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Abstract

The excessive emission of cadmium (Cd2+) poses a serious threat to the aquatic environ-
ment due to its high toxicity and bioaccumulation potential. This study constructed three
types of vertical-subsurface-flow constructed wetlands configured with iron–carbon–zeolite
composite substrates, including an iron–carbon–zeolite constructed wetland (TF-CW), a
zeolite–iron–carbon constructed wetland (FT-CW), and an iron–carbon–zeolite mixed con-
structed wetland (H-CW), to investigate the purification performance and mechanisms
of constructed wetlands for cadmium-containing wastewater (0~6 mg/L). The results
demonstrated that iron–carbon–zeolite composite substrates significantly enhanced Cd2+

removal efficiency (>99%) through synergistic redox-adsorption mechanisms, where the
iron–carbon substrate layer dominated Fe-Cd co-precipitation, while the zeolite layer achieved
short-term cadmium retention through ion-exchange adsorption. FT-CW exhibited supe-
rior NH4

+-N removal efficiency (77.66%~92.23%) compared with TF-CW (71.45%~88.05%),
while iron–carbon micro-electrolysis effectively inhibited NO3

−-N accumulation (<0.1 mg/L).
Under cadmium stress, Typha primarily accumulated cadmium through its root systems
(>85%) and alleviated oxidative damage by dynamically regulating antioxidative enzyme
activity, with the superoxide dismutase (SOD) peak occurring at 3 mg/L Cd2+ treatment.
Microbial community analysis revealed that iron–carbon substrates promoted the relative
abundance of Bacteroidota and Patescibacteria as well as the enrichment of Saccharimonadales,
Thauera, and Rhodocyclaceae (genera), enhancing system stability. This study confirms that
iron–carbon–zeolite CWs provide an efficient and sustainable technological pathway for
heavy metal-contaminated water remediation through multidimensional mechanisms of
“chemical immobilization–plant enrichment–microbial metabolism”.

Keywords: constructed wetland; heavy metal; iron–carbon micro-electrolysis; plants;
microbial community

1. Introduction
With the improper treatment and direct discharge of wastewater and exhaust gases

containing substantial quantities of heavy metals (HMs) from industrial processes such as
mining, smelting, and chemical production, heavy metal contamination in the environment
has become increasingly severe. Cadmium (Cd), as a highly toxic heavy metal, poses serious
threats to aquatic ecosystems and human health due to its bioaccumulation potential
and persistent nature [1]. Under cadmium stress, plant physiological processes suffer
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multiple disruptions, including delayed seed germination, chlorosis symptoms in leaves,
and plant wilting with reduced dry matter accumulation [2]. The health hazards are
primarily manifested as multi-system damage under chronic exposure, exemplified by
the “Itai-itai disease” that occurred in Toyama Prefecture, Japan, where residents who
consumed cadmium-contaminated rice over extended periods experienced significant bone
density reduction, elevated pathological fracture risks, and pain symptoms persisting for
decades [3].

Currently, the primary treatment methods for heavy metal wastewater include chemi-
cal, physical, and biological approaches, encompassing chemical precipitation, electrolysis,
ion exchange, membrane separation, activated carbon and silica gel adsorption, biofloccu-
lation, and phytoremediation. Constructed wetlands (CWs) have emerged as an important
technology for heavy metal wastewater treatment due to their advantages of low cost and
sustainability, removing heavy metals through multiple pathways including substrate ad-
sorption, plant uptake, microbial action, and chemical precipitation. Research demonstrates
that constructed wetlands can achieve removal efficiencies exceeding 90% for various heavy
metals such as copper, zinc, lead, cadmium, and chromium, with some heavy metal removal
rates reaching above 95%. However, traditional substrates exhibit insufficient removal
efficiency and stability for Cd [4,5]. Li et al. discovered that the combination of biochar and
artificial humic acid significantly enhanced cadmium immobilization efficiency through mi-
crobially induced calcium carbonate precipitation (MICP) technology while simultaneously
improving soil fertility [6]. Wang et al. found that zeolite-modified substrates loaded with
Fe2O3 nanoparticles and CaO nanoparticles promoted Cu and Ni removal by increasing
electrostatic adsorption, chemical precipitation, and the abundance of resistant microorgan-
isms and functional genes [7]. Wang et al. discovered that biochar preferentially adsorbed
bioavailable Cd2+ in water bodies and significantly increased Fe/Mn oxide-bound and
exchangeable Cd fractions [8].

However, how iron–carbon–zeolite composite substrates influence the physicochemi-
cal parameters and individual components of constructed wetlands, ultimately enhancing
hazardous substance removal efficiency, remains incompletely understood. This study
designates Cd2+ as the target pollutant and innovatively combines iron–carbon micro-
electrolytic materials with zeolite to investigate the removal efficiency of constructed
wetland systems under different substrate configurations when subjected to increasing
Cd2+ pollution loads. The study examines the mechanisms of cadmium removal by con-
structed wetlands and determines the potential effects of plant physiological responses
and functional microbial community structures, revealing the synergistic mechanisms of
plant–microorganism–substrate interactions. This research holds significant importance for
optimizing substrate configurations and reducing plant toxic effects under cadmium stress.

2. Materials and Methods
2.1. Experimental Design

The experiment employed vertical-subsurface-flow constructed wetland (VSSFCW)
models with a total height of 60 cm (effective working zone = 55 cm) and a 20 cm diameter,
fabricated from polyvinyl chloride (PVC) materials (Figure 1). The substrate structure
consisted of three layers: the bottom layer comprised a 15 cm thick gravel support layer
with particle sizes of 30–50 mm; the middle layer was a 30 cm thick functional substrate
layer (particle size 8–12 mm), divided into three groups according to configuration: FT-CW
consisted of an upper 15 cm zeolite layer and a lower 15 cm iron–carbon layer; TF-CW
consisted of an upper 15 cm iron–carbon layer and a lower 15 cm zeolite layer; H-CW
consisted of iron–carbon and zeolite mixed at a 1:1 volume ratio with a total thickness of
30 cm. The top layer was a 10 cm thick gravel layer with particle sizes of 10–20 mm. All
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three systems had an effective water treatment capacity of 7 L, with porosities of 48.6%,
48.3%, and 48.2%, respectively, and a hydraulic load rate of 0.11 m3/(m2·d). Typha was
selected as the wetland plant, with three seedlings of similar height and good nutritional
status transplanted into each system.

Figure 1. Schematic diagram of the VFCWs (FT-CW, TF-CW, and H-CW).

2.2. Operation of Constructed Wetland Systems

The entire experiment was conducted at the Hydraulic Engineering Experimental Cen-
ter of Changsha University of Science and Technology (28◦06′76′ ′ N, 113◦00′43′ ′ E), which
is characterized by a subtropical monsoon climate with year-round humidity maintained
between 70% and 80%. All the CW systems employed downflow intermittent feeding, with
the hydraulic retention time (HRT) set at 2 days. Artificially prepared synthetic wastewater
was used as the influent source, with specific water-quality parameters presented in Table 1.

Table 1. Parameters of influent water quality at different stages.

Stage
Influent Concentration (mg/L)

pH
DO

(mg/L)
EC a

(µs/cm) Duration (d)
COD NH4

+-N TP Cd2+

I 60 40 1 0 7.65 ± 0.20 4.46 ± 0.18 458.07 ± 24.98 36–66
II 60 40 1 3 7.53 ± 0.10 4.46 ± 0.21 363.14 ± 33.50 96–124
III 60 40 1 6 7.60 ± 0.07 4.57 ± 0.20 355.80 ± 22.18 124–153

a EC represents the electrical conductivity.

2.3. Sample Collection and Analysis
2.3.1. Water Sample Collection and Detection

In this experiment, iron–carbon–zeolite CW systems with different configurations were
constructed. After the systems were constructed, they were first operated continuously
for one week to check the tightness of the devices (for leaks). After 36 days of operation,
all wetland systems reached a stable state. Water samples were collected from sampling
points at outlets one, two, and three as effluent sampling locations, with routine water
sample collection and measurements conducted every 2 days. Each sampling involved
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taking three parallel water samples at the outlet, and the test results were averaged and the
standard deviation calculated. Dissolved oxygen and water temperature were measured
using a dissolved oxygen meter (JPBJ-607A; Shanghai Leici Instrument Factory, Shanghai,
China), and pH values were detected using a pH meter (pH-100B; Lichen, Shanghai, China).
All water samples were filtered through 0.45 µm water-quality injection filters, and Cd2+

concentrations were subsequently measured using atomic absorption spectrophotometry
(AA6800; Shimadzu Co., Kyoto Japan).

2.3.2. Plant Sampling and Analysis

Based on established extraction methods with modifications, the photosynthetic pig-
ment, superoxide dismutase (SOD), malondialdehyde (MDA), and hydrogen peroxide
(H2O2) content in plant leaves was determined at the end of each experimental stage,
with detection performed using ultraviolet spectrophotometry. Specific determination
procedures and calculations for the plant analysis indicators are presented in Table 2.

Table 2. Plant physiological indicators and analytical methods.

Analysis Parameter Analysis Item Detection Wavelength (nm) Calculation Formula Review

Photosynthetic Pigments Chl 2 a, Chl b, The total
amounts of carotenoids 470, 649, 665

Ca = 13.95A665 − 6.88A649
Cb = 24.96A649 − 7.32A665

Cx + c = (1000A4702.05Ca × 114.8Cb)/245
[9]

ROS 1 H2O2 390 / [10]
Lipid Peroxidation MDA 3 532, 600, 450 C 5 = 6.45 (A532 − A600) − 0.56A450 [11]

Antioxidative Enzymes SOD 4 560 C 6= (Ack − Ac) × V/(50% × Ack × W × Vt) [12]

1 Reactive oxygen species; 2 Chlorophyll; 3 Malondialdehyde; 4 Superoxide dismutase; Ca: Chlorophyll a concen-
tration (mg/L); Cb: Chlorophyll b concentration (mg/L); Cx + c: The total amounts of carotenoid concentration
(mg/L); C 5: MDA concentration (µmol/L); C 6: SOD concentration (U/g FW); Ack: Absorbance of the light
control tube; Ac: Absorbance of sample tubes; V: Total volume of sample liquid; W: Fresh weight of sample (g); Vt:
Enzyme solution volume used during measurement (mL, 30 µL).

Upon completion of the entire experiment, both aboveground and belowground plant
parts were washed with tap water and distilled water, and the mass of each part was
weighed. Cadmium extraction from plant tissues was performed using concentrated HNO3

microwave digestion, and cadmium concentrations were detected using atomic absorption
spectrophotometry (AA6800; Shimadzu, Japan) according to standard methods. Detailed
procedures for the plant analysis are provided in Table 2.

2.3.3. Substrate Sample Collection and Analysis

At the end of each stage, substrate samples were collected based on established
methods [13] for cadmium speciation analysis using sequential extraction procedures
and extracellular polymeric substance (EPS) analysis. Cadmium species in the substrates
were classified into five operationally defined fractions based on the modified Tessier
sequential extraction procedure: exchangeable fraction (EXC), carbonate-bound fraction
(CAR), iron–manganese-bound fraction (Fe-Mn), organically bound fraction (ORG), and
residual fraction (RES). This classification scheme allows for the assessment of cadmium
mobility and bioavailability, with the exchangeable fraction representing the most labile
and bioavailable form, while the residual fraction represents the most stable and least
bioavailable form. Different cadmium species were analyzed using atomic absorption
spectrophotometry (AA6800; Shimadzu, Japan), and protein content was determined using
the Folin phenol reagent method.

2.3.4. Microbial Sample Collection and Analysis

Upon completion of Stage III experiments, representative substrate samples were
collected from each layer using duplicate centrifuge tubes and submitted to Shanghai Meiji
Biomedical Technology Co., Ltd. (Shanghai, China) for microbial community analysis.
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DNA purity and concentration were determined using NanoDrop2000, and integrity was
assessed by 1.0% agarose gel electrophoresis. The bacterial V3-V4 hypervariable region
of 16S rRNA was amplified using primers 335F (ACTCCTACGGGAGGCAGCAG) and
806R (GGACTACHVGGGTWTCTAAT). PCR products were precisely quantified using the
QuantiFluor™-ST blue fluorescence quantification system (Promega Corporation, Madison,
WI, USA). Sequencing libraries were constructed using the TruSeq™ DNA Sample Prep
Kit (Illumina, Shenzhen, China), and sequencing was performed on the Illumina MiSeq
PE300 platform (Illumina, Shenzhen, China). Subsequent microbial-related analyses were
completed using the Majorbio Cloud Platform (Shanghai Meiji Biomedical Technology Co.,
Ltd., Shanghai, China).

3. Results and Discussion
3.1. Effects of Cadmium on the Pollutant Removal Performance of Iron–Carbon–Zeolite
Constructed Wetlands

3.1.1. Cd2+ Removal Efficiency and Mechanisms

Cadmium removal in constructed wetlands is primarily achieved through syner-
gistic mechanisms, including plant uptake and accumulation, substrate adsorption and
precipitation, and microbial action [14]. Figure 2 shows the changes in DO, EC, and pH con-
centrations at the outlet of the fourth layer of the iron–carbon–zeolite constructed wetland
under different Cd2+ concentrations in the influent. Figure 3 shows the Cd2+ concentration
variations at different outlet points and corresponding removal efficiencies for constructed
wetlands with different configurations across the various experimental stages. As shown
in Figure 3a, immediately after cadmium addition to the influent in Stage II, FT-CW and
TF-CW exhibited relatively low cadmium removal rates, with significant fluctuations in
effluent cadmium concentrations showing a gradual upward trend. As the reaction contin-
ued, removal efficiency gradually increased until stabilization. This phenomenon occurs
because plants and microorganisms in the wetland systems require an adaptation period to
the introduced cadmium stress during the initial experimental stage [15]. At this time, the
microbial community structure may not yet have been adjusted, with insufficient quantities
or inhibited activity of specific cadmium-tolerant microorganisms, resulting in limited
efficiency toward cadmium decomposition or immobilization. As the reaction progresses
under continuous cadmium exposure pressure, microbial communities in the wetland
systems undergo succession, with cadmium-tolerant microorganisms gradually becoming
dominant populations [16]. By Stage III, cadmium removal efficiencies for FT-CW and
TF-CW had improved from 81.61% and 95.29% to 91.29% and 96.56%, respectively.

Iron–carbon–zeolite composite constructed wetlands demonstrated significant Cd2+

removal efficiency. The removal efficiencies of the three configurations (FT-CW, TF-
CW, and H-CW) at the fourth outlet in Stage III (Cd2+ concentration of 6 mg/L) were
99.713% ± 0.292%, 99.568% ± 0.402%, and 99.659% ± 0.309%, respectively (Figure 3c).
Vertical analysis revealed that Cd2+ removal exhibited gradient characteristics: in the third
substrate layer, FT-CW’s cadmium removal efficiency improved by 17.92% ± 7.22% and
8.12% ± 1.55% compared with the second layer, while TF-CW showed improvements
of 4.23% ± 2.68% and 2.85% ± 1.77%, indicating that the iron–carbon composite sub-
strates located in the deeper zones (outlets 3) demonstrate significantly superior cadmium
immobilization capacity compared with the zeolite substrates predominantly present at
outlet 2 (Figure 3b). This enhanced performance can be attributed to multiple synergistic
mechanisms: The iron–carbon substrates create micro-galvanic cells whereby iron acts
as an electron donor, generating Fe2+ ions that subsequently oxidize to Fe3+, forming
iron hydroxides and oxyhydroxides with high affinity for cadmium adsorption and co-
precipitation [17]. The iron–carbon composite possesses a more complex porous structure
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and higher specific surface area compared with zeolite, providing more active sites for cad-
mium binding through surface complexation and electrostatic interactions [18]. Specifically,
FT-CW and TF-CW achieved average Cd2+ removal rates of 91.29% ± 2.02% and 95.56% at
the second outlet during Stage III, representing increases of 9.68% and 5.27%, respectively,
compared with Stage II (Figure 3b). In Stages II and III, the removal efficiency of cadmium
by the three devices exceeded 99%.

 

Figure 2. Vertical variation curves of effluent DO (a), EC (b), and pH (c) for each operational stage.
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Figure 3. Variation of effluent Cd2+ concentration and its removal rate at two (a), three (b), and four
(c) outlets under different influent Cd2+ concentrations. Values represent the mean of three replicates
across four experiments, and error bars represent the standard deviation (n = 3).

Figure 4 shows the accumulation distribution of different cadmium compounds in the
second and third layers of the iron–carbon–zeolite matrix in the second and third stages.
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Redox mechanisms in iron-carbon layers: Fe2+ is oxidized to Fe3+, which is hydrolyzed to
form iron oxides/hydroxides (such as FeOOH and Fe(OH)3) and fixed with Cd2+ through
surface complexation and coprecipitation to form stable Cd-Fe complexes [19]. All CW
effluents maintained weak alkalinity (pH 7.4–8.1). Within this range, Fe2+ released from
the Fe/C microelectrolysis anode was rapidly oxidized to Fe3+ and coprecipitated with
trace amounts of Mn2+/Mn4+ in the iron filings to form amorphous iron–manganese
(oxyhydroxide) oxide. Active hydrogen ([H]) reduces part of the Cd2+ to low-mobility
Cd0. As shown in Figure 2a–c, the effluent pH from all three CW systems remained
weakly alkaline across all stages, with TF-CW consistently exhibiting higher pH values
than FT-CW at different outlets across the stages, further confirming TF-CW’s superior
cadmium removal performance compared with that of FT-CW. Meanwhile, the zeolite
layer relies on cation exchange (such as Ca2+/Cd2+ replacement) and carbonate-bound
adsorption, demonstrating high short-term adsorption efficiency but presenting risks of
secondary release [20,21]. The bioavailability of cadmium is significantly reduced through
several interconnected processes: The iron–carbon micro-electrolysis process transforms
dissolved Cd2+ into less mobile forms, such as the iron–manganese-bound fraction, the
residual fraction, and the carbonate-bound fraction [22]. The combination of iron–carbon
and zeolite creates heterogeneous interfaces with enhanced adsorption properties due to
the formation of composite binding sites with higher affinity for cadmium [17]. Substrate
layers containing iron–carbon materials (TF-CW and FT-CW systems) displayed markedly
elevated levels of iron–manganese oxide-associated fractions compared with alternative
substrate configurations during Stages II–III. In Stage III, bound cadmium accumulation in
the iron–carbon layer reached 128.87 mg/kg, while exchangeable cadmium content in the
zeolite layer ranged from 7.91 to 12.70 mg/kg, validating the dominant role of iron–carbon
layers in long-term immobilization (Figure 4c,d).

 

Figure 4. Accumulation of different cadmium species in layers two and three of iron–carbon–zeolite
substrates during Stage II (a,b) and Stage III (c,d).
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3.1.2. NH4
+-N Removal

Figure 5a–c illustrates the effluent NH4
+-N concentration variations and corresponding

removal-efficiency patterns at different sampling points along the flow path of iron–carbon–
zeolite composite constructed wetland systems under three influent cadmium concentration
gradients (0, 3, and 6 mg/L, respectively) across different experimental stages (Figure 5a–c).

 

Figure 5. Variation of the NH4
+-N removal rate at different stages at two, three, and four outlets

(a–c); NO3
−-N effluent concentration at the fourth outlet (d). Values represent the mean of three

replicates across four experiments, and error bars represent the standard deviation (n = 3).

FT-CW (zeolite upper-layer configuration) achieved the highest NH4
+-N removal

efficiency across the three stages (from 92.23% in Stage I to 77.66% in Stage III, with a
decline of 14.57%), significantly outperforming TF-CW (from 88.05% in Stage I to 71.45% in
Stage III, with a decline of 16.6%) and H-CW (from 89.79% in Stage I to 76.87% in Stage
III, with a decline of 12.4%) (Figure 5a). Vertical data analysis revealed that as the influent
Cd2+ concentration increased, NH4

+-N removal efficiency in the CWs gradually decreased.
However, across Stages I, II, and III, the differences in effluent NH4

+-N removal rates
between different layers remained below 1.1%, indicating relatively uniform dissolved
oxygen distribution within the systems, with aerobic nitrification being the dominant
process (Figure 2a). The zeolite upper layer in FT-CW promoted atmospheric reaeration and
plant oxygen release through its porous structure, providing a high-DO microenvironment
for ammonia-oxidizing bacteria (AOB) [23]; whereas the iron–carbon layer in TF-CW
consumed substantial DO through micro-electrolytic reactions, creating oxygen competition
with nitrifying bacteria and inhibiting the NH4

+-N conversion efficiency [24,25].

3.1.3. Nitrate Nitrogen Accumulation

Figure 5d illustrates the dynamic variation characteristics of NO3
−-N concentrations in

terminal effluent under different Cd2+-loading conditions across various CW configurations.
The experimental data demonstrated that as the operational time extended, NO3

−-N
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concentrations at the fourth outlet remained stable at below 0.1 mg/L, with no significant
accumulation observed (Figure 5d).

This phenomenon can be explained by the multiple mechanisms of iron–carbon micro-
electrolysis: zero-valent iron (Fe0) directly reduces NO3

−-N as an electron donor; active
hydrogen ([H]) and Fe2+ generated from micro-electrolysis provides electron sources for
autotrophic denitrifying bacteria (such as Thauera and Rhodocyclaceae), accelerating the
NO3

−-N conversion to N2 [26].

4Fe0 + NO3
− + 10H+→4Fe2+ + NH4

+ + 3H2O

Additionally, the porous structure of activated carbon adsorbs organic matter, provid-
ing carbon sources for heterotrophic denitrification, while iron corrosion products (such as
Fe(OH)3) further enhance nitrate removal through flocculation and precipitation [27,28].
These synergistic effects enabled the system to maintain efficient denitrification perfor-
mance; therefore, even under varying Cd2+ concentration conditions, NO3

−-N did not
exhibit obvious accumulation phenomena.

3.2. Effects of Iron–Carbon–Zeolite Constructed Wetlands on the Plant Response Under Cadmium Stress
Cadmium Accumulation and Antioxidant Regulation

Typha root systems exhibited Cd2+ accumulation rates exceeding 85%, which were
significantly higher than those in stems and leaves (<15%). The experimental data demon-
strated that cadmium accumulation in plant roots reached 575.2 mg/kg in the FT-CW
system (zeolite–iron–carbon stratified configuration), significantly higher than that in the
TF-CW (490.3 mg/kg) and H-CW (476.5 mg/kg) systems (Figure 6). This phenomenon is
closely associated with the crucial role of iron in plant heavy metal-tolerance mechanisms.
Based on previous studies [24–26], the differential Cd removal efficiency between wetland
configurations may be attributed to iron-mediated mechanisms, although direct evidence
was not obtained in this study. Literature suggests that iron plaque formation on root
surfaces can immobilize Cd through surface coordination [29]. Additionally, iron-mediated
redox reactions have been reported to promote root secretion of low-molecular-weight
organic acids, which may form stable complexes with Cd2+ [30,31]. However, these mech-
anisms require further investigation through direct measurements of root exudates and
iron precipitation dynamics. The positioning of iron–carbon materials in different wetland
layers could potentially influence these processes, although quantitative assessment of
spatiotemporal iron distribution was beyond the scope of this study. Our findings on
Cd speciation changes provide indirect support for these hypothesized mechanisms and
highlight the need for future research to directly examine iron–root–Cd interactions in
constructed wetlands.

 

Figure 6. Cadmium accumulation in different parts of the plants at the end of the experiment.
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Oxidative stress indicators revealed response differences between the systems. Under
cadmium stress, plants alleviated oxidative damage through dynamic regulation of antiox-
idative enzyme activity; superoxide dismutase (SOD) activity reached its peak during Stage
II (3 mg/L Cd2+), subsequently declining as the system adaptability increased (Figure 7d).
This pattern reflects plant response strategies to progressive stress: an initial elevation of
SOD activity to scavenge excess reactive oxygen species, followed by later-stage (Stage III)
reliance on root mucilage barrier formation and microbial resistance evolution [32]. This
dual mechanism reduces the Cd2+ bioavailability, thereby decreasing antioxidative enzyme
requirements. In TF-CW, the front-positioned iron–carbon layer resulted in root exposure to
high concentrations of Fe2+, which not only interfered with magnesium ion uptake but may
also have induced oxidative stress through Fenton reactions, inhibiting chloroplast func-
tion [33]. Its total photosynthetic pigment content (Stage III: 9.70 mg/g) was significantly
lower than that in FT-CW (10.58 mg/g) and H-CW (12.03 mg/g) (Figure 7b).

 
Figure 7. Levels of plant MDA (a), photosynthetic pigments (b), H2O2 (c), and SOD (d) in iron–
carbon–zeolite constructed wetlands under different cadmium concentrations. Different letters
indicate significant differences among the four treatments (p < 0.05). Values represent the mean of
three replicates across four experiments, and error bars represent the standard deviation (n = 3).

The cadmium-induced reactive oxygen species (ROS) burst in Stage II led to dramatic
increases in H2O2 (reaching 37.62 µmol/g in FT-CW) and the membrane lipid peroxidation
product MDA (50.68 µmol/g). However, as the system achieved efficient NH4

+-N retention
(73.8%), root cadmium accumulation decreased, and oxidative damage was significantly
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alleviated in Stage III (Figure 7a,c). This indicates that plants mitigate physiological damage
by reducing heavy metal translocation to aboveground tissues through selective retention
mechanisms. This phenomenon aligns with Jia et al.’s conclusions regarding the influence
of heavy metal spatial distribution on physiological metabolism [34].

3.3. Effects of Cadmium on Microorganisms in Iron–Carbon–Zeolite Constructed Wetlands
3.3.1. EPS Secretion and Biofilm Formation

In the wetlands at Stage I (in the absence of cadmium), the FT-CW, TF-CW, and H-CW
systems exhibited higher TB-EPS concentrations, which was attributed to the high DO
levels (>1.00 mg/L) in the wetland systems during the first stage, indicating that aerobic
metabolism was dominant. Under these conditions, microorganisms tend to produce more
TB-EPSs to maintain optimal cellular hydration and nutrient retention within the biofilm
matrix, consistent with established principles of biofilm physiology [35]. Analysis of the
EPS content across different substrate layers under various Cd2+ concentration gradients
revealed that soluble EPSs (S-EPSs) consistently exhibited low proportions across all stages.
As microbial metabolic products, S-EPSs readily dissociate from cell surfaces into the liquid-
stage environment, with its accumulation closely related to dissolved oxygen (DO) levels. In
this study, effluent DO values in all layers were at around 1.00 mg/L (Figure 2a), indicating
that aerobic metabolism dominated within the system, which aligns with Zhou et al.’s findings
that S-EPSs accumulate more readily in anaerobic environments (DO < 0.5 mg/L) [36]. Under
high DO conditions, enhanced microbial activity leads to rapid S-EPS degradation, thereby
limiting its accumulation.

Regarding dynamic responses to cadmium stress, tightly bound EPSs (TB-EPSs) dom-
inated in substrate layers during Stage II, while the proportion of loosely bound EPSs
(LB-EPSs) increased significantly in Stage II, with TB-EPSs again becoming the major
component by Stage III. This phenomenon reveals adaptive strategies employed by mi-
croorganisms to cope with heavy metal stress: when the system was initially exposed to
cadmium contamination (Stage II), microorganisms increased LB-EPS secretion to form
physical barriers, utilizing their high mass-transfer-resistance characteristics to prevent
Cd2+ penetration into cells [37]. As the system’s cadmium resistance capacity improved
(Stage III), the conversion rate from LB-EPSs to TB-EPSs slowed, promoting TB-EPS re-
accumulation. This dynamic adjustment mechanism of EPS components helps maintain
microbial metabolic homeostasis in cadmium-contaminated environments.

Different substrate combinations exhibited significant differences in EPS distribution
characteristics. In the second layer, TF-CW demonstrated EPS contents that were 67.85,
34.23, and 11.80 mg/kg higher than that of FT-CW in Stages I, II, and III, respectively
(Figure 7a). The micro-electrolytic action of iron–carbon materials can release Fe2+/Fe3+

ions, which reduce the electrostatic repulsion between microbial cells through charge neu-
tralization effects, thereby promoting EPS formation and accumulation [38]. Additionally,
TF-CW exhibited lower DO levels in the second layer compared with FT-CW, potentially
inhibiting aerobic microbial metabolism and resulting in reduced EPS degradation rates.
However, as the Cd2+ concentration increased, the differences between the two groups
gradually diminished, indicating that microbial dependence on EPS secretion weakened
after enhanced system resistance.

In the third layer, FT-CW achieved EPS contents of 114.61 and 48.73 mg/kg in
Stages II and III, respectively, which were significantly higher than those of TF-CW
(67.97, 28.06 mg/kg) and H-CW (88.64, 38.93 mg/kg) (Figure 8b). This phenomenon may
be associated with the dual effects of iron–carbon substrates; reactive species generated
from iron–carbon micro-electrolysis promote Cd2+ immobilization, reducing toxic pressure
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on microorganisms. This aligns with research findings by He et al. [39], where microbial
EPS secretion requirements decreased as system heavy metal retention efficiency improved.

 
Figure 8. Variation of EPS content in the second (a) and third (b) layers at each stage of the constructed
wetlands.

EPSs demonstrate significant “double-edged sword” effects in pollutant removal
processes: it enhances microbial attachment to promote biofilm formation and improve
pollutant contact efficiency, but excessive accumulation may cover active sites on cell
surfaces, impeding mass transfer and causing substrate clogging [40]. This study found that
H-CW maintained relatively high TB-EPS levels (27.20 mg/kg) in Stage III while exhibiting
a lower MDA content (10.21 µmol/g FW), indicating that optimized substrate combinations
can balance the growth-promoting effects of EPSs with mass-transfer limitations (Figure 8b).
For future engineering applications, dynamic management of EPS secretion through the
regulation of hydraulic loading or the introduction of functional bacterial communities is
recommended to enhance the long-term operational stability of constructed wetland systems.

3.3.2. Microbial Community Structure Analysis

In this study, we conducted a systematic analysis of microbial community character-
istics in three constructed wetland systems (FT-CW, TF-CW, H-CW). Table 3 presents the
Alpha diversity of microbial communities in iron–carbon–zeolite CWs after the completion
of Stage III. Alpha diversity indices revealed that the third layer of the FT-CW system
and the second layer of the TF-CW system exhibited the most exceptional community
diversity characteristics, specifically manifested as significantly elevated Chao1 and Ace
indices, while the Shannon index reached peak values and the Simpson index decreased
to minimum levels, indicating that microbial abundance on zeolite substrate surfaces was
notably lower than that on iron–carbon composite substrates. In contrast, the H-CW system
demonstrated lower values in both the Shannon and Ace indices.

Table 3. Alpha diversity of microbial communities in Stage III iron–carbon–zeolite CWs.

CWs Substrate Layer ACE Chao1 Shannon Simpson Coverage

FT-CW
2 678.35 650.08 2.91 0.20 0.998
3 793.63 791.63 3.51 0.12 0.997

TF-CW
2 875.36 852.69 3.64 0.09 0.997
3 543.80 538.33 1.92 0.41 0.998

H-CW 3 585.22 576.04 2.68 0.19 0.998

Figure 9 illustrates the microbial composition at phylum and genus levels in various
CWs during Stage III. At the phylum level (Figure 9a), Actinobacteriota, Proteobacteria,
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Patescibacteria, Desulfobacterota, and Bacteroidota were the dominant phyla, accounting
for over 90% of the total microbial community. Bacteroidota immobilizes heavy metal
ions through the secretion of extracellular polymeric substances (EPSs) to form stable
complexes, thereby reducing heavy metal mobility and toxicity [8], which aligns with the
findings in Section 3.3.1 that the EPS content on iron–carbon substrate surfaces was higher
than that on zeolite. Patescibacteria participates in pollutant transformation and removal
in conjunction with other functional bacterial groups (such as Proteobacteria, Firmicutes,
and Bacteroidota) [41]. The relative abundance of Patescibacteria on iron–carbon substrate
surfaces was significantly higher than in zeolite layers, with Patescibacteria proliferation
accompanied by decreased Actinobacteria abundance. The latter may contain denitrification-
inhibiting bacterial groups, whose reduction may facilitate the function of denitrifying
bacteria (such as Nitrospira). Based on the aforementioned analysis, zeolite demonstrated
superior NH4

+-N removal compared with iron–carbon; therefore, it can be inferred that
zeolite’s NH4

+-N removal effectiveness results from ion exchange and adsorption rather
than nitrification processes. Furthermore, the relative abundance of Actinobacteriota on
zeolite substrate surfaces (36.20% and 10.51%) was markedly lower than on iron–carbon
substrate surfaces (42.34% and 80.64%). As oligotrophic bacteria, Actinobacteriota tends
to thrive in environments with limited available carbon sources [42], however, carbon
release from iron–carbon substrates provides a relatively abundant carbon supply for
microorganisms, and these environmental conditions led to a significantly reduced relative
abundance of Actinobacteriota in this system.

Figure 9. Relative abundance of bacteria in the CWs. Relative abundance of the top 12 phyla and
the top 13 genera (including unclassified genera). (a) Analysis of microbial composition at the
phylum level in Stage Ⅲ iron-carbon-zeolite constructed wetlands. (b) Analysis of microbial genus
composition in phase Ⅲ iron-carbon-zeolite constructed wetlands.

Genus-level analysis revealed that iron–carbon substrates significantly enriched den-
itrifying bacteria (Thauera, Rhodocyclaceae) and cadmium-tolerant bacteria (Sacchari-
monadales). For instance, the relative abundance of Thauera and Rhodocyclaceae in the
iron–carbon layers of TF-CW and FT-CW reached maximum values of 8.09% and 9.32%,
respectively, which were significantly higher than in zeolite layers (with enhancement fac-
tors of 2–6 times). Rhodocyclaceae possesses both heterotrophic and hydrogen-autotrophic
denitrification capabilities [43], while Thauera is a typical facultative anaerobic denitrifying
genus [44]. This phenomenon indicates that the sustained electron-donor effects generated
from iron–carbon micro-electrolysis effectively promoted denitrification processes. Some
strains within the detected Zoogloea genus are also heterotrophic denitrifying bacteria capa-
ble of efficiently removing NO3

−-N using organic carbon sources. Consequently, relatively
low NO3

−-N accumulation concentrations were observed in the iron–carbon–zeolite composite
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constructed wetland systems. Furthermore, the relative abundance of Saccharimonadales
in the iron–carbon layers of TF-CW and FT-CW was 23.76% and 6.57%, respectively, and
13.92% in H-CW, which were markedly higher than in zeolite layers (2.45% and 2.65%),
indicating that front-positioned iron–carbon configurations enhanced cadmium-tolerant
bacterial enrichment through oxidative environments. Both Saccharimonadales and LWQ8
are classified under Patescibacteria, which aligns with the higher relative abundance of
Patescibacteria observed in the phylum-level analysis of iron–carbon layer samples from
FT-CW and TF-CW. Additionally, the VadinHA17 genus exhibited similar enrichment
trends. As a fermentative bacterium, VadinHA17 can degrade complex organic compounds
in wastewater. Research by Pang et al. [45], confirmed that constructed wetland systems
containing iron–carbon substrates enhanced the relative abundance of VadinHA17, which
is consistent with the results observed in this experiment.

3.4. Substrate Configuration Optimization Analysis

This study compared cadmium accumulation and speciation distribution patterns
among three iron–carbon–zeolite constructed wetland substrates (FT-CW, TF-CW, and
H-CW) to elucidate their immobilization and transformation mechanisms. Due to the
different adsorption substrates, cadmium species in the substrates were classified into
exchangeable, carbonate-bound, iron–manganese-bound, organically bound, and residual
fractions [46].

As shown in Figure 4, the iron–carbon layers (such as in TF-CW and FT-CW) ex-
hibited significantly higher iron–manganese oxide-bound fractions than other substrate
layers throughout Stages II–III, while zeolite layers (such as in FT-CW) relied on cation
exchange and carbonate-bound adsorption for cadmium removal. The exchangeable frac-
tion content in zeolite layers (7.91–12.70 mg/kg) was higher than in iron–carbon layers
(2.88–5.98 mg/kg), indicating that zeolite possessed strong short-term adsorption capacity
but presented risks of secondary release (Figure 4). From a spatial distribution perspective,
the second layer served as the critical interface for cadmium migration and transforma-
tion. TF-CW’s total cadmium accumulation (141.33 mg/kg) in Stage III was 18.09 mg/kg
higher than FT-CW, suggesting that front-positioned iron–carbon layers (TF-CW) were
more conducive to long-term immobilization through synergistic oxidation–adsorption
mechanisms. The increase in cadmium accumulation from Stage II to III (such as FT-CW
increasing from 105.28–123.24 mg/kg) may be related to adsorption saturation effects
caused by substrate porosity (48.2–48.6%), with the pore structure influencing cadmium
diffusion and retention. Speciation distribution analysis revealed that in the second layer,
exchangeable (7.91–12.70 mg/kg) and carbonate-bound cadmium fractions in FT-CW
during Stages II and III were significantly higher than in TF-CW (5.98–2.88 mg/kg), indicat-
ing that zeolite layers preferentially adsorbed cadmium through surface cation exchange
and carbonate precipitation, while iron–carbon layers reduced cadmium bioavailability
through redox reactions (Figure 4). Iron–carbon–zeolite composite substrates immobilized
cadmium through dual redox–adsorption mechanisms; iron–carbon layers dominated min-
eral co-precipitation under oxidative conditions, while zeolite layers achieved short-term
adsorption through ion exchange and carbonate binding. The TF-CW configuration (front-
positioned iron–carbon) optimized the oxidation–adsorption sequence, making it more
suitable for long-term cadmium contamination treatment and continuous remediation of
high-cadmium-contaminated water bodies.

4. Conclusions
In this study, iron–carbon–zeolite CWs achieved efficient cadmium removal and sys-

tem stability regulation through multidimensional mechanisms of “chemical immobilization–
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plant enrichment–microbial metabolism”, providing theoretical support for heavy metal-
contaminated water remediation. The main conclusions are as follows:

(1) All systems achieved Cd2+ removal rates exceeding 99%, with iron–carbon substrate
layers demonstrating significantly superior cadmium retention capacity. Zeolite layers
exhibited higher NH4

+-N removal efficiency through cation exchange.
(2) Under cadmium stress, Typha accumulated over 85% of the cadmium through

root systems and regulated physiological metabolism, with dynamic responses closely
associated with enhanced adaptability of the rhizosphere microbial communities. Iron–
carbon substrates, due to the dominant role of iron/manganese oxide-bound fractions,
demonstrated higher cadmium immobilization efficiency.

(3) Iron–carbon substrates significantly enhanced microbial diversity, promoting en-
richment of functional bacterial phyla such as Bacteroidota and Acidobacteriota, as well as
metal-tolerant genera, including Saccharimonadales, strengthening cadmium speciation
transformation and stability through metabolic synergy.
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