (6.0–7.0) was achieved; this process was followed by drying at 105 ◦C.

Mineral Surrogate (CL): Natural calcite (CaCO3) was ground and sieved to a particle
size of 100–200 mesh. To remove surface contaminants, the particles were subjected to
ultrasonic cleaning in deionized water for 30 min and subsequently dried.

Organic Surrogate (HA): Humic acid was purified via dissolution in ultra-pure water
(pH 7.4), followed by centrifugation (6000 r/min, 5 min) and filtration through a 0.45 µm
membrane to eliminate insoluble impurities. The purified HA was dried at 60 ◦C for 24 h
prior to use [32].

Microbial Surrogate (B.S.): B. subtilis (ATCC 6051, Shanghai baocang Microorgan-
isms Center, Shanghai, China) was cultured in Luria–Bertani (LB, BAISIYIJI, Zhongshan,
China) liquid medium at 37 ◦C with continuous aeration. Cells were harvested at the late-
logarithmic growth phase (OD600 ≈ 1.0) via centrifugation. The biomass was washed
three times with sterile phosphate-buffered saline (PBS, pH 7.4) before experimental
application [33,34].

2.2. Preparation of the Composites

The composites were formulated such that they mimicked the typical composition of
loess [35,36].

Ternary organic composites (QS-CL-HA) were prepared by mixing QS, CL, and HA in
a mass ratio of 10:9:1.

Ternary microbial composites (QS-CL-B.S.) were created by adding 1 mL of B. subtilis
suspension (OD600 ≈ 1.0) to a 1:1 mixture of QS and CL (2 g total).

Quaternary composites (QS-CL-HA-B.S.) were obtained by blending 1.0 g of QS, 0.9 g
of CL, and 0.1 g of HA, supplemented with 1 mL of B. subtilis suspension. All composites
were used directly in adsorption experiments without further washing.

2.3. Batch Experiments

Batch experiments were performed to evaluate the adsorption behavior of Mn2+ on
individual components and their respective composites. For each experimental run, 2.0 g of
solid material (or 1 mL of bacterial suspension) was introduced into 50 mL polypropylene
tubes. After the designated reaction time had elapsed, the suspensions were centrifuged
(6000 r/min, 5 min) and filtered (0.45 µm). The concentrations of Mn2+ and Ca2+ in the
supernatant were quantified using Atomic Absorption Spectrometry (AAS). The solid
residues were dried at 50 ◦C and stored at 4 ◦C for subsequent characterization.

Isotherm Studies: At this stage, 40 mL of Mn2+ solutions (5–200 mg/L) were equili-
brated with the composites for 24 h at room temperature to determine adsorption capacity.
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Effect of pH: The influence of pH (range 2.0–8.0) was investigated using 50 mg/L Mn2+

solutions, with the initial pH adjusted using negligible volumes of 0.1 M HCl or NaOH.
Thermodynamic Studies: Experiments were conducted at 20, 30, 40, and 50 ◦C using

50 mg/L Mn2+ solutions to calculate thermodynamic parameters (∆G, ∆H, and ∆S).
Kinetic Studies: To assess the adsorption rates and putative transformation processes,

contact time was varied. Biota-free systems were sampled at intervals of up to 24 h,
while bacterium-containing systems were monitored for up to 120 h to capture long-term
biological effects.

2.4. Characterization

Functional groups and interfacial coupling mechanisms were analyzed via Fourier
Transform Infrared Spectroscopy (FTIR). Crystalline structures and putative newly formed
mineral phases were identified using X-ray Diffraction (XRD). The surface morphologies of
the surrogates and composites before and after Mn2+ sequestration were observed using
Scanning Electron Microscopy (SEM).

3. Results and Discussion
3.1. The Results of Batch Experiments

3.1.1. The Effect of the Initial Mn2+ Solution

The adsorption capacities of the different components at different concentrations are
shown in Figure 1a. All experiments included three parallel groups, and the experimental
data in the figure represent the average values of these three parallel groups. The amount
of adsorption increased with the increase in the initial concentration for all adsorbents,
among which QS had lower adsorption for Mn. The adsorption capacities of the other five
adsorbents showed different adsorption effects as the initial Mn concentration increased.
At low concentrations (10–50 mg/L), all five adsorbents had high adsorption rates. At a
concentration of 50 mg/L, the amounts of Mn2+ adsorbed for different adsorbents were
distributed as follows: CL > HA > QS-CL-HA-B.S. > QS-CL-B.S. > QS-CL-HA > QS. When
the concentration was 50–200 mg/L, the adsorption amount for each adsorbent continued
to increase. At a concentration of 100 mg/L, the adsorption amount for each adsorbent was
distributed as follows: QS-CL-HA-B.S. > CL > QS-CL-HA > HA > QS-CL-B.S. > QS. At a
concentration of 200 mg/L, the adsorption amount for each adsorbent corresponded to the
following order: HA > QS-CL-HA-B.S. > QS-CL-HA > CL > QS-CL-B.S. For individual
materials, the amount adsorbed by HA was lower than that adsorbed by CL at low con-
centrations but higher than that adsorbed by CL at high concentrations. QS exhibited the
lowest adsorption capacity at any concentration. For the combination of multiple materials,
the composites containing HA had a greater adsorption capacity at high concentrations,
while the opposite was true of the composites containing B.S. When HA and B.S. coexist,
there is a high adsorption capacity at any concentration, and it is less affected by the
original concentration.

3.1.2. Effect of pH

The results of the pH experiments are shown in Figure 1b. Overall, the adsorption
rates of Mn2+ for the different models in solutions with varying pH levels rank as follows:
HA > QS-CL-HA-B.S > QS-CL-B.S ≈ CL > QS-CL-HA > QS. Notably, they increase with an
increase in pH. The adsorption trend for HA is different from the other models, remaining
stable at a pH of 5. At pH = 2–4, the adsorption capacity of all the adsorbents was low.
HA’s adsorption capacity increased significantly at pH = 3–4, while there was a slight
decrease for the other models. At pH = 5–7, the adsorption capacity of HA remained almost
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unchanged, while the adsorption capacities of the other adsorbents increased slowly. At
pH = 7–8, adsorption capacity increased significantly.

Under acidic conditions, in the solution with a pH value of 2–4, H+ competes with
Mn2+ for adsorption sites, inhibiting electrostatic adsorption; at the same time, calcite
partially dissolves under acidic conditions, releasing Ca2+ and thus promoting ion ex-
change [32,33]. Under neutral conditions, HA is deprotonated (pKa ≈ 4–5), and -COO-
engages in electrostatic complexation with Mn2+, so the amount of adsorption increases
greatly [34]. Under weakly alkaline conditions, Mn2+ is more likely to form basic precipi-
tates, thereby resulting in increased apparent adsorption [35].

  

 

Figure 1. (a) Adsorption of different adsorbents at different initial concentrations. (b) Adsorption
of different components at different pH levels. (c) Adsorption of different components at different
temperatures. (d) Adsorption of different bacteria-free components at different times. (e) Adsorption
of different bacterial components at different times.

3.1.3. Effect of Temperature

Temperature results are shown in Figure 1c. The QS and HA adsorbents are not greatly
affected by temperature. At 30–40 ◦C, the adsorption capacities of the different adsorbents
rank as follows: HA > QS-CL-HA-B.S. > QS-CL-B.S. > CL > QS-CL-HA > QS. At 40–50 ◦C,
the adsorption capacity of each adsorbent increased with the increase in temperature, with
that of CL increasing the most. At 50–60 ◦C, the adsorption capacity of CL continued
to increase with the increase in temperature, the adsorption capacity of QS-CL-HA re-
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mained almost unchanged, and the adsorption capacities of the two composites containing
B.S. decreased.

3.1.4. Effect of Time

Since there is a large gap in time between the system containing bacteria and the system
without bacteria, they are discussed separately in this section. For the system without bacteria,
the adsorption times were set to 2 h, 4 h, 6 h, 8 h, and 24 h, and the results are shown in Figure 1d
below. The adsorption capacity of HA hardly changes with time, indicating that the adsorption
equilibrium has been reached at 2 h. QS reaches maximum adsorption at 4 h. The adsorption
capacities of the CL and QS-CL-HA adsorbents gradually increase from 2 h to 6 h, decrease
briefly from 6 h to 8 h, and then continue to increase until 24 h. At 24 h, the adsorption capacities
of the adsorbents rank as follows: CL > HA > QS-CL-HA.

For the system containing bacteria, the adsorption times were set to 24 h, 72 h, and
120 h. To aid comparison, a pure B.S. component was added to this group of experiments,
and the results are shown in Figure 1e. For the pure B.S. component, the adsorption amount
is low and less affected by time, and the adsorption equilibrium state can be reached within
24 h. For the QS-CL-B.S. component, after the maximum adsorption amount was reached
at 24 h, adsorption gradually decreased afterwards. After QS-CL-HA-B.S. reached the
maximum adsorption amount at 72 h, adsorption also started to decrease. After reaching
adsorption equilibrium, the equilibrium adsorption amount for QS-CL-HA-B.S. was greater
than that for QS-CL-B.S.

At low concentrations, adsorption is dominated by surface active sites (such as Ca2+

in calcite, -COOH in HA, etc.); at high concentrations, the complexing ability of HA in the
mixed system and the extracellular polymers (EPSs) secreted by bacteria provide additional
binding sites, and the adsorption capacity is superior. At the same time, the cell wall
polysaccharides and peptidoglycans of Bacillus subtilis have limited complexing ability for
Mn2+, and the binding sites are saturated at high concentrations. Bacillus subtilis is most
active under neutral conditions and secretes more extracellular polymers (EPSs), enhancing
its adsorption performance. Therefore, the adsorption capacities of components containing
B.S. under neutral conditions will be slightly higher than those of other components [36].
Bacterial activity is inhibited under alkaline conditions, and the contribution of biological
adsorption is reduced [37,38]. The influence of temperature (20–50 ◦C) indicates that the
sequestration of Mn2+ is an endothermic process, where elevated temperatures enhance
molecular diffusion and the thermal activation of surface functional groups. While the
metabolic activity of B.S. typically peaks near its optimal growth temperature (approx.
37 ◦C), the continued increase in Mn2+ removal at 50 ◦C suggests a synergistic effect. The
endothermic nature of the interaction drives increased Mn2+ complexation with calcite and
HA. Although metabolic activity may be constrained at 50 ◦C, the Extracellular Polymeric
Substances (EPS) and cell-wall functional groups (e.g., carboxyl and phosphoryl groups)
serve as thermally stable templates for Mn2+ biosorption and indirect biomineralization.
This transition from active biological regulation to a combined thermally driven physico-
chemical and passive biosorption mechanism explains the enhanced efficiency at higher
temperatures. For components without bacteria, adsorption equilibrium can be reached
relatively quickly. After reaching adsorption equilibrium, some heavy metal ions may be
desorbed, resulting in a slight decrease in adsorption capacity. As adsorption continues, the
internal structure of CL changes, some active sites are activated, and the amount adsorbed
begins to gradually increase. For components containing bacteria, with longer-term adsorp-
tion, the physiological activity of bacteria has a greater impact on the amount adsorbed.
As adsorption proceeds, the active sites on the surfaces of bacteria are gradually filled,
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resulting in a decrease in the physiological activity of the bacteria, and less EPS is secreted,
resulting in a decrease in adsorption.

3.2. Analysis of the Characterization Results
3.2.1. FTIR

FTIR was performed on QS, QS-CL-HA, and QS-CL-HA-B.S. before and after adsorp-
tion, and the results are shown in Figure 2a. Regarding QS, pure quartz sand only has
weak absorption peaks at around 830 and 610 cm−1, which are due to Si-O-Si bending
vibrations and Si-O lattice vibrations, respectively. There was no obvious change in the
spectrum before or after adsorption, indicating that adsorption of the heavy metal Mn2+

only occurs on the surface of QS, no significant chemical changes occur, and the structure
is not determined or destroyed. Regarding the QS-CL-HA composite, after CL and HA
were added, obvious absorption peaks appeared at 3430 and 1620 cm−1, which were at-
tributed to the stretching vibration of -OH and -NH and the bending of C=O, C=C, or
N-H, respectively, indicating that there were numerous polar groups in HA, and there
were also some double bonds or aromatic groups in CL and HA. Compared with that
before adsorption, the peak at 3430 cm−1 after adsorption became narrower, indicating that
-OH or -COOH is complexed with Mn2+, and the interaction between the organic phase
and the inorganic phase is enhanced [39]. The curve after adsorption is smoother overall,
indicating that the surface is denser and the molecular arrangement is more orderly. We
now turn to the QS-CL-HA-B.S. composite. B.S. is a common soil microorganism, and its
metabolites contain a variety of organic components such as proteins, polysaccharides, and
lipids. Characteristic absorption will also appear around 3400 cm−1 and 1650 cm−1, but the
absorption peak at 3430 cm−1 weakened after B.S. was added. This is because the extracel-
lular polymer EPS secreted by B.S. contains numerous -OH and -NH2 groups in its protein,
polysaccharide, and nucleic acid components; these groups can be strongly combined with
polar groups in minerals or humic acid through hydrogen bonds, resulting in a weakening
of the absorption peak. The curve after adsorption also becomes smoother [40].

FTIR analysis revealed that the addition of HA and B.S. changed the surface functional
groups of quartz sand and calcite through various mechanisms, such as hydrogen bonding,
coordination complexation, and metabolite adsorption, resulting in significant changes in
the intensity, width, and position of each typical peak. At the same time, when multiple
components coexist, the absorption peaks of each component overlap and compete with
each other, making the typical mineral peaks (such as Si-O and CO3

−) and organic peaks
(such as C-O, C=O, and O-H) appear in the spectrum as a comprehensive effect of position
shift and intensity change. A more detailed exploration of the adsorption mechanism of
each component requires further characterization results for analysis and validation [41].

3.2.2. XRD

XRD analysis was performed on QS, QS-CL-HA, and QS-CL-HA-B.S. before and
after adsorption, yielding the spectra shown in Figure 2b. Evidently, only quartz peaks
appear in the bottom layer of the QS spectrum. In the second layer of QS-CL-HA, the
calcium calcite peak at about 29.4◦ can clearly be seen, indicating that the system already
contains the CL phase. HA itself has no long-range-ordered lattice. In the spectrum of
the QS-CL-HA composite, no new sharp peaks appear in the low-angle region except for
the QS and CL peaks, indicating that has HA maintained an amorphous distribution [42].
After the introduction of B.S., the background broad peak in the low-angle region increased,
indicating that the cell organic matter of B.S. was filled or adsorbed onto the surface of
the entire system. At the same time, its extracellular polymer complexed Ca2+ with the
cell surface in large quantities and provoked the stable amorphous calcium carbonate to
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polymerize and form precipitation, thereby inhibiting or shielding the crystal distribution
of calcite crystals, causing the diffraction peak at 29.4◦ to disappear [43]. After adsorption,
the peak at 29.4◦ in the spectrum of the QS-CL-HA composite shifted position because
of the decrease in interplanar spacing after Mn2+ partially replaced Ca2+. At the same
time, no peaks, such as those corresponding to MnO2 (36◦) or MnCO3 (32◦), were observed
in the 25–40◦ range, proving that the metal mainly exists in the form of a solid solution
and undergoes surface coordination rather than precipitating an independent crystalline
phase [44]. For QS-CL-HA-B.S., the introduction of Mn2+ after adsorption caused lattice
distortion, which led to the coverage of the QS surface and the disappearance of the quartz
diffraction peaks at 20.8◦ and 26.6◦. The baseline is elevated in the 10–25◦ region, indicating
that some amorphous calcium carbonate (AAC) precursors formed under the action of the
EPS. AAC has no long-range-ordered structure, so a scattering background was generated
in this area. Subsequently, B.S. and EPS form a multilayer organic film on the surface of the
system, stabilizing the AAC precursor, raising the broad peak background in the low-angle
region, and generating a new diffraction peak at 29◦ [45,46].

XRD analysis showed that QS, as an inert substrate, exhibited no significant changes
in its diffraction peak and hardly participated in the adsorption of Mn2+. CL will fix Mn2+

via lattice solid solution and growth inhibition, manifested as 26.6◦ and 29.4◦ peak position
shifts and intensity and width changes. HA appears in the form of an amorphous organic
layer, and XRD only shows a broad baseline rise. Additionally, its -COO− and -OH- sites
enhance the fixation of Mn2+ through complexation. B.S. and EPS not only stabilize the
amorphous calcium carbonate precursor but also guide the directional growth of the crystal
nucleus, and the low-angle wide peak and high-angle peak are further enhanced. Under
the synergistic effect of HA and B.S., Mn2+ is not only embedded in the calcite lattice but
also fixed by organic biomacromolecules in a coordinated amorphous state [47,48].

Figure 2. (a) FTIR Spectrum. (b) XRD Spectrum. (c) SEM images of different components before and
after adsorption.
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3.2.3. SEM

Morphological images of QS, QS-CL-HA, and QS-CL-HA-B.S. before and after ad-
sorption are shown in Figure 2c. The SEM images reveal that the surface of QS before
adsorption is relatively smooth. After CL and HA were added, a large number of fine
particles and clusters appeared on the surface of the QS, exhibiting an obvious granular,
rough structure, indicating that CL and HA were aggregated or attached to its surface. The
surface of the system containing B.S. is more irregular, and bacterial colonies and organic
films formed by EPS on the surface of the material are readily evident. At the same time,
there are more biological components such as surface proteoglycans, further improving
particle attachment density and heterogeneity. After adsorption, the SEM images reveal
the deposition characteristics of and structural changes to the surfaces of the components.
There are no obvious changes in the surface characteristics of the QS after adsorption,
indicating that the adsorption effect of the pure QS component with respect to Mn2+ is
weak, while in the system containing CL, a small quantity of fine particles appeared on the
surface after adsorption. These coatings may be a result of the precipitation of manganese
oxide (MnO2) or manganese carbonate (MnCO3). Pourahmad et al. have shown that layers
containing Mn can form on the surface of calcite, of which about 5% is Mn oxide [49]. In
addition, the adsorbed QS-CL-HA composites formed a denser deposition layer on the
basis of the original surface particles, and more fine particles covered the surface, indi-
cating that a denser manganese deposition layer formed on the surface of the composite
system, blocking the original micropores and improving the retention and enrichment of
manganese ions [50]. However, the particle distribution of the component containing B.S.
after adsorption is more complicated, and the surface shows multiple cracks and peeling
layers, which were generated by the continuous accumulation of manganese oxides and
biofilm formation, resulting in the peeling of the substrate [45,51].

In addition, the pore-blocking phenomenon is more obvious in the composite material.
After adsorption, fine sediments could be seen filling the original particle gaps, causing
the surface to display more continuous agglomerates rather than the original porous
structure, indicating that the microscopic pores were closed by the manganese deposition
layer. This is consistent with the phenomenon wherein the calcite surface is covered by a
manganese oxide layer, which hinders further dissolution and material transfer. In humic-
acid-containing composites, humic acid itself may also participate in the formation of an
organic–inorganic composite deposition layer, causing the surface to present more layers
and particle agglomeration structures. As shown in the figure, the QS-CL-HA sample
exhibited denser particle coverage after adsorption than before adsorption, indicating that
humic acid promoted the complexation and precipitation of manganese on the surface.
On the one hand, B.S. provides additional biological adsorption sites (EPS and cell wall
combination), which will capture and deposit a portion of Mn2+ [52] On the other hand,
the strain has the ability to oxidize Mn, as its microbial activity induces the precipitation of
manganese-containing mineral phases, further promoting surface deposition. The addition
of B.S. not only makes the surface attachment structure more complex but also may promote
the formation of a bio-mineral composite deposition layer.

3.3. Models
3.3.1. Kinetics Model

The pseudo-first-order and pseudo-second-order kinetic models were used to study
the adsorption kinetics of the QS-CL-HA component without bacteria, as shown in
Figure 3a. According to the calculations, the R2 values of the pseudo-first-order and
pseudo-second-order kinetic models are both above 0.9, and both have a strong correlation,
indicating that in the QS-CL-HA system, physical adsorption and chemical adsorption
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occur at the same time, but the R2 of the pseudo-second-order kinetic curve is larger (i.e.,
it is better than the pseudo-first-order kinetic curve), indicating that chemical adsorption
is dominant in this system. In general, the adsorption of QS-CL-HA is a multi-step mass
transfer controlled process, which predominantly consists of film diffusion or surface
chemical adsorption in the early stage and turns into intraparticle diffusion and chemical
coupling in the middle and late stages [53].

(a) (b) 

Figure 3. Kinetic adsorption models of the (a) QS-CL-HA and (b) QS-CL-HA-B.S. systems.

The adsorption kinetics of the components of QS-CL-HA-B.S., containing bacteria,
were studied using pseudo-first-order, pseudo-second-order, and Elovich kinetic models,
as shown in Figure 3b. According to the calculations, the R2 of the Elovich model can
reach 0.99999, indicating that adsorption is significantly affected by surface heterogeneity
in this case. The fitting parameters are better in the presence of bacteria. Although this
heterogeneity is partly due to the complex chemical composition at the soil–microbe
interface, considering the physiological responses of microbes under heavy metal stress
(such as EPS secretion). Detailed calculation procedures for kinetics models are provided
in the Supplementary Information (S1).

3.3.2. Thermodynamic Model

An isothermal adsorption model was established for the QS-CL-HA system, and the
Langmuir and Freundlich isothermal adsorption models were used for calculation. The for-
mula for the Langmuir model is Qe =

QmKLCe
1+KLCe

, where KL (L/mg) is the Langmuir constant,
which is related to adsorption energy/affinity. The formula for the Freundlich model is
Qe = KFC1/n, where KF [(mg/g)(L/mg)ˆ(1/n)] is the Freundlich constant, representing an
indicator of adsorption capacity.

The results are shown in Figure 4a. According to the results, the isothermal adsorption
of the QS-CL-HA system is more consistent with the Freundlich model. The steep initial
slope reaction system has a high affinity for low-concentration Mn2+, a phenomenon that
can mainly be attributed to the strong complexation of HA and the ion exchange of CL. In
the high-concentration region, Qe continues to rise, indicating that the CL-HA complex can
continue to adsorb through physical accumulation or surface precipitation; at the same
time, the growth rate of Qe decreases, indicating that the active sites tend to be saturated,
and the maximum amount of adsorption is determined by the number of chemical sites
possessed by HA and CL [54,55].
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(a) (b) 

Figure 4. (a) Isotherm adsorption models of the QS-CL-HA-B.S. system. (b) Isotherm adsorption
models of the QS-CL-HA-B.S. system.

The QS-CL-HA-B.S. system was also analyzed using the Langmuir and Freundlich
isothermal adsorption models, as shown in Figure 4b. According to the model calculation
results, the isothermal adsorption process of the composite system is more consistent with
the Freundlich model. In the low-concentration area, the negatively charged groups in EPS
quickly adsorb Mn2+ through electrostatic attraction, and the growth rate slows down in the
high-concentration area. At this time, Mn2+ attaches to the surface of the biofilm, generating
multi-layer adsorption, and the maximum amount of adsorption is determined by the
number of chemical sites B.S. and HA possess [56,57]. Detailed calculation procedures for
adsorption capacity and thermodynamic parameters are provided in the Supplementary
Information (S2–S3).

According to the calculations in the table, the adsorption processes of the two
QS-CL-HA and QS-CL-HA-B.S. systems between 30 ◦C and 60 ◦C in terms of adsorp-
tion and desorption are on the verge of dynamic equilibrium. The ∆G value is slightly
positive and close to zero, indicating that this adsorption process is in a thermodynamically
metastable state, reflecting a high degree of reversibility and environmental sensitivity
between the microbial surface and heavy metal ions [58]. The thermodynamic parame-
ters were re-evaluated using the dimensionless equilibrium constant K to ensure physical
consistency with the observed spontaneous adsorption. Within the temperature range
of 303–333 K, ∆G gradually decreases with increasing temperature, indicating that this
adsorption process is significantly influenced by temperature. The positive value of ∆H
indicates the endothermic nature of the adsorption, suggesting that higher temperatures
provide the necessary energy to overcome the activation barrier for chemical bond for-
mation or ion exchange. Furthermore, the positive value of ∆S is the key driving force
for the reaction. This increase in entropy is attributed to the release of hydrated water
molecules from the Mn2+ ions and the surrogate surfaces into the bulk solution upon
adsorption, which increases the overall disorder of the system. Therefore, the adsorption
process is entropy-driven, as the T∆S term effectively offsets the endothermic enthalpy
change, resulting in a spontaneous ∆G.

This ‘weak spontaneity’ or ‘near-equilibrium’ state suggests that microorganisms’
interception of heavy metals may not be a strong ‘permanent chemical bond’ but rather a
biophysical buffering effect [59].

3.4. Mechanism Discussion

The transformation of manganese in different systems involves the synergistic effects
of physicochemical and biological processes, and the experimental and characterization
results reveal these mechanisms, as shown in Figure 5. The carboxyl (-COOH) and hy-
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droxyl (-OH) groups in humic acid (HA) govern the adsorption of Mn2+ through ligand
exchange and electrostatic interactions. FTIR analysis showed that the -OH stretching
peak (3430 cm−1) narrowed after adsorption, indicating that Mn2+ formed inner-layer
complexes with deprotonated functional groups under neutral conditions (pH 5–7). The
Freundlich isotherm model further supported the multilayer adsorption driven by the het-
erogeneous binding sites of HA, especially at high Mn2+ concentrations. Calcite promoted
Mn2+ fixation through ion exchange (Ca2+↔Mn2+) and coprecipitation. The XRD results
show that the calcite diffraction peak (29.4◦) shifted after adsorption, indicating that Mn2+

partially replaced Ca2+ in the lattice. The occurrence of MnCO3 precipitation under alkaline
conditions (pH > 7) further enhanced this apparent adsorption capacity. Bacillus subtilis
improves adsorption performance via secreting extracellular polymers (EPSs) and biomin-
eralization. EPS is rich in polysaccharides and proteins, providing additional binding sites
for Mn2+ through electrostatic attraction and hydrogen bonding (the 3430 cm−1 peak in
FTIR is weakened). The SEM images show biofilm formation and surface deposition of
an amorphous substance, which can be attributed to microbial oxidation and metabolic
activities. The Elovich kinetic model (R2 = 0.999) highlights the dynamic role of biofilm in
heterogeneous adsorption.

Figure 5. Prediction of the mechanism of action of the mineral–microbe complex system with respect
to the metal Mn2+.

The quadruple system QS-CL-HA-B.S. exhibited a compound effect, where the or-
ganic layer of HA promotes Mn2+ complexation, calcite provides ion exchange sites, and
microorganisms enhance Mn2+ retention via stabilizing amorphous phases (such as AAC
precursors) and biofilm formation. The SEM results show that the surface of the composite
system is more densely aggregated, and the pores are blocked, indicating the synergistic
effect of physical retention and chemical binding.

4. Conclusions
In this study, a composite system consisting of key components of loess (quartz sand

(QS), calcite (CL), humic acid (HA), and Bacillus subtilis (B.S.)) was constructed to reveal
the mechanism behind the synergistic effect of multiple components on the transforma-
tion of Mn2+. Combining the residual ion concentrations detected via atomic absorption
spectroscopy (AAS), the characterization results obtained via FTIR, XRD, and SEM, and
analysis of the kinetic and isotherm models, we draw the following main conclusions:
(1) The HA-based composite system QS-CL-HA reaches its maximum adsorption capacity
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at pH 6, which is significantly better than the values for the individual mineral (QS and CL)
systems. The QS-CL-HA system is highly sensitive to pH, temperature, and initial concen-
tration. At pH 5–7, HA deprotonation enhances complexation. At 30–50 ◦C, adsorption is
an endothermic process, and biological activity is enhanced. At an initial concentration of
10–200 mg/L, the system’s behavior conforms to the Langmuir–Freundlich mixing model,
revealing the synergistic effect of multilayer adsorption and surface heterogeneity. The
maximum adsorption capacity is determined by the number of chemical sites on HA and
CL. In the system containing B.S., Bacillus subtilis secreted extracellular polymers (EPSs) to
provide additional binding sites and induced Mn2+ biomineralization, leading to MnCO3

precipitation, which increased the adsorption capacity of the composite system by 30–40%.
Microbial activity reached its peak under neutral conditions, but due to the effect of tem-
perature on bacterial activity, the adsorption performance decreased at temperatures above
60 ◦C due to protein denaturation and functional-group degradation. (2) FTIR and XRD
characterization confirmed that the polar groups (-COOH and -OH) of HA and microbial
EPS enhanced Mn2+ fixation through hydrogen bonding and coordination complexation.
SEM revealed that the microbially mediated biofilm and mineral–organic composite de-
position layer significantly changed the surface morphology, inhibited desorption, and
improved the Mn2+ retention capacity. For various components, QS mainly provides a
physical adsorption base; CL fixes Mn2+ through Ca2+/Mn2+ ion exchange and carbonate
precipitation (MnCO3); the carboxyl and phenolic hydroxyl groups of HA have strong
coordination and complexing effects on Mn2+; and after the introduction of B.S., bacte-
rial metabolites and extracellular polymers (EPS) provide additional coordination sites
and induce biomineralization (amorphous/crystalline manganese carbonate), improving
adsorption capacity.

This study clarifies, for the first time, the multi-level mechanism of Mn2+ fixation via
the synergistic effect of minerals, organic matter, and microorganisms through a simplified
soil model system, providing a theoretical basis for the remediation of manganese pollution
on the Loess Plateau.
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