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Abstract: This study investigates the synthesis of SMS-Ti-Mn (SMS-Ti-Mn stands for spent
mushroom substrate activated carbon-Ti-Mn) nanocomposites and their application in
removing the heavy metal antimony from water. In the process of antimony mining and
smelting, the concentration of antimony in the waste residue can still reach as high as
80.5 mg/L. In addition, the soil in the electronic waste dismantling area is severely contam-
inated with antimony. In short, antimony enters the environment in various ways from
mining, smelting, and manufacturing to the final waste process and continuously migrates
in different environmental media, increasing the environmental exposure risk of antimony
pollution. Single-factor experiments and response surface methodology were employed
to determine the optimal conditions, including the adsorption time, pH, and solid–liquid
ratio. Material characterization was performed to understand the role of nano-metals, and
adsorption kinetics were analyzed using the quasi-first-order kinetic model. The research
results revealed that the optimal conditions for antimony removal were an adsorption
time of 40 min, a pH of 4, and a solid–liquid ratio of 2:1 (mg/mL). Under these conditions,
the nanocomposites showed an adsorption capacity of 10.502 mg/g, which was 5.8 times
higher than that of iron coagulants, 11 times higher than that of manganese-modified
activated carbon, and 1.7 times higher than that of iron–manganese sludge adsorbents.
Characterization revealed enhanced functional groups (carbonyl, Ti=O, Mn=O), contribut-
ing to improved adsorption. Kinetic analysis indicated physical adsorption as the dominant
mechanism, and the regression model accurately predicted the adsorption capacity. SMS-Ti-
Mn nanocomposites offer a promising strategy for treating antimony-contaminated water,
with strong potential for practical applications in water treatment. They can decompose
naturally after use, reduce secondary pollution, and promote ecological balance. Secondly,
agricultural waste treated with heavy metal removal can be used as a fertilizer and soil
amendment to improve soil quality and promote sustainable agricultural development.

Keywords: SMS-Ti-Mn nanocomposites; adsorption kinetics; nano-metals; activated carbon;
heavy metal removal; water treatment technology
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1. Introduction
Research has shown that antimony pollution in water environments is mainly related

to factors such as the distribution of antimony minerals, mining development, and mineral
demand [1]. Antimony is often found in mining areas and surrounding water bodies.
The development and processing of mines are considered important sources of antimony
and lead pollution in the environment. In the investigation of antimony pollution, it was
found that the antimony concentration in water samples within the investigation range
was 4.5–29.4 mg/L, with an average of 10.0 mg/L [2]. In the process of antimony mining
and smelting, the concentration of antimony in the waste residue can still reach as high as
80.5 mg/L. The continuous wear of brake pads during braking will release antimony parti-
cles into the atmosphere, which will then deposit in nearby soil and water [3]. In addition,
the soil in the electronic waste dismantling area is severely contaminated with antimony [4].
In short, antimony enters the environment in various ways from mining, smelting, and man-
ufacturing to the final waste process and continuously migrates in different environmental
media, increasing the environmental exposure risk of antimony pollution.

Nanomaterials have demonstrated significant potential in water treatment due to their
unique physical and chemical properties [5]. Nano-metal materials offer several advan-
tages, such as large specific surface areas and strong reactivity, but also have limitations,
including susceptibility to oxidation, small sizes, easy agglomeration, and difficulty in
separation from pollutants [6]. To enhance the activity and stability of nano-metal materials,
researchers have attached them to larger carriers [7], improving their shortcomings while
taking full advantage of nanoscale features [8], while recent research has focused on using
activated carbon as a carrier for nano-metals. As nano-titanium and nano-manganese
are both inexpensive and readily available [9], many scholars have used activated carbon
combined with nano-metals to prepare new adsorption materials, which not only have
the advantages of activated carbon but also improve adsorption performance and enhance
mechanical strength, changing the surface. In terms of formaldehyde removal, the catalytic
process of activated carbon loaded with nano-metals becomes very rapid [10], and the
efficiency of heavy metal removal is also enhanced [11–13]. For instance, when removing
thallium from water, it has been observed that the removal percentage increased to 80.4%
after loading nano-metals [14]. Similarly, the removal efficiency of nutrient elements like
nitrogen and phosphorus using activated carbon nanocomposites loaded with nano-metals
increased to seven or eight times that before loading [15]. In nature, antimony often forms
jamesonite with lead, which releases antimony and its compounds during mining and
processing. Burning antimony-containing minerals or coal may also release antimony.
When antimony pollution occurs, it is often accompanied by lead pollution, so in addition
to antimony pollution, lead pollution must also be removed. This study prepared SMS-
Ti-Mn nanocomposites by combining nano-titanium oxide (TiO2) and nano-manganese
oxide (MnO2) with modified activated carbon, and took into account the effect of lead
removal during material preparation, making the material more advantageous in removing
antimony ores from wastewater.

Through a systematic investigation of the preparation process, characterization, and
adsorption properties of SMS-Ti-Mn nanocomposites, we developed an efficient and eco-
nomical SMS-Ti-Mn nanocomposite material for removing the heavy metal antimony from
water. We aimed to elucidate the removal mechanism of antimony and optimize the
adsorption process of the material. By utilizing agricultural waste mushroom bran as a
raw material, combined with technologies such as high-temperature carbonization, acid
activation, and nanomaterial loading, using analytical techniques such as SEM, FTIR, and
XRD, and combining single-factor experiments with response surface methodology to
optimize the experiment design, we determined the best preparation conditions for SMS-
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Ti-Mn nanocomposites and developed an adsorption kinetics model, thereby providing a
scientific foundation for applying these materials in practical water treatment scenarios.
The results offer a new strategy for heavy metal water treatment and provide essential
theoretical and practical guidance for nanocomposite design and application. The use
of agricultural waste as a raw material to prepare adsorbents can reduce environmental
pollution, reduce the ecological burden brought by incineration and landfill, and help
realize the recycling of resources. Agricultural waste treated for heavy metal removal can
be used as a fertilizer and soil amendment to improve soil quality and promote sustainable
agricultural development.

2. Materials and Methods
2.1. Reagent Materials

Discarded mushroom residue was collected from the tea tree mushroom planting base
in Dahe Village, Chishui Town, Guangchang County, Fuzhou City, Jiangxi Province. Its
main raw materials included cedar sawdust and cottonseed.

An antimony standard solution and lead standard solution were purchased from
the National Nonferrous Metals and Electronic Materials Analysis and Testing Center,
while nano-manganese oxide and nano-titanium oxide were purchased from Zhongse New
Materials and MCC New Materials, respectively. The conventional chemical reagents used
in the experiment were all analytically pure.

2.2. Preparation of SMS-Based Activated Carbon

Excess mycelium was removed, and the fungus chaff was rinsed, dried at 60 ◦C,
pulverized, and sieved (100 meshes). After charring in a vacuum muffle furnace at 550 ◦C
for 2 h, the surface ash was rinsed off, and the sample was dried after cooling. The material
was then modified by treating it with 0.1 mol/L hydrochloric acid for 2 h, followed by
rinsing with deionized water until the pH ≈ 7 of the aqueous solution was stable [9–11].

According to the experimental design software, certain masses of nano-titanium and
nano-manganese were weighed and added to a fixed mass of SMS-based activated carbon
according to the experimental plan. Ultrasonic mixing was carried out, and the antimony
solution was adsorbed. After preliminary experiments, the optimal range of conditions
was obtained. The experimental design factors and levels for subsequent experiments are
shown in the table below.

2.3. Preparation of Nanomaterials

1. The SMS-based activated carbon, nano-titanium, and nano-manganese were added to
20 mL of simulated antimony wastewater solution at a concentration of 12 mg/L. The
mass ratios of SMS-based activated carbon to nano-titanium were 4:1, 4:2, 4:3, and 4:4,
and the mass ratios of SMS-based activated carbon to nano-manganese were 4:1, 4:2,
4:3, and 4:4. After shaking at room temperature for a certain period, the solution was
filtered, and the concentration of antimony was measured using an atomic absorption
spectrometer to obtain the experimental results.

Based on (1), the response surface experimental design software Design-Expert was
used to determine the optimal mass ratio of nano-titanium (A), nano-manganese (B), and
SMS-based activated carbon (C) for removing antimony. The antimony solution was
adsorbed according to the experimental scheme. The experimental factors and levels are
shown in Table 1.
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Table 1. Experimental factor coding and levels.

Influence Factor Value Level

−1 0 1

SMS-based activated carbon dosage (C) 1:1 3:1 5:1
The dosage of nano-titanium added (A) 0.5 0.75 1

The dosage of nano-manganese added (B) 0.1 0.5 1

2.4. Experimental Methods

The optimal experimental conditions were obtained using single-factor experiments
(solid–liquid ratio, pH, adsorption time) and response surface methodology, so as to find
the best conditions for removing the heavy metal antimony.

1. A total of 1L of pH = 3, 12 mg/L antimony standard solution was prepared; some
20 mL of standard solution was taken in a brown volumetric flask, and then the
nanocomposite material was weighed into the flask. The solid–liquid ratios were 1:1,
2:1, 3:1, 4:1, and 5:1 (mg/mL). Oscillatory adsorption was carried out at room tem-
perature, and the samples were filtered and tested using a Flame Atomic Absorption
Spectrometer (FAAS) when the adsorption equilibrium was reached. Three parallel
experiments were performed in each group.

2. The above 20 mL of 12 mg/L antimony standard solution was taken in a brown
volumetric flask, and the pH of the solution was adjusted with nitric acid and sodium
hydroxide (2–10). Then, a certain amount of the nanocomposite was added, and
oscillatory adsorption was carried out at room temperature. The samples were filtered
and taken after a certain period of time. Three parallel experiments were performed
in each group.

3. The above antimony standard solution was taken in a brown volumetric flask; 20 mg
of the nanocomposite material was added, and oscillatory adsorption was carried
out at room temperature. The adsorption time was set to 15–75 min, and the samples
were filtered and taken after a certain period of time. Three parallel experiments were
performed in each group.

Design-Expert.10 experimental design software was used in combination with the
single-factor test results. The response surface optimization test was designed with pH
(A), adsorption time (B), and solid–liquid ratio (C) chosen as the investigation factors and
the amount of removal of the heavy metal antimony from nanocomposites taken as the
response value. The level values of each factor are shown in the following Table 2.

Table 2. Response surface experimental factor levels.

Level Adsorption Time (min) pH Solid–Liquid Ratios

−1 40 3 7:4
0 45 4 2:1
1 50 5 9:4

3. Results and Discussion
3.1. Optimization of Preparation Conditions of Materials

As shown in Figure 1a, when the mass ratio of SMS-C to Ti gradually decreases, the
removal percentage of antimony gradually increases. When the mass ratio reaches 2:1,
the removal percentage of antimony remains relatively unchanged. In order to maximize
economic benefits, the optimal quality ratio range for SMS-C and Ti is determined to be
2:1–2:1.5. For the ratio of SMS-based activated carbon to nano-manganese, the removal
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percentage of antimony initially increases gradually with the mass ratio of SMS-C to Mn
from 2:0, reaches its maximum value at 2:0.5, and then begins to decrease. When the
mass ratio of Dangdang is lower than 2:0.5, the removal percentage of antimony decreases,
which is lower than the adsorption performance of SMS-based activated carbon alone. The
possible reason is that excessive nano-manganese blocks some pores of the SMS-based
activated carbon, reducing the number of available adsorption sites and thus lowering the
antimony removal percentage. Therefore, the optimal range for the mass ratio of SMS-C to
Mn is 2:0–2:0.5.

A quadratic regression equation was obtained by using experimental design software
to fit the experimental data:

Y = 4.89 − 0.054371A − 1.096B + 0.61C + 0.036AB + 0.213AC + 0.1457BC − 0.312A2 + 1.46B2 − 0.101C2 (1)

The F value of 66.96 and p < 0.0001 indicate that the model is highly significant, with
p = 0.1886 (>0.05). The R2 value of 0.9885 indicates that the model is highly significant
and reliable. The regression model fits the experimental results well, indicating minimal
experimental error and good correlation [16]. Thus, the regression model is reasonable and
reliable [17].

In the response surface diagrams b, c, and d, the amount of antimony removal by
nano-manganese (B) decreases as the amount of nano-manganese increases. This may be
because excessive nano-manganese accumulates on the surface of the carbon, blocking
its pores and reducing the adsorption capacity for antimony. Conversely, the removal of
antimony increases with the increase in nano-titanium. From the steepness of the surface
and contour lines, it is evident that the dosage of nano-titanium (A) has a significant effect
on the adsorption of antimony [18].

Based on the model analysis, the optimal mass ratio for antimony removal was
determined to be SMS-based activated carbon/Ti/Mn = 1.972:0.993:0.089. To facilitate
subsequent experimental operations, this ratio was adjusted to SMS-based activated car-
bon/Ti/Mn = 2:1:0.1. Since antimony often coexists with lead in nature, due to its occur-
rence in jamesonite, it is important to consider the removal of lead as well as antimony
during the preparation of adsorption materials [19,20]. As shown in Figure 1e, when the
dosage ratio is SMS-based activated carbon/Ti/Mn = 2:1:0.5, the material effectively re-
moves both antimony and lead. Therefore, the optimal mass ratio of the composite material
was selected as SMS-based activated carbon/Ti/Mn = 2:1:0.5.
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Figure 1. (a) The influence of SMS-C: Ti and SMS-C: Mn on the removal of antimony. (b) Response
surface plots for the removal of antimony by the addition of nano-titanium and nano-manganese.
(c) Response surface plots for the removal of antimony by the addition of nano-titanium to SMS-
based activated carbon. (d) Response surface plots for the removal of antimony by the addition of
nano-manganese to SMS-based activated carbon. (e) The impact of adding nano-manganese on the
removal of Sb3+ and Pb2+.

3.2. Analysis of Composite Material Characterization Results

In Figure 2a–c, SEM images depict the three preparation stages of the SMS nanocom-
posites: (a) SMS-based activated carbon, (b) SMS-HCl activated carbon (SMS-based acti-
vated carbon modified by hydrochloric acid), and (c) SMS-Ti-Mn nanocomposites. The SEM
image of SMS-HCl activated carbon reveals more developed surface porosity, a rougher
texture, and an irregular structure. It is evident that the nanomaterials were uniformly
loaded onto the surface of SMS-HCl activated carbon without significant agglomeration.
Figure 2e shows more pronounced Ti and Mn peaks compared to Figure 2d, which, along
with the SEM images, indicate successful loading of nano-titanium and nano-manganese.
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Figure 2. (a) Scanning electron microscope image of SMS-based activated carbon. (b) Scanning
electron microscope image of SMS-HCl activated carbon. (c) Scanning electron microscope image of
SMS-Ti-Mn nanocomposite. (d) Energy spectrum diagram of SMS-HCl activated carbon. (e) Energy
spectrum diagram of SMS-Ti-Mn nanocomposite. (f) Infrared spectrum diagram of activated carbon.
(g) Raman spectrum diagrams of three materials. (h) X-ray diffraction diagrams of three materials.

In Figure 2f, the absorption peaks around 1699 cm−1 for all three adsorption materials
correspond to the stretching vibration of C=O [21]. Additionally, smaller absorption peaks
in the range of 1250–1500 cm−1 are observed, corresponding to the stretching vibrations of
C-C, C-H, and other skeletal structures, likely due to the presence of lignin and cellulose in
SMS-based carbon [22].



Separations 2025, 12, 38 8 of 13

All three forms of carbon exhibit distinct absorption peaks around 3431 cm−1, at-
tributed to the stretching vibrations of -OH groups in carboxyl, phenolic, and alcoholic
compounds [23]. The absorption peak of the SMS-Ti-Mn nanocomposites near 2346 cm−1

is attributed to the stretching vibration of the C=O group in O=C=O. Additionally, an
absorption peak at 510 cm−1 is observed in the composite material, corresponding to the
stretching vibrations of Ti=O and Mn=O groups. The analysis indicates that the functional
groups significantly increase following nano-metal loading, with key functional groups
including carbonyl, Ti=O, and Mn=O, which promote the adsorption process [24].

In Figure 2g, two prominent peaks are observed at 1366 cm−1 and 1600 cm−1. The
peak at 1366 cm−1 is associated with an amorphous disordered carbon structure, while
the peak at 1600 cm−1 corresponds to the sp2 C-C bond vibrations in graphitized carbon,
referred to as the D and G bands, respectively. The ID/IG ratios for SMS-based activated
carbon (YC), SMS-HCl activated carbon (HCl-C), and SMS-Ti-Mn nanocomposites (FH-C)
are 0.656, 0.63, and 0.72, respectively, indicating partial graphitization of all three activated
carbon samples [25]. The graphitization degree is the highest for the SMS-Ti-Mn composite
and lowest for SMS-HCl activated carbon. This difference is attributed to the increased
porosity and pore size of SMS-based activated carbon after activation with HCl, which
decreases upon loading with nano-titanium and nano-manganese.

In Figure 2h, the original diffraction peaks of SMS-HCl activated carbon disappear
after nano-loading, and new characteristic peaks appear, indicating the adsorption of
nanomaterials into the carbon pores, causing pore blockage [26]. At 2θ = 25.2◦, TiO2 is
in the anatase crystal form, while at 2θ = 47.9◦, TiO2 is present in the rutile form, with
a relatively low content. At 2θ = 47.2◦, the diffraction peak corresponds to manganese
compounds [27].

3.3. Analysis of Experimental Results

When the solid–liquid ratio of the SMS-Ti-Mn nanocomposites was increased from 1:1
to 5:1, the removal percentage of antimony initially accelerated, achieving rapid growth
between 1:1 and 2:1. However, as the solid–liquid ratio increased, adsorption slowed down.
Considering economic efficiency, the solid–liquid ratio of 2:1 (mg/mL) was determined
to be optimal. When the pH increased from 2 to 10, the antimony removal efficiency first
increased and then decreased. Specifically, between pH 2 and 4, the removal percentage
gradually increased to a maximum, while between pH 4 and 6, it decreased rapidly.
From pH 6 to 10, the decline percentage slowed, with the lowest removal percentage
observed at pH 10. Therefore, the optimal removal of antimony was achieved at pH 4.
As shown in Figure 3c, during the early stages of the adsorption experiment, the removal
percentage increased rapidly, stabilizing as the adsorption time reached 40 min. Between
15 and 40 min, the removal percentage increased steadily. Considering both social and
economic benefits, an adsorption time of 40 min was considered the most appropriate for
subsequent experiments.

In Figure 3d, the adsorption process of the SMS-Ti-Mn nanocomposites for antimony
exhibited an initially rapid phase, which then slowed before reaching dynamic equilibrium
at approximately 40 min. This behavior is attributed to the progressive reduction in
available adsorption sites over time, leading to a decrease in the adsorption percentage
until equilibrium was reached. Both the first-order and second-order R2 values were greater
than 0.98, indicating a good fit for the adsorption kinetics. The correlation coefficient for
the first-order kinetic model was higher than that for the second-order model, and the
maximum adsorption capacity predicted by the quasi-first-order kinetic model closely
matched the experimental results. This suggests that physical adsorption plays a major
role in the adsorption process. As shown in the table, both the first-order and second-order
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kinetic models had R2 values greater than 0.98, further confirming their suitability for
describing the adsorption kinetics. The first-order kinetic model demonstrated a better
correlation, indicating that physical adsorption was the dominant mechanism [28].
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Residuals can be used to evaluate the rationality of regression models. As can be seen
from Figure 4a, each experimental point is reasonably distributed, mainly on both sides of
the straight line. It can be seen from Figure 4b that all 12 groups of values are distributed
within the confidence interval, which indicates that when the predicted value of the model
is within the range of the internal residual value of ±4.819, the predicted value of the model
has high confidence.

Using Design-Expert software, multiple regression analysis was performed on the
experimental data. The regression equation for antimony adsorption (Y) was established
as follows:

Y = 10.296 − 0.81A + 0.1490B + 0.222C − 0.04969AB + 0.1352AC + 0.18299BC − 4.3185A2 + 0.3534B2 − 0.3178C2 (2)

The F value of 96.61 and p < 0.0001 indicate that the model is highly significant and
reliable. The regression model fits the experimental data well, as evidenced by the low
experimental error (p = 0.0844 > 0.05) and the high correlation (R2 = 0.992). The optimal
conditions for antimony removal were found to be a pH of 3.983, an adsorption time of
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40.258 min, and a material-to-liquid ratio of 2:1 (mg/mL), with an experimental prediction
value of 10.502 mg/g.
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As shown in Figure 5a, the experimental points are well distributed, primarily on
either side of the straight line. In Figure 5b, all 12 groups of values lie within the confidence
interval, indicating that when the predicted value falls within the internal residual value
range of ±4.819, it has high confidence. The above analysis shows that the regression
model has low error, high reliability, and high precision, making it effective for predicting
the adsorption of the heavy metal antimony by SMS-Ti-Mn nanocomposites.
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When the solid–liquid ratio is kept constant and only the pH and adsorption time are
increased, the adsorption capacity of the SMS-Ti-Mn nanocomposites initially increases and
then decreases as the pH increases. In the early stages, the adsorption capacity increases
significantly, but after exceeding a certain threshold, it gradually declines. This is because
the surface charge of the SMS-Ti-Mn nanocomposites is highly sensitive to changes in the
solution pH. When the adsorption time is fixed and only the pH and solid–liquid ratio are
increased, the adsorption capacity again shows an initial increase followed by a decrease
with increasing pH. When the experimental pH is fixed and both the adsorption time
and solid–liquid ratio are increased, the amount of antimony adsorbed by the SMS-Ti-
Mn nanocomposites does not change significantly. Based on this analysis, the order of
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influence of the different factors on antimony adsorption is as follows: pH > solid–liquid
ratio > adsorption time.

3.4. Model Verification

Through analysis using experimental design software, the optimal conditions for the
adsorption process of the SMS-Ti-Mn nanocomposites on the heavy metal antimony were
determined as follows: adsorption time of 40.258 min, pH of 3.983, and solid–liquid ratio of
2:1 (mg/mL). Under these conditions, the predicted adsorption capacity of the SMS-Ti-Mn
nanocomposites for antimony was 10.502 mg/g. Considering practical applications, the
experimental conditions were adjusted to an adsorption time of 40 min, a pH of 4, and a
solid–liquid ratio of 2:1 (mg/mL) for verification experiments. Three parallel experiments
were conducted, and the results showed a maximum adsorption value of 10.392 mg/g, with
an average value of 10.34 mg/g. The small error between the predicted and experimental
values indicates high consistency, confirming that the model is reliable for predicting
antimony adsorption by SMS-Ti-Mn nanocomposites.

4. Conclusions
In this study, SMS-Ti-Mn nanocomposites were successfully synthesized, and their

application in removing the heavy metal antimony from water was systematically inves-
tigated. By employing single-factor experiments and response surface methodology, the
optimal experimental conditions were identified: an adsorption time of 40 min, a pH of 4,
and a solid–liquid ratio of 2:1 (mg/mL). Under these conditions, the adsorption capacity of
the nanocomposites for antimony reached 10.502 mg/g, which was 5.8 times higher than
that of iron coagulants, 11 times higher than that of manganese-modified activated carbon,
and 1.7 times higher than that of iron–manganese sludge adsorbents.

Material characterization analysis revealed that the incorporation of nano-metals sig-
nificantly increased the functional groups present on the activated carbon, particularly
carbonyl groups, Ti=O, and Mn=O, which contributed to the enhanced adsorption perfor-
mance. Adsorption kinetics analysis indicated that physical adsorption played a dominant
role in the removal of antimony, with the quasi-first-order kinetic model providing the best
fit to the experimental data.

Additionally, the mathematical model established through multiple regression analysis
was found to be highly significant, accurately predicting the SMS-Ti-Mn nanocomposites’
adsorption capacity for antimony. The experimental results were in strong agreement
with the predicted values, demonstrating the high reliability and predictive accuracy of
the model.

The findings of this study provide an effective strategy for treating heavy metal-
contaminated water and offer important theoretical and practical guidance for the design
and optimization of nanocomposites. Future research should further explore the application
of these materials in real-world water treatment environments, with particular attention to
sustainability and economic viability.
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